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ASPM is a protein encoded by primary microcephaly 5 (MCPH5) and is responsible for
ensuring spindle position during mitosis and the symmetrical division of neural stem
cells. We recently reported that ASPM promotes homologous recombination (HR) repair
of DNA double strand breaks. However, its potential role in DNA replication and repli-
cation stress response remains elusive. Interestingly, we found that ASPM is dispensable
for DNA replication under unperturbed conditions. However, ASPM is enriched at
stalled replication forks in a RAD17-dependent manner in response to replication stress
and promotes RAD9 and TopBP1 loading onto chromatin, facilitating ATR-CHK1 acti-
vation. ASPM depletion results in failed fork restart and nuclease MRE11-mediated
nascent DNA degradation at the stalled replication fork. The overall consequence is chro-
mosome instability and the sensitization of cancer cells to replication stressors. These
data support a role for ASPM in loading RAD17-RAD9/TopBP1 onto chromatin to
activate the ATR-CHK1 checkpoint and ultimately ensure genome stability.
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During neurogenesis, neural stem cells undergo a sequence of proliferation, migration,
and differentiation (1). Should neurogenesis be hindered, perhaps due to a low number
of neuroprogenitor cells, severe neurological conditions such as microcephaly can ensue.
Microcephaly is a rare disorder characterized by small brain size and mental retardation
(2, 3). There are two clinical subtypes: primary microcephaly (PM) and secondary
microcephaly (SM) (4). So far, mutations in 25 pathogenic genes (MCPH1-25) associ-
ated with PM have been identified (3). These genes have varied roles, ranging from cell
cycle checkpoint activation to DNA repair activities (5, 6). ASPM (encoded by
MCPH5) is the most frequently mutated of these proteins and is known to underlie
>40% of MCPH cases (7). ASPM functions in centriole duplication, spindle orienta-
tion, and organization (8), but can also localize to the spindle pole (9) and regulate mito-
sis by organizing microtubules (10). In addition, ASPM functions during meiosis and
acts as a positive regulator of Wnt signaling (11–13). Furthermore, patients with
MCPH5 mutations exhibit reduced numbers of neuroprogenitor cells during brain devel-
opment, which indicates defects in control of symmetric/asymmetric divisions and/or in
DNA replication. However, the involvement of ASPM in the DNA replication and/or
replication stress response is currently unknown.
The DNA replication machinery comprises various proteins, including DNA poly-

merases, DNA helicase complexes, and various other auxiliary proteins that together
ensure accurate genome replication once every cell cycle (14). Any factors that affect
replication fork stability or fork restart, and thus cause DNA replication stress, risk dis-
turbing genome stability (15) and promoting cancer development. Ataxia-telangiectasia
and Rad3-related (ATR) kinase, which is a member of the phosphoinositide 3-kinase-
related kinases (PIKKs) family (16, 17), is essential for sensing replication stress and sig-
nal transduction (18, 19). ATR works together with CHK1 in a signaling pathway that
serves to safeguard against DNA damage and to prevent incompletely replicated cells
from entering mitosis under conditions of replication stress (20–25). When replication
forks stall, single-stranded DNA (ssDNA) is exposed. The heterotrimeric protein com-
plex RPA coats ssDNA (26, 27) and then recruits the RAD17, 9-1-1 complex, and
TopBP1 to activate ATR (28–34). ATR subsequently activates CHK1 to facilitate the
restarting of the DNA replication fork (24, 35). Various proteins assist with fork recon-
struction and reversed fork (RVF) formation (36). In particular, RAD51 replaces RPA
(37) and initiates fork reversal with the help of replication fork remodeling proteins.
Once replication stress is lifted, the replication fork will restart (38, 39). However, if
the stress persists, the replication fork will collapse, leading to one-ended double strand
breaks (DSBs) (40, 41).
Throughout this process, it’s critical that nascent DNA exposed at stalled replication

forks is protected from nucleolytic degradation by promiscuous nucleases, such as
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EXO1, DNA2, and MRE11 (42–45). CtIP, for example, pre-
vents DNA2–WRN-dependent nascent degradation at stalled
forks in the absence of BRCA1 (42, 46).
In this study, we aimed to determine a potential role for

ASPM in DNA replication and/or the replication stress response.
To this end, we established ASPM knockout (KO) and FLAG-
GFP-ASPM knockin (KI) cell lines (47). We used these to deter-
mine whether and how ASPM might be involved in replication
stress–induced ATR-CHK1 activation, replication fork stabiliza-
tion, and protection from nucleolytic degradation.

