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Abstract

TopBP1, a multiple-BRCT-containing protein, plays diverse functions in DNA metabolism
including DNA replication, DNA damage response and transcriptional regulation. The
cytoplasmic localization of TopBP1 has been found associated with breast cancer susceptibility in
clinical studies, suggesting the biological significance of TopBP1’s sub-cellular localization.
However, it remains elusive how TopBP1 is shuttled into nucleus and recruited to chromatin under
normal or stressful conditions. Taking advantage of Xenopus egg extract, we identified Importin
as a new interacting protein of the TopBP1 C-terminus. We verified the TopBP1-Importin
association via GST pulldown and coimmunoprecipitation assays. We then demonstrated that
TopBP1’s C-terminal motif (designated as CTM, 23 amino acids) containing a putative NLS
(Nuclear Localization Signal) was required for Importin 3 interaction and that CT100 of Importin
{3 (100 amino acids of extreme C-terminus of Importin [3) was required for TopBP1 interaction.
Further structure-function analysis reveals that the CTM of TopBP1 is essential for TopBP1’s
nuclear import and subsequent chromatin recruitment, thereby playing important roles in DNA
replication and mitomycin C (MMC)-induced Chk1 phosphorylation. In addition, Importin -
specific inhibitor importazole inhibits TopBP1’s nuclear import and the MMC-induced Chk1
phosphorylation. With ongoing DNA replication, the Importin -dependent nuclear import of
TopBP1 was indeed required for the MMC-induced Chk1 phosphorylation. Our data also suggest
that checkpoint activation requires more TopBP1 than DNA replication does. The requirement of
TopBP1’s CTM motif for ATR-Chk1 checkpoint can be bypassed in a nucleus-free AT70 system.
Taken together, our findings suggest the CTM motif-mediated TopBP1 shuttling into nucleus via
Importin 3 plays an important role in the ATR-Chk1 checkpoint signaling in Xenopus egg extracts.
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1. Introduction

The DNA damage response (DDR) is an elaborate surveillance mechanism that senses and
responds to DNA damage [1]. Deficiencies in the DDR lead to genomic instability, whose
pathological consequences include cancer development, neurological defects, infertility and
immunological diseases [2]. While ATM (ataxia telangiectasia mutated)-Chk?2 (Checkpoint
kinase 2) checkpoint signaling is activated primarily in response to double-strand breaks
(DSB), ATR (ATM and Rad3 related)-Chk1 (Checkpoint kinase 1) checkpoint signaling is
activated by a variety of DNA damaging agents and replication stress [3,4]. Accumulating
evidence suggests that there is also crosstalk and transition between these two pathways [5—
8]. Primed single-strand DNA (ssDNA) coupled with RPA (Replication Protein A) is the
structural determinant of ATR checkpoint signaling in response to stalled DNA replication
forks [9,10]. Activated ATR kinase phosphorylates its downstream substrates including
Chk1 [11,12]. Phosphorylated Chk1 is the activated form of Chk1, which then
phosphorylates its own downstream substrates such as Cdc25 and regulates cell cycle
progression [13]. Targeting ATR and Chk1 kinases has been used as a strategy for cancer
therapy [14,15].

In recent years, intense attention has been drawn to mechanistic studies of ATR-Chk1
checkpoint activation [2, 9]. The functional uncoupling of MCM (mini-chromosome
maintenance) helicase and DNA polymerase activities is demonstrated as a mechanism for
generating a long stretch of ssDNA, thereby activating ATR-Chk1 checkpoint [16]. ssSDNA
can also be generated after DSB end resection by exonuclease enzymes such as CtIP and
Exol or after SSB (single-strand breaks) end resection by AP endonuclease 2 (APE2) [17-
19]. In addition, ATR-Chk1 checkpoint activation requires several mediator proteins such as
ATRIP (ATR Interacting Protein), the 9-1-1 complex (Rad9-Rad1-Husl complex), Claspin,
and TopBP1 (Topoisomerase 11 binding protein 1) [20-27]. TopBP1 contains eight BRCT
(BRCA1 C-terminus) domains and is implicated in many aspects of DNA metabolism
including DNA replication, DNA damage response, transcriptional regulation and DNA
repair [24,28-30]. A fragment between the BRCT6 and BRCT7 in TopBP1 is a direct
activator for ATR activation [24,25]. The BRCT1 and BRCT2 domains of TopBP1 interact
with the 9-1-1 complex, playing an important role in ATR checkpoint [23]. Recently,
accumulating evidence demonstrates that the TopBP1 C-terminus (i.e., C-terminal ~330
amino acids) including BRCT7-8 is important for the ATR-Chk1 checkpoint signaling. The
TopBP1 C-terminus is essential for ATR-Chk1 checkpoint in response to mitomycin C
(MMC)-induced interstrand crosslinks, y-irradiation, or checkpoint-activating structure
AT70 [26,31]. The interaction between TopBP1 C-terminus and the helicase BACH1 is
required for the extension of ssDNA and RPA hyperloading following replication stress
[32]. The AKT-dependent phosphorylation of TopBP1 induces TopBP1 oligomerization via
its C-terminus, suggesting an essential role in cell survival [33]. TopBP1 C-terminus
interacts with p53, leading to p53 promoter binding activity inhibition and aggressive tumor
behavior [34]. Interestingly, an in vitro reconstitution study has shown that TopBP1 C-
terminus is directly required for RPA-sSDNA-mediated ATR activation [35]. All these
studies demonstrate a myriad of essential roles for the TopBP1 C-terminus in the DDR via
various distinct mechanisms.