Results

ASPM Associates with DNA Replication Factors to Mediate DNA
Replication. To understand the biological function of ASPM,
we sought to identify its interacting networks through immuno-
precipitation combined with mass spectrometric analysis. We
generated rabbit polyclonal antibodies against 16 peptides span-
ning all major regions of ASPM but found no single antibody
suitable for immunoprecipitation and only one antibody
(BL1615) suitable for immunoblotting and immunofluorescence
analysis (9, 47). We then turned to the ASPM KI cell line, in
which the FLAG-GFP cassette is inserted in frame before the
first start codon in ASPM by CRISPR-Cas9 technology in HeLa
cells as previously described (47). Two monoclonal populations
of ASPM KI HeLa cells exhibited a GFP signal enriched at the
spindle poles (SI Appendix, Fig. S1A and Dataset S1). We per-
formed affinity purification of the FLAG-GFP-ASPM immuno-
complex followed by silver staining (Fig. 1A). Subsequent mass
spectrometry identified ASPM along with the RFC complex subu-
nits (RFC1-5), BRCA2 (which protects stalled replication forks),
and MCM5, a core subunit of the MCM complex (Fig. 1B).
The pentameric RFC opens the sliding clamp and loads it

onto the DNA chain (48). It also forms a complex with
RAD17, which replaces RFC1, during the genotoxic stress
response to load the RAD9-HUS1-RAD1 (9-1-1) complex
onto DNA at sites of damage and/or stalled replication forks
(28, 30). Interestingly, our coimmunoprecipitation assays con-
firmed that endogenous RFC1, RFC2, RFC5, RAD17, and
TopBP1 were present in the FLAG-GFP-ASPM immunocom-
plex (Fig. 1C). To rule out the possibility that their interaction
was bridged by DNA, coimmunoprecipitation assays were per-
form in the presence or absence of the nuclease benzonase, and
the results revealed that benzonase treatment did not disrupt
these interactions (SI Appendix, Fig. S1B). This indicated that
the interaction between ASPM and the identified replication
factors was DNA independent.
Given that ASPM seems to physically associate with DNA rep-

lication factors, we reasoned that ASPM would likely have a role
in DNA replication. To confirm our theory, we labeled HeLa
cells with 5-ethynyl-2’-deoxyuridine (EdU) and performed subse-
quent flow cytometry analysis or immunofluorescence staining.
The percentage of EdU-positive HeLa cells was comparable to
that in ASPM KO HeLa cells (Fig. 1 D–H) and siRNA-
mediated ASPM knockdown HeLa cells (SI Appendix, Fig. S1
C–G). It thus seems that an ASPM deficiency has no obvious
impact on S phase progression.
We next performed DNA fiber assays to determine whether

ASPM has a role in replication fork dynamics. We found that
the iododeoxyuridine (IdU)-tract length for individual replica-
tion forks in ASPM KO cells (Fig. 1 I and J) or ASPM knock-
down cells (SI Appendix, Fig. S1 H and I) was comparable to
that in control cells. Taken together, we conclude that ASPM is
dispensable for DNA replication under unperturbed conditions.