Genomic instability is considered as one enabling characteristic of cancer and the DDR has
been proposed as a candidate anti-cancer barrier in early human cancer development
[36,37]. Therefore, it is pivotal to determine how the DDR is activated in response to DNA
damage. Recent immunohistochemical and immunoblotting analyses demonstrated that
TopBP1 was expressed and localized in nuclei of normal human breast cells. However,
TopBP1 was aberrantly expressed and localized in cytoplasmic compartment of breast
cancer cells [38,39]. The percentage of breast cancer patients with cytoplasmic localization
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of TopBP1 also rose with an increasing histological grade of tumors [38]. These findings
suggest that the abnormal localization of TopBP1 to cytoplasm may play a role in the
development of breast cancer; however, an understanding of the molecular mechanism
involved in this process is lacking. Because TopBP1 plays multiple roles in DDR primarily
in the nucleus, we reason that the aberrant cytosolic localization of TopBP1 may have
defects in triggering appropriate DNA damage response pathways, leading to possible
genomic instability and subsequent cancer development. Therefore, it is vital to determine
how TopBP1 is shuttled from cytoplasm into nucleus. Typically, protein import from
cytosol into nucleus is mediated by soluble receptors that recognize cargos and carry them
through the nuclear pore complex (NPC) [40]. A well-characterized receptor Importin
directly interacts with its cargo for import or indirectly recognizes cargo via a nuclear
localization signal (NLS) through adaptor protein Importin o [41,42].

Taking advantage of the cell-free Xenopus egg extract system, we have investigated the
roles of TopBP1 in DNA metabolism including DNA replication and DDR through a series
of studies [26,31,43-45]. Here, we report the Importin B-dependent nuclear import of
TopBP1 in the DDR. We identified a novel interaction between TopBP1 and Importin 3
with a pulldown assay using TopBP1 C-terminus and confirmed the physical association
between TopBP1 and Importin 3 via coimmunoprecipitation. We demonstrated that the
CTM of TopBP1 in its extreme C-terminus, which contains a putative NLS motif, was
required for the interaction with Importin . A CTM-deletion mutant of TopBP1 failed to
shuttle into nucleus and onto chromatin. We further revealed that the TopBP1-Importin §
interaction is important for DNA replication and DNA damage response via distinct
mechanisms. Together, these data suggest that the Importin $-dependent shuttling of
TopBP1 into nucleus plays an important role in the ATR-Chk1 checkpoint signaling in
Xenopus.

2. Materials and Methods

2.1. Xenopus egg extract preparation and related procedures

The use of Xenopus laevis was approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of North Carolina at Charlotte. Xenopus egg extract
preparation and sperm chromatin preparation were performed as described previously
[19,45]. Immunodepletion of TopBP1 was performed as described [26,43]. To elicit a
checkpoint response, extracts were treated with 0.5 mM Mitomycin C (MMC) or 50 pg/ml
of annealed oligonucleotides poly(dA)7q-poly (dT)7q (designated as AT70) in the presence
of 3 pM tautomycin as described previously [26,31]. Importazole was added to egg extracts
to a final concentration of 2 mM to specifically inhibit Importin B-mediated nuclear import
of its cargo proteins. Chromatin isolation and DNA synthesis analysis were performed as
previously described [19,43]. For nuclei isolation, reaction mixture containing egg extracts
and sperm chromatin was resuspended in 1 mL Nuclear Isolation Buffer (N1B, 50 mM KCl,
25 mM MgCly, 25 mM EGTA, 2.5 mM spermidine, 0.75 mM spermine, 50mM HEPES-
KOH, pH 7.6) and was then overlayed on the top of 200 L of 15% sucrose in NIB. After 5-
minute centrifugation at 5,000 rpm, the supernatant was carefully removed and the pellet
was collected as nuclei fraction for immunoblotting or fluorescence microscopy analysis.

2.2. Recombinant proteins and antibodies

GST-CT333 and WT TopBP1 were described previously [26,43]. The ACTM TopBP1 was
cloned via PCR on WT TopBP1 with two primers (5-
GGGGGCCATGGCTTCAAGTGAAAAC-3, and 5'-
GGGGGCTCGAGTCATGTAACCCGGACATATG-3) and ligated into Ncol- and Xhol-
digested pCS2+MT vector. Recombinant WT and ACTM TopBP1 were expressed in SP6
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TnT transcription/translation coupled quick master mix kit (Promega) as described
previously [43]. GST-Importin B, the full-length WT Importin 3 constructed in pGEX6P,
was expressed and purified as described previously [46]. GST-ACT100 was constructed via
PCR on pGEX6P-Importin  with primers (5'-
CCCCCGGATCCATGGAGCTCGTCACCATCCTCGAGAAGACC-3 and 5~
CCCCGCGGCCGCTCAGAGCCCCTGGATTATTCCTGTATAGGC-3) and inserted into
BamHI- and Notl-digested pGEX6P vector. Recombinant GST-ACT100 was expressed and
purified with a similar approach as GST-Importin 3. Antibodies against Xenopus TopBP1
and Orc2 have been described previously [43]. Additionally, antibodies against Chk1 P-
S344 (Cell Signaling Technology), Chk1 (Santa Cruz Biotechnology), C-myc (Santa Cruz
Biotechnology), GST (Santa Cruz Biotechnology) and Importin 3 (Abcam) were purchased
from respective vendors. Peroxidase-conjugated monoclonal mouse anti-rabbit 1gG light
chain specific (Jackson ImmunoResearch Laboratories), Peroxidase-conjugated
ImmunoPure goat anti-rabbit IgG (H + L; Thermo Fisher Scientific) and peroxidase-linked
sheep anti-mouse IgG (GE Healthcare) were used as secondary antibodies in
immunoblotting analysis when appropriate.

2.3. GST pulldown assays

For experiments in Fig. 1B and 1D, purified GST-CT333 (10 jug) or GST (10 j.g) were
incubated with pre-washed Glutathione Sepharose 4 Fast Flow (GE Healthcare) in 0.5 mL of
Interaction Buffer (100 mM NacCl, 0.05% NP-40, 5 mM MgCl,, 10% Glycerol, 20 mM Tris-
HCL, pH 8.0) for 1h at 4°C with end-over-end mixing. 200 pL of Xenopus egg extract
(“extract™) or ELB buffer (“~") was diluted with 200 pL Interaction Buffer, and then was
added to the beads. After 2-hr incubation with rotation at 4°C, beads were washed with
Interaction Buffer two times. The bead-bound proteins were subjected to SDS-PAGE
followed by silver staining or immunoblotting analysis. For experiments in Fig. 3C and 3D,
similar GST pulldown assays were performed with minor changes: (1) purified GST, GST-
Importin B, or GST-ACT100 was coupled to beads; (2) recombinant WT Myc-TopBP1 was
added to egg extracts (“Extract”, Fig. 3C) or ELB buffer (“Buffer”, Fig. 3D).

2.4. Coimmunoprecipitation (Co-IP) assays

For Co-IP assay in Fig. 2A, antibodies against TopBP1 (1pg), Importin § (1ug), or control
IgG antibodies (1pg) was added into 100 L Interaction Buffer containing 15 L of protein
A agarose beads (GE Healthcare). After one-hour incubation, the beads were supplemented
with 100 pL of Xenopus extract respectively. The beads were isolated by centrifugation and
washed three times by Interaction Buffer. Bead-bound proteins were examined via
immunoblotting analysis. For Co-IP assay in Fig. 2D, anti-Myc antibodies (1g) were
coupled to protein A agarose beads, followed by incubation with 100 pL of TopBP1-
depleted egg extracts supplemented with either recombinant WT TopBP1 or ACTM
TopBP1. The beads were washed three times by Interaction Buffer and bead-bound proteins
were examined via immunoblotting.

2.5. Immunofluorescence microscopy

10uL of extract with nuclei was added to 200 pL of 1% formaldehyde, which was made
freshly in XBE (50 mM KClI, 0.05 mM CaCl,, 1 mM MgCly, 2.5 mM EGTA, 25 mM
sucrose, 5 mM HEPES, pH7.6). The mixture was resuspended gently and incubated for 12
minutes at room temperature. The mixture was spin through 4 mL cushion of 30% glycerol
(v/v) in XBE for 10 minutes at 5,000 rpm in a spin-down tube containing a Poly-L-Lysine-
coated coverslip. The coverslip was recovered from the tube and was washed by PBS and
blocked with blocking solution (3% BSA/PBS) for at least one hour at room temperature.
The coverslip was incubated with anti-TopBP1 antibodies (1:200 (v/v) with blocking
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solution) overnight at 4°C. After washing by PBS, the coverslip was then incubated with
donkey anti-rabbit 1gG linked with rhodamine (1:200 (v/v) with blocking solution) for one
hour at room temperature. Next, the coverslip was stained by Hoechst 33258 (1 ug/mL) for
15 minutes at room temperature. After further washing by PBS, the coverslip was mounted
to 4 uL of 2% n-propyl gallate (w/v) on a microscopic slide followed by fluorescence
microscope examination. The isolated nuclei/chromatin fractions were typically stained with
Hoechst 33258 for fluorescence microscopy analysis.

3.1. Importin B interacts with TopBP1

To test the hypothesis that TopBP1’s multiple roles in DNA metabolism may be carried out
through different domains and their respective interacting protein (s), we sought to identify
new interacting protein (s) of the TopBP1 C-terminus via GST pulldown followed by mass
spectrometry. We previously expressed and purified recombinant GST-CT333 from E. coli,
which includes the C-terminal 333 amino acid domain of Xenopus TopBP1 with a GST tag
on the N-terminus (Fig. 1A) [26]. Recombinant GST or GST-CT333 was used to perform
pulldown experiments from either control egg lysis buffer (“~") or Xenopus egg extract
(“extract”). We further examined the eluates from the pulldown via silver staining. As
expected, we detected only GST or GST-CT333 in pulldown samples from buffer (Fig. 1B,
lanes 2 and 3). Interestingly, we found two unique bands, termed “Hit 1” and “Hit 2”, which
strongly associated with GST-CT333, but not GST, in pulldown samples from the extract
but not from the control buffer (Fig. 1B). Two runs of mass spectrometry analysis (R1 and
R2) showed a number of peptide fragments of Importin 3 (19 and 18) for Hitl and Importin
al (100 and 110) and Importin a2 (14 and 22) for Hit 2 (Fig. 1C). The molecular weights of
previously characterized Xenopus Importin 3 (97 kDa), Importin al (54 kDa) and Importin
a2 (56 kDa) are consistent with the positions of Hit 1 and Hit 2 on the gel (Fig. 1C) [47].
We confirmed that Hit 1 was Importin § by immunoblotting with anti-Importin p antibodies
and that endogenous Importin 3 from extract associated with GST-CT333, but not GST (Fig.
1D). In summary, we identified Importin p as a previously uncharacterized interacting
protein of the TopBP1 C-terminus.

3.2. The CTM motif of TopBP1 mediates its interaction with Importin

To further characterize the interaction between TopBP1 and Importin  under more
physiologically relevant conditions, we tested whether TopBP1 associates with Importin 3
via coimmunoprecipitation assays. TopBP1 and Importin  were found in the
immunoprecipitate complex using anti-TopBP1 antibodies, but not with control antibodies
(Fig. 2A). However, anti-Importin 3 antibodies immunoprecipitated Importin §§ but not
TopBP1 in a reciprocal coimmunoprecipitation experiment. This observation may indirectly
indicate that our anti-Importin  antibodies bind to the TopBP1-interaction domain of
Importin B, thereby preventing an association between TopBP1 and Importin 3. We next
sought to identify the possible domain of TopBP1 that mediates its interaction with Importin
B. NucPred, a NLS predicting software (http://www.shc.su.se/~maccallr/nucpred/cgi-bin/
single.cgi), predicts that a four-amino acid motif (R1496K1497R1498K1499) in the extreme C-
terminus of Xenopus TopBP1 is a potential NLS. This putative NLS of TopBP1 is conserved
in Xenopus, human, and mouse (Fig. 2B). We previously generated a recombinant full-
length wild type TopBP1 with a Myc-tag on the N-terminus (Fig. 2C, WT TopBP1) [26]. To
test whether the NLS of TopBP1 is important for its interaction with Importin p, we
generated a CTM deletion mutant of TopBP1 (Fig. 2C, ACTM TopBP1), which lacks the
extreme C-terminal 23 amino acids. We added recombinant WT or ACTM TopBP1 to
TopBP1-depleted egg extracts, and performed immunoprecipitation assays with anti-Myc
antibodies. As expected, anti-Myc antibodies immunoprecipitated WT TopBP1 and ACTM
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TopBP1 (Fig. 2D). However, Importin 3 was found in the immunoprecipitate complex with
the presence of WT TopBP1, but not ACTM TopBP1, suggesting the extreme C-terminal 23
amino acid motif is required for TopBP1 to associate with Importin 3. Hereafter, we refer to
this fragment as the CTM motif of TopBP1 in this study.