ASPM Ensures ATR-CHK1 Activation following Replication
Stress. Given that the RAD17-RFC complex loads the 9-1-1
complex onto stalled replication forks (49), we reasoned that
ASPM could modulate the ATR-CHK1 activation in response
to DNA replication stress. To test this, we treated ASPM KO
cells and parental HeLa cells with low dose aphidicolin (APH)
(1 μM), hydroxylurea (HU) (0.2 mM) or camptothecin (CPT)
(0.1 μM) for 24 h. We found that ATR phosphorylation at
T1989, CHK1 at S345, and RPA32 at S33 was compromised
in ASPM KO cells under all conditions, but not in the parental
cells (Fig. 2A). Cell cycle profiling revealed that, after 24 h of
HU or APH treatment, the majority of ASPM KO cells were
stuck in S phase with a slight slippage into G2/M phase (SI
Appendix, Fig. S2A). HU-induced phosphorylation of ATR,
CHK1, and RPA32 were reduced within the first 2 h after
treatment in both ASPM KO cells (Fig. 2B) and ASPM
knockdown cells (SI Appendix, Fig. S2B). ASPM encodes two
major isoforms: isoform 1, which consists of 3,477 amino
acids and isoform 2, which lacks exon 18 (ASPM Δ18) and
consists of 1,892 amino acids. As expression of isoform 1 is
very challenging, we used isoform 2 for both in vitro bio-
chemical assays and in vivo rescue assays. Reexpression of
FLAG-ASPM Δ18 in ASPM KO cells restored ATR-CHK1
activation following HU treatment (Fig. 2C).

HU causes a dramatic increase in exposed ssDNA in the
nascent DNA strand (42), and ssDNA could be detected by
BrdU foci. We found that the percentages of both BrdU foci
under nondenaturing condition and RPA32 foci in γH2AX-
positive cells were significantly decreased following HU treatment
in both ASPM KO cells (Fig. 2 D–G) and ASPM knockdown
cells (SI Appendix, Fig. S2 C–G). These results suggest that
ASPM impacts on ssDNA formation.

Taken together, these findings suggest that ASPM ensures
timely ATR-CHK1 activation in response to HU-induced DNA
replication stress.

ASPM Facilitates RAD9/TopBP1 Chromatin Loading. The replace-
ment of RFC1 by RAD17 upon replication stress transforms the
RFC complex into a RAD17-RFC complex, which promotes
RAD9-RAD1-HUS1 (9-1-1) complex and TopBP1 loading
onto stalled replication forks and subsequent ATR-CHK1
checkpoint activation (30–32, 34, 49). Given that ASPM physi-
cally associates with the RFC complex, RAD17, and TopBP1
(Fig. 1C), we decided to examine whether ASPM interacts with
the 9-1-1 complex. Indeed, RAD17, RAD9, and TopBP1 were
all present in the FLAG-GFP-ASPM immunocomplex that we
extracted from ASPM KI cells, and the interaction was enhanced
upon HU treatment (Fig. 3A). Furthermore, these interactions
were not bridged by DNA (SI Appendix, Fig. S3A).

We next sought to determine the interplay between ASPM and
RAD17, RAD9, and TopBP1. The protein levels of RPA32,
pRPA32(S33), RPA70, RAD9, and TopBP1, but not RAD17, in
the chromatin-enriched fraction increased upon HU treatment in
mock-depleted cells; these increases were abolished in both ASPM-
depleted (SI Appendix, Fig. S3B and Fig. 3B) and ASPM KO cells
(SI Appendix, Fig. S3C). Conversely, inhibiting RAD17, but not
RAD9 or TopBP1 expression, reduced the HU treatment–induced
increment in ASPM levels on chromatin (Fig. 3C).

Coimmunoprecipitation assays revealed that TopBP1 and
RAD9 were present in the RAD17 immunocomplexes (Fig. 3D)
and that TopBP1 and RAD17 in the RAD9 immunocomplexes
(Fig. 3E) increased upon HU treatment in mock-depleted cells;
this increment was abolished in ASPM-depleted cells. The HU
treatment–induced increment in the HA-RAD9/FLAG-RAD17
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interaction in mock-depleted cells were also eliminated in ASPM-
depleted cells (SI Appendix, Fig. S3D).
To explore whether ASPM serves as a scaffold protein to

facilitate RAD17-dependent loading of the 9-1-1 and TopBP1
complexes on DNA, bacterially produced recombinant protein
GST-RAD9 was used to pull down HIS-RAD17 or HIS-
TopBP1 (1 to 290) in the absence or presence of bacterially
produced ASPM Δ18 fragments (F1: 1 to 476, F2: 477 to 919,
F3: 920 to 1,392, and F4: 2,941 to 3,477) (Fig. 3F). The inter-
action between GST-RAD9 and HIS-RAD17 or HIS-TopBP1
(1 to 290) was enhanced by the presence of the F1 or F2 frag-
ment of ASPM (Fig. 3 G and H).
Finally, we found that a deficiency of pRPA32(S33) in