3.3. The CT100 fragment of Importin B is required for TopBP1 association

Importin § contains nineteen tandemly repeated HEAT motifs, which mediate interactions
with RanGTP (HEAT 1-8, amino acid 1-365) and Impoitin a (HEAT 7-19, amino acid
256-876) (Fig. 3A) [48]. Our anti-Importin B antibodies was raised against a synthetic
peptide from the extreme C-terminal 100 amino acids of human Importin 3. Ninety seven
out of one hundred amino acids (97%) are identical in Importin 3 protein from frog, human
and mouse, suggesting the eighteenth and nineteenth HEAT motifs of Importin {3 are very
conserved during evolution (Fig. 3B). From the observation in Fig. 2A, we speculate that
our anti-Importin B antibodies may bind TopBP1-binding site on Importin f, thereby
preventing the association between endogenous Importin B and TopBP1. To directly test
whether the CT100 (i.e., the C-terminal 100 amino acids) of Xenopus Importin f is required
for TopBP1 association, we performed GST pulldown assays with GST-Importin § and
GST-ACT100 (CT100 deletion mutant of GST-Importin ) when recombinant WT Myc-
TopBP1 was added to egg extracts (with a final concentration similar to that of endogenous
TopBP1). As expected, anti-Importin 3 antibodies recognized endogenous Importin § (endo.
Importin B) and GST-Importin 3, but not GST-ACT100 (Fig. 3C, middle panel). Both GST-
Importin 3 and GST-ACT100 were recognized by anti-GST antibodies (Fig. 3C, bottom
panel). Notably, WT Myc-TopBP1 was observed in the pulldown sample using GST-
Importin B, but not GST-ACT100 or GST, suggesting the CT100 fragment of Importin p is
required for the association with TopBP1 in egg extracts (Fig. 3C, top panel).

To test the idea whether or not TopBP1 associates with Importin  directly, we performed
GST pulldown assays with WT Myc-TopBP1, GST-Importin § and GST-ACT100 in control
egg lysis buffer (“Buffer”). Under our experimental conditions, we did not observe any
noticeable WT Myc-TopBP1 from the pulldown sample using GST-Importin § although
GST-Importin f is indeed efficiently bound to beads (Fig. 3D). This observation suggests
that TopBP1 doesn’t associate with Importin f directly or, alternatively, their association is
significantly decreased when their adaptor proteins (such as Importin a1/a2) are absent in
buffer in comparison to the situation of egg extracts.

3.4. The CTM motif of TopBP1 is required for nuclear import from outside of assembled

nuclei

To reveal the biological significance of the TopBP1-Importin {3 interaction, we sought to test
whether the CTM motif of TopBP1 is important for its function in DNA replication and
ATR-Chk1 checkpoint signaling. We added sperm chromatin into TopBP1-depleted egg
extract and incubated the reaction for 30 minutes to allow for nuclear membrane formation
(Fig. 4A). We then added either WT or ACTM TopBP1 and interstrand crosslink reagent
MMC. Subsequent immunoblotting analyses demonstrated that WT TopBP1, but not ACTM
TopBP1, was shuttled into the nuclei from outside of assembled nuclei and subsequent onto
chromatin, and was sufficient in triggering Chk1 phosphorylation in response to MMC
treatment (Fig. 4C and D). To distinguish isolated nuclei fraction from isolated chromatin
fraction, we typically examined them via fluorescence microscope, respectively. Our
representative results showed that the nuclear envelope was intact in the isolated nuclei
fraction (Fig. 4B, nuclei), but the nuclear envelope was broken in the isolated chromatin
fraction (Fig. 4B, chromatin). Consistent with others, we have demonstrated previously that
TopBP1 is required for DNA replication initiation via recruiting Cdc45 onto chromatin
[49,50]. Thus, we tested the possible role of the CTM-dependent nuclear import of TopBP1
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in DNA replication. TopBP1 depletion significantly decreased DNA synthesis, as expected
(Fig. 4E and F). WT TopBP1, but not ACTM TopBP1, partially rescued the defects in DNA
synthesis due to TopBP1 depletion (Fig. 4E and F). These data suggest that the CTM-
dependent TopBP1 nuclear import plays important roles in both DNA replication and ATR-
Chk1 checkpoint signaling.

3.5. Importin B-specific inhibitor importazole compromised the nuclear import of TopBP1

Our data demonstrate that TopBP1 interacts with Importin 3 and that the CTM motif of
TopBP1 is important for the nuclear import of TopBP1. To further elucidate the importance
of Importin B for TopBP1’s nuclear import, we reason that an Importin B-specific inhibitor
may also affect the nuclear import of TopBP1. Importazole (N-(1-Phenylethyl)-2-
(pyrrolidin-1-yl) quinazoline-4-amine) was recently shown to specifically block Importin -
mediated, but transportin and CRM1-independent, nuclear import of cargo proteins both in
Xenopus egg extracts and cultured cells [51]. We added importazole to Xenopus egg extracts
supplemented with sperm chromatin and MMC, and examined the nuclear import of
TopBP1 via immunofluorescence microscopy and nuclei fraction for TopBP1 import and
total extract for Chk1 phosphorylation via immunoblotting analysis (Fig. 5). Consistent with
a previous study [49], TopBP1 started to be recruited to chromatin after 15 minutes of
incubation (Fig. 5A, 15 min panel). At 15 minutes incubation, there was no noticeable
difference with regard to the sperm chromatin morphology (“DNA”) and the nuclear import
of TopBP1 (“TopBP1”) regardless of MMC treatment and importazole addition (Fig. 5A).
At 60 minutes incubation with the absence of importazole, condensed sperm chromatin was
assembled into a round nucleus and grew bigger in comparison to that at 15 min incubation
(Fig. 5A). TopBP1 seems localized to the whole nucleus homogenously under normal
condition and might re-localize to some specific “foci” in nucleus after MMC treatment at
60 minutes, although it was efficiently imported into the assembled nucleus under both
conditions (Fig. 5A). The importazole addition compromised the round nucleus formation
and size growth at 60 minutes, suggesting that importazole may prevent DNA replication as
presumably importazole blocks all Importin p-mediated nuclear import of cargo proteins
(Fig. 5A, importazole panel). The localization of TopBP1 to nucleus with the presence of
importazole at 60 minutes was compromised significantly but not completely regardless of
MMC treatment (Fig. 5A). These observations suggest Importin 3 is important for TopBP1’s
nuclear transport. However, we can’t distinguish the deficient nuclear import of either
TopBP1 or other Importin B-mediated cargo proteins leads to the DNA replication
deficiency because importazole presumably blocks all Importin -mediated nuclear import.
Nevertheless, Importin 3-specific inhibitor importazole compromised the nuclear import of
TopBP1.

Consistent with the findings from immunofluorescence microscopy, our immunoblotting
blotting analysis showed that there was no noticeable difference for TopBP1’s import to
nuclei fraction at 60 minutes under normal and MMC conditions and that importazole
addition decreased TopBP1’s import into the nuclei fraction (Fig. 5B, nuclei panel). The
loading control Orc2 showed almost equal loading, suggesting at least Orc2 is imported into
nucleus normally after importazole addition (Fig. 5B, nuclei panel). Notably, the MMC-
triggered Chk1 phosphorylation was inhibited by importazole addition (Fig. 5B, extract
panel). From this observation, we speculate the nuclear import of TopBP1 may be important
for the MMC-induced Chk1 phosphorylation, but this approach does not rule out the
possibility that the compromised MMC-induced Chk1 phosphorylation after importazole
addition is indirectly resulted from the defective DNA replication or Importin 3-mediated
nuclear import of other DDR proteins. Because of the limited technical advantage of
importazole, we will address this question directly through an alternative approach in the
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next section. Collectively, Importin B-specific inhibitor importazole inhibits TopBP1’s
nuclear import, DNA replication, and the MMC-induced ATR-Chk1 checkpoint.

3.6. The CTM-dependent nuclear import of TopBP1 is required for ATR-Chk1 checkpoint
signaling, not due to its requirement for DNA replication

Our data indicate that MMC-induced Chk1 phosphorylation is compromised when the CTM
of TopBP1 is lacking or when importazole is added (Fig. 4C and 5B). In both cases, DNA
replication was either deficient or inhibited to some extent. We then asked whether the
requirement of the CTM-dependent nuclear import of TopBP1 for checkpoint signaling is
simply due to its requirement for DNA replication or whether TopBP1’s CTM-dependent
nuclear import is necessary for checkpoint signaling with ongoing DNA replication. To
directly address this question, we added WT TopBP1 or ACTM TopBP1 to TopBP1-
depleted egg extracts before the addition of sperm chromatin (Fig. 6A). We observed that
WT TopBP1 was shuttled into nuclei and bound to chromatin (Fig. 6B and C). A small
amount of ACTM TopBP1 was also found in the nuclei fraction and chromatin fraction
although it was not as efficiently as the WT TopBP1 (Fig. 6B and C). These observations
suggest that TopBP1 binds to chromatin in a CTM-independent manner before nuclear
membrane formation and that the CTM motif of WT TopBP1 may mediate efficient nuclear
import after nuclear envelope assembly. Notably, ACTM TopBP1 rescued DNA synthesis as
efficient as WT TopBP1 in TopBP1-depleted egg extracts using this approach (Fig. 6A, D
and E). This observation is reminiscent of the S-CDK-independent recruitment of TopBP1,
which is also a small amount of TopBP1 recruitment to chromatin in the very beginning but
is sufficient for its role in DNA replication initiation [49]. With ongoing DNA replication
machinery (Fig. 6D and E), WT TopBP1, but not ACTM TopBP1, rescued MMC-induced
Chk1 phosphorylation in TopBP1-depleted egg extracts (Fig. 6F). These data suggest that
the CTM-dependent nuclear import of TopBP1 is required for the ATR-Chk1 checkpoint
signaling and that this requirement is not due to its requirement for DNA replication.

3.7. Nuclear import of TopBP1 plays a distinct regulatory role in the DNA damage

response

Our above observations also suggest that checkpoint signaling may require more TopBP1 on
chromatin than DNA replication needs and that the efficient CTM-dependent nuclear import
of TopBP1 plays an early regulation of the ATR-Chk1 checkpoint. To test this idea, we
titrated recombinant WT TopBP1 to TopBP1-depleted egg extract and asked whether there
is a concentration of TopBP1 that supports DNA replication but not checkpoint signaling.
We observed that 20% TopBP1, in comparison of endogenous TopBP1 concentration
(designated as 100%), is sufficient for rescuing DNA replication as efficient as 100%
TopBP1 (Fig. 7A and B). However, 100% TopBP1, but neither 20% nor 5% TopBP1,
rescued MMC-induced Chk1 phosphorylation in TopBP1-depleted egg extracts (Fig. 7C). In
addition, 50% TopBP1 may partially, but not completely, rescued MMC-induced Chk1
phosphorylation in TopBP1-depleted egg extracts (Fig. 7C). These observations suggest that
approximately 20% TopBP1 is sufficient for DNA replication but deficient in ATR-Chk1
checkpoint signaling. Therefore, efficient CTM-dependent nuclear import of TopBP1 via
Importin 3 may provide a distinct regulation of the DNA damage response via supplying
enough TopBP1 for necessary use upon stress.