ASPM-depleted cells in response to HU treatment was also res-
cued upon reexpression of FLAG-TopBP1-AAD (ATR activation

domain) or FLAG-RAD9, but not by the reexpression of FLAG-
RAD17 (Fig. 3I). Collectively, it seems that ASPM facilitates
RAD17-dependent loading of RAD9 and TopBP1 onto chroma-
tin upon replication stress.

ASPM Promotes RAD17-Dependent Loading of RAD9 and
TopBP1 onto Stalled Replication Forks. We were intrigued to
see that ASPM is recruited to the chromatin in response to repli-
cation stress, and so next investigated whether ASPM is precisely
enriched onto the stalled replication forks. Previous isolation of
proteins on nascent DNA (iPOND) proteomic screens has iden-
tified ASPM on the stalled replication forks (50, 51). Our
iPOND assays found that, in ASPM KI cells, ASPM in the rep-
lication fork was barely detectable under normal conditions, yet
was readily detectable upon HU treatment in the proteins

Fig. 1. ASPM associates with DNA replication factors. (A and B) Identification of ASPM-associated proteins. Control or FLAG-GFP-ASPM knockin (ASPM KI)
HeLa cells were lysed and enriched using a FLAG antibody. The protein complexes were separated by SDS-PAGE and then labeled by silver staining (A). Pro-
teins identified by mass spectrometric analyses are listed (B). (C) ASPM interacts with the RFC complex, RAD17, and TopBP1. HeLa cell lysates were precipi-
tated with FLAG antibody then analyzed by immunoblotting with indicated antibodies. * in A and C: nonspecific signal. (D–F) ASPM is dispensable for S phase
progression. ASPM KO cells were incorporated with EdU before fluorescence activated cell sorting (FACS) (D). The percentage of EdU-positive cells was quan-
tified (E). Data represent the mean ± SEM from three independent experiments. no significance (ns), P > 0.05, one-way ANOVA. Loss of ASPM was analyzed by
immunoblotting with indicated antibodies (F). (G and H) ASPM deficiency has no impact on S phase progression. ASPM KO cells were incorporated with EdU before
immunofluorescence analyses (G). The percentage of EdU-positive cells was quantified (H). Data represent the mean ± SEM from three independent experiments.
ns, P > 0.05, one-way ANOVA. (I and J) ASPM is dispensable for normal DNA replication. Representative images of CldU and IdU replication tracks (I) and a scatterplot
of the IdU tract length for individual replication forks (J). Data are representative of at least three independent experiments. ns, P > 0.05, one-way ANOVA.
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complexed with EdU-labeled nascent DNA and diminished
upon thymidine chase (Fig. 4A). Proximity ligation assays
(PLAs) revealed that the number of PLA foci for ASPM/EdU in
cells labeled with EdU significantly increased in response to HU
treatment (Fig. 4 B and C). We further found that the HU
treatment–induced increment in RAD17/EdU PLA foci per pos-
itive cell in mock-depleted cells was similar to that in ASPM
KO cells (Fig. 4 D and E), while RAD9/EdU and TopBP1/
EdU PLA foci per positive cell in ASPM KO cells after HU
treatment was significantly lower than those in mock-depleted
cells (Fig. 4 F–I). Together, these data demonstrate that follow-
ing HU treatment, ASPM is enriched onto stalled replication
forks in a RAD17-dependent manner. This enrichment facili-
tates recruitment of the TopBP1 and 9-1-1 complex.
To further confirm that ASPM facilitates the recruitment of