Moreover, if the sole role of TopBP1’s CTM motif lies in shuttling into the nucleus, we
anticipate that the CTM motif is dispensable for a DNA damage response in a nucleus-free
checkpoint activating system. Previous studies showed that checkpoint-activating structure
AT70 triggers a robust ATR-Chk1 signaling independent of DNA replication machinery
including polymerase alpha and MCMs [26,27]. We then asked if the CTM motif of
TopBP1 is required for TopBP1’s role in AT70-induced Chk1 phosphorylation. We noted
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that both WT TopBP1 and ACTM TopBP1 rescued AT70-induced Chk1 phosphorylation in
TopBP1-depleted egg extracts (Fig. 8). This observation suggests that CTM-dependent
nuclear import of TopBP1 via Importin 8 may play a distinct role in the DDR in eukaryotic
cells containing nucleus.

4. Discussion

A variety of studies have revealed molecular mechanisms of TopBP1’s expression, stability,
degradation, and recruitment onto chromatin. Together with MCPH1 (Microcephalin), E2F1
transcription factor regulates the expression of TopBP1 in DNA damage response [52,53].
In response to gamma irradiation, PML (Promyelocytic leukemia protein) associates and
stabilizes TopBP1 [54]. E3 ubiquitin ligase hHYD and HectH9 interact with TopBP1 and
mediate its proteasome-mediated degradation [55,56]. We and others have characterized
three modes of TopBP1 recruitment to chromatin: Mode | is the earliest binding and
independent on S-CDK kinase activity, which is sufficient for its role in DNA replication
initiation; Mode Il is S-CDK-dependent as it is after Cdc45 recruitment and CDK activation;
and Mode 11l is CDK-independent but stress-dependent [49,50,57]. These different modes of
TopBP1 recruitment to chromatin indicate that regulatory mechanisms may control and
regulate these dynamic processes. Two recent studies suggested that the MRN complex
(Mrel1-Rad50-Nbs1) might play an essential role in TopBP1 recruitment to a defined ATR-
activating structure or stalled DNA replication forks [58,59]. Here, our findings define
Importin B-dependent importing TopBP1 into nucleus as an upstream regulation of TopBP1
function in ATR-Chk1 checkpoint signaling (Fig. 9): After nuclear membrane is formed and
equipped with NPC, the CTM motif of TopBP1 is required for shuttling TopBP1 into
nucleus, which in turn plays essential roles for DNA replication and checkpoint signaling
(Fig. 4; Fig. 9, Scenario #1). When recombinant TopBP1 was added back to TopBP1-
depleted extracts before nuclear envelope assembly, a small amount of TopBP1 may
participate nuclear envelope assembly and is sufficient for its role in DNA replication,
consistent with previous findings [26,60,61]. A portion of TopBP1 in the vicinity of
demembranated chromatin may bind to chromatin and participate nuclear envelope
assembly in a similar way as other NLS-containing proteins such as nucleoplasmin and
histones [62]. However, compromised nuclear import of TopBP1 leads to deficiency in
checkpoint activation (Fig. 6; Fig. 9, Scenario #2). The CTM motif of TopBP1, which
contains a putative NLS motif, is dispensable for checkpoint activation in a nucleus-free
AT70 system, suggesting eukaryotic cells may regulate ATR-Chk1 checkpoint signaling via
shuttling checkpoint protein such as TopBP1 through their nuclear membrane (Fig. 8; Fig. 9,
Scenario #3). Therefore, the TopBP1-Importin § interaction plays an early and important
role in the DDR by mediating nuclear import of TopBP1 in eukaryotic cells.

We and other investigators previously demonstrated that the recruitment of TopBP1 to
chromatin under stressful conditions (i.e., stalled DNA replication forks) is almost, if not
completely, as efficient as that under normal conditions [43,57,61,63]. In current study, our
data suggest that the CTM of TopBP1, which contains a putative NLS, is required for
TopBP1’s nuclear import and subsequent chromatin recruitment. In addition, we
demonstrated that the nuclear import of TopBP1 after MMC treatment was as efficient as
that under normal conditions (Fig. 4C and 5B). In other words, the nuclear import of
TopBP1 is dependent on its CTM motif and Importin , but not DNA damage, which is a
unique characteristic of TopBP1. Then a question may be what changes DNA damage can
cause to TopBP1. It has been suggested that TopBP1 is phosphorylated possibly by ATM in
response to double-strand breaks and replication stress and will re-localize to damage sites
with BRCAL [64,65]. Our data also suggest that TopBP1 may re-localize to some specific
foci after MMC treatment although there is no noticeable increase of the overall nuclear
import of TopBP1 by MMC treatment (Fig. 5A and B).
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Consistent with our observations in Xenopus, a human TopBP1 mutant with a ~150 amino
acid BRCT8 domain depletion was localized in cytoplasm, as was shown via
immunofluorescence microscopy [66]. In our study of the nuclear import of Xenopus
TopBP1, we showed several advancements with more molecular details: We identified
Importin 3 as a new TopBP1 interacting protein de novo via mass spectrometry. We
narrowed down the requirement of TopBP1 for nuclear import to the CTM motif (i.e., 23-
amino-acid fragment at its C-terminus). Taking advantage of Xenopus egg extracts system,
we demonstrated the biological significance of TopBP1-Importin § interaction for ATR-
Chk1 checkpoint, which is not due to TopBP1’s role in DNA replication. Our compelling
data suggest more TopBP1 is needed for ATR-Chk1 checkpoint than DNA replication
requires. In addition, Importin B-specific inhibitor importazole prevents TopBP1’s nuclear
import and compromises the MMC-induced Chk1 phosphorylation. Overall, we believe our
investigation on the TopBP1-Importin § association for ATR-Chk1 checkpoint provides a
better understanding of the nuclear import of TopBP1 in the DDR.

Our experiments also suggest that Importin al and Importin a2 are previously
uncharacterized TopBP1-interacting proteins (Fig. 1B and C). In Xenopus, Importin al/a2
and Importin 3 were identified and characterized as important mediators for nuclear protein
import and docking of import substrate to distinct nucleoporins including Nup214, Nup153,
and Nup98 [47]. Our data from Fig. 3D suggest that TopBP1 may associate with Importin 8
indirectly. Previous studies have demonstrated that the C-terminal 106 amino acids of
Importin § are required for the binding to Importin a [67,68]. Therefore, we reason that
TopBP1 associates with Importin 8 indirectly via Importin al/a2. Because of the lack of
suitable antibodies against Xenopus Importin al/a2, we only followed up the TopBP1-
Importin B interaction. Recently, we reported that WD40-repeat protein WDR18 associates
with TopBP1 C-terminus using the similar GST-pulldown assay and that WDR18
collaborates with TopBP1 to promote DNA damage response [31]. Therefore, the finding of
TopBP1-Importin f interaction and its role in ATR-Chk1 checkpoint signaling will add extra
feature to the biological significance of TopBP1 C-terminus.

Accumulating data suggest a trend that DDR proteins are shuttled into nuclei via NLS-
dependent interaction with Importin § and/or Importin a. A NLS motif in the C-terminal
region of human Rad9 is also required for the nuclear transport of the Rad9-Rad1-Hus
complex, thereby contributing to G2 checkpoint control [69]. Interestingly, a C-terminal
NLS motif of Drosophila Rad9 regulates its localization to nuclear membrane, which in turn
affects meiotic checkpoint [70]. Importin KPNA2 (Importin a) is identified as a Chk2-
interacting protein via yeast two-hybrid screening assay and is required for protein nuclear
localization and multiple functions of NBS1 [71,72]. The nuclear target and cell cycle
regulatory function of BARD1, a BRAC1-interacting checkpoint protein, is also mediated
through its NLS maotif [73]. Nuclear import of 53BP1 is mediated by nucleoporin NUP153
via Importin  [74]. We demonstrate that the role of TopBP1’s nuclear import in ATR-Chk1
checkpoint is not dependent on its role in DNA replication (Fig. 6). Additionally, our
observation of importazole’s inhibitory effect on TopBP1’s nuclear import may also be
applied to studies of other DDR proteins if their nuclear import is Importin 3-dependent.

A variety of DDR genes have been identified and characterized in breast cancer
susceptibility, such as BRCA1, BRCA2, p53, and ATM [75]. As TopBP1 has sequence
homology and functional similarities with BRCAL, Karppinne and co-workers proposed that
TopBP1 is a plausible susceptibility gene for hereditary breast and ovarian cancer [76]. It
was demonstrated that TopBP1 was expressed almost exclusively in the nuclei of normal
breast epithelium. However, TopBP1 was aberrantly expressed in breast carcinomas and a
significant percentage of TopBP1 was found in cytoplasm of breast cancer tissues [38,39].
Unfortunately, it is not fully understood how exactly the cytoplasmic mislocalization of
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TopBP1 is associated with breast cancer development. Our current study of the TopBP1-
Importin 3 interaction in DNA damage response in Xenopus egg extracts provides a clue to a
better understanding of the link between TopBP1 and cancer development. In other words,
cytoplasmic localization of TopBP1 may lead to deficiency in ATR-Chk1 checkpoint but
not DNA replication. Further studies are needed to further reveal whether the Importin 8-
dependent nuclear import of TopBP1 is a conserved mechanism in human cell lines and
whether breast cancer patients have mutations in TopBP1’s CTM motif. If this is the case,
the cytoplasmic localization of TopBP1 could be a biomarker for breast cancer and anti-
cancer drugs may be developed via manipulating TopBP1’s nuclear import.

5. Conclusion

We identified and verified Importin 3 as a new interacting protein of TopBP1 C-terminus
and mapped the nuclear localization requirement of TopBP1 to its extreme C-terminal 23
amino acids (CTM). The CTM-dependent nuclear import of TopBP1 is required for its role
in DNA replication and ATR-Chk1 checkpoint signaling. In addition, Importin p-specific
inhibitor importazole inhibits TopBP1’s nuclear import, DNA replication and ATR-Chk1
checkpoint signaling. Our data also suggest that checkpoint activation requires more
TopBP1 protein than DNA replication does. All together, we conclude that the Importin -
mediated nuclear import of TopBP1 plays an important role in the ATR-Chk1 checkpoint
signaling in Xenopus egg extracts.
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Identification and verification of Importin  as a new interacting protein of TopBP1 C-
terminus. (A) Schematic diagram of TopBP1 and its C-terminus. (B) SDS-PAGE analysis
followed by silver staining of GST pulldown samples with GST or GST-CT333 from either
buffer (“~") or egg extract (“extract™). * represent proteins bound to beads from extract
nonspecifically. (C) The diagram shows the numbers of polypeptide fragments from two
separate runs (R1 and R2) of mass spectrometry analysis of “Hit 1” and “Hit 2”. (D)
Immunoblotting analysis of GST pulldown samples from (B) with antibodies against GST
and Importin B, respectively. 1 pL of egg extract was used as “Input”. * represents a protein
which can be recognized by anti-Importin § antibodies nonspecifically.
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The CTM motif of TopBP1 is important for Importin f interaction. (A) Co-IP assay using
control IgG or antibodies against TopBP1 or Importin 8. 1 L of egg extract before the
addition of antibodies in the assays was collected and used as “Input”. The individual bead-
bound fractions were examined as “Co-IP” samples. Immunoblotting was used to examine
TopBP1 and Importin § as indicated. (B) Amino acid sequence alignment of the C-terminus
of TopBP1 proteins in frog, human, and mouse using the Clustal Omega software.
Abbreviations and GenBank accession no.: (1) Xe TopBP1, AAP03894.1; (2) Hu TopBP1,
NP_008958.2; (3) Ms TopBP1, NP_795953.2. -, gaps in the alignment; *, identical
residues; :, highly conserved residues;., moderately conserved residues; the dashed rectangle
was used to illustrate the putative NLS. (C) Schematic diagram of the WT TopBP1 and
ACTM TopBP1. The ACTM TopBP1 lacks the CTM motif (i.e., the last 23 amino acids in
the extreme C-terminus of TopBP1). (D) Co-IP assays demonstrated that the CTM motif of
TopBP1 was required for the interaction with Importin . Anti-Myc antibodies were added
to TopBP1-depleted egg extract supplemented with either WT TopBP1 or ACTM TopBP1
as indicated. The bead-bound proteins from Co-IP assays (“Co-1P”") were examined for

Importin  and Myc-tagged TopBP1 via immunoblotting.
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Fig. 3.

The CT100 fragment of Importin § is required for TopBP1 association. (A) Schematic
presentation of Importin 3 protein, anti-Importin § antibodies, recombinant GST-Importin 3
and GST-ACT100 (GST-Importin § without the 100 amino acids at its extreme C-terminus).
The numbers indicate the positions of respective amino acid residues. The cylinders
represent the HEAT motifs in Importin {3 protein. (B) Sequence alignment of the extreme C-
terminus 100 amino acids of Importin B protein from frog (Xe Importin 3, ABY76052.1),
human (Hu Importin , NP_002256.2) and mouse (Ms Importin §, NP_032405.3) using the
Clustal Omega software. *, identical residues; :, highly conserved residues;., moderately
conserved residues. Conserved Helix motifs of HEAT18 and HEAT19 domains are
underlined. (C) GST-Importin B, but neither GST nor GST-ACT100, associates with Myc-
TopBP1 in egg extracts. GST pulldown assays were performed using egg extracts as
described in Materials and Methods. The “GST Pulldown” samples and “Input” (1 L of egg
extract) were examined via immunoblotting using antibodies against Myc (top panel),
Importin 3 (middle panel), and GST (bottom panel), respectively. (D) Similar GST
Pulldown assays and immunoblotting were performed as (C) except that control egg lysis
buffer was used as described in Materials and Methods.
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The CTM motif of TopBP1 is important for its shuttling into nuclei. (A) Experimental
design of the assays. (B) Nuclear membrane from the isolated nuclei fraction, but not
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chromatin fraction, was intact. Sperm chromatin was added to egg extracts. After 60 minutes
incubation, nuclei fraction or chromatin fraction was isolated respectively and was further
examined via fluorescence microscope after Hoechst 33258 staining. The scale bar
represents 10 pm. (C) Nuclei fraction (“nuclei”) and total extract (“extract™) were examined
at 90 minutes for the indicated proteins via immunoblotting as indicated. (D) Chromatin
fraction (“chromatin”) and total extract (“extract™) were examined as (C). (E) DNA
synthesis was examined as indicated. After WT or ACTM TopBP1 was added to appropriate
egg extracts containing formed nuclei, [a-32P]-dATP was added for incorporation into the
freshly replicated DNA. Mock-depleted egg extract was used as positive control. At

different time points (minutes), samples were collected and examined on agarose gel

followed by Phosphorimager analysis. (F) Quantification analysis of the DNA synthesis of

the samples from (E).
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Fig. 5.

Importin B-specific inhibitor importazole inhibits the nuclear import of TopBP1. (A)
Immunofluorescence microscopy analysis of TopBP1 in nucleus in Xenopus egg extracts
with the presence or absence of MMC and importazole at 15 minutes and 60 minutes
incubation. The “TopBP1” panel indicates its localization in chromatin/nucleus while the
“DNA” panel represents chromatin/nucleus. The scale bar represents 10 um. (B) Sperm
chromatin was added to egg extracts supplemented with MMC and importazole. After 60
minutes incubation, nuclei fraction and total egg extract were isolated and examined via
immunoblotting analysis for the indicated proteins.
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Fig. 6.
The CTM-dependent shuttling TopBP1 into nuclei and onto chromatin is required for
checkpoint activation, not due to its requirement in DNA replication. (A) Experimental

- Orc2
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! —_.l Myc-TopBP1

TopBP1

design of the experiments in this figure. (B) Nuclei fraction and total extract were examined
at 90 minutes via immunoblotting as indicated. (C) Chromatin fraction and total extract were
examined at 90 minutes via immunoblotting as indicated. (D) DNA synthesis was examined
at different time points (minutes) using the similar procedure as Fig. 4E. (E) Quantification
analysis of the DNA synthesis of the samples from (D). (F) MMC was used to trigger DNA
damage response in different types of egg extracts. Then chromatin fraction and total extract

were analyzed via immunoblotting at 90 minutes for the indicated proteins.
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Fig. 7.

Nuclear import of TopBP1 plays a distinct regulatory role in the ATR-ChkZ1 checkpoint
signaling. (A) Different concentrations of WT TopBP1 (i.e., 0%, 100%, 50%, 20%, and 5%
in comparison to endogenous TopBP1) were added to TopBP1-depleted egg extracts
followed with the addition of sperm chromatin. [a-32P]-dATP was added and DNA
synthesis were examined as Fig. 4E. (B) Quantification analysis of the DNA synthesis of the
samples from (A). (C) Different concentrations of WT TopBP1 were added to TopBP1-
depleted egg extracts supplemented with sperm chromatin as (A). MMC was used to
damage chromatin, and checkpoint proteins were examined via immunaoblotting as
indicated.
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Fig. 8.

The CTM motif of TopBP1 is dispensable for checkpoint activation in a nucleus-free AT70
system. ATR checkpoint activation structure AT70 was added to Mock- or TopBP1-
depleted egg extracts supplemented with WT TopBP1 (WT), ACTM TopBP1 (ACTM), or
no addition (). The total egg extracts were examined via immunoblotting as indicated.
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Schematic summary of the nuclear import of TopBP1 for DNA replication (Replication) and
DNA damage response (Checkpoint) in three different scenarios: (1) Scenario #1,
recombinant WT or ACTM TopBP1 was added to egg extracts after nuclear membrane is
formed; (2) Scenario #2, recombinant WT or ACTM TopBP1 was added to egg extracts

before nuclear membrane is formed; and (3) Scenario #3, recombinant WT or ACTM
TopBP1 was added to TopBP1-depleted extracts supplemented with ATR activation

structure AT70, which did not form any nuclei. “YES” represents sufficiency, and “NO”
represents deficiency.
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