TopBP1 and the 9-1-1 complex onto replication forks in vitro,
streptavidin pulldown assays showed that RPA-coated biotin-
ssDNA/dsDNA was able to efficiently pull down endogenous
RAD17, but not RAD9 or TopBP1, in nuclear extracts derived
from ASPM KO cells. This defect was rescued by reexpression
of FLAG-ASPM Δ18 (Fig. 4 J and K). Furthermore, RPA-
coated and RAD17-saturated biotin-ssDNA/dsDNA was able to

efficiently pull down bacterially produced GST-RAD9 and HIS-
TopBP1(1-290) only in the presence of the bacterially produced
F1 or F2 fragment of ASPM (Fig. 4 L and M). Taken together,
these results indicate that ASPM promotes RAD17-dependent
loading of RAD9 and TopBP1 onto stalled replication forks.

ASPM Protects the Nascent Strand at Stalled Replication
Forks from Nucleolytic Degradation. Unprotected nascent
DNA at stalled forks is at risk for nucleolytic degradation by
nucleases (42). Thus far, we have seen ASPM enriched onto
the stalled replication forks. To determine whether ASPM plays
a role in protection of the nascent DNA strand at the stalled
forks, we sequentially labeled mock-depleted, ASPM-depleted,
or ASPM KO cells with chlorodeoxyuridine (CldU) and IdU
for 30 min each and then treated them with HU (2 mM) for
5 h or the DNA polymerase α-inhibitor APH (5 μM) for 2 h.
We found that the mean lengths of IdU tracts in both ASPM
KO and ASPM knockdown cells were significantly shorter than
those in control cells (Fig. 5A and SI Appendix, Fig. S4A).
Reexpression of FLAG-ASPM Δ18 in ASPM KO cells restored
ATR-CHK1 activation following HU treatment (Fig. 5B and
SI Appendix, Fig. S4B).

Fig. 2. ASPM ensures timely CHK1 activation following replication stress. (A) ASPM promotes ATR-CHK1 activation upon replication stress. Control and
ASPM KO cells were incubated with low doses of APH (1 μM), HU (0.2 mM), and CPT (0.1 μM) for 24 h, followed by immunoblotting with the indicated anti-
bodies. (B) ASPM promotes timely ATR-CHK1 activation upon replication stress. Control and ASPM KO cells were incubated with HU (2 mM) for the indicated
times, followed by immunoblotting with the indicated antibodies. (C) Reexpression of FLAG-ASPM Δ18 in ASPM KO cells restored ATR-CHK1 activation upon
HU treatment. Control, ASPM KO cells were transfected with FLAG-VEC or FLAG-ASPM Δ18 for 48 h and treated with HU (2 mM) for 1 h, followed by immuno-
blotting with the indicated antibodies. (D) ASPM facilitates ssDNA formation in response to replication stress. Control or ASPM KO cells were incubated with
BrdU for 24 h, then treated with HU for 1 h before immunofluorescence analysis under nondenaturing conditions using the indicated antibodies. (E) The
percentage of cells with BrdU foci (>10) in γH2AX-positive cells was quantified. Data represent the mean ± SEM from three independent experiments. **P <
0.01, one-way ANOVA. (F) ASPM promotes RPA32 foci formation upon replication stress. Control or ASPM KO cells were treated with HU for 1 h, followed by
immunofluorescence analysis using the indicated antibodies. (G) The percentage of cells with RPA32 foci (>15) in γH2AX-positive cells was quantified. Data
represent the mean ± SEM from three independent experiments. **P < 0.01; one-way ANOVA.

4 of 12 https://doi.org/10.1073/pnas.2203783119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203783119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203783119/-/DCSupplemental


We obtained similar results in ASPM-depleted HeLa,
U2OS, and HCT116 cells, suggesting that ASPM deficiency
causes the nascent strand at stalled forks to become susceptible
to nucleolytic degradation (Fig. 5C and SI Appendix, Fig. S4C).
We also found that inhibiting ASPM expression in mouse neu-
ral progenitor cells (NPCs) using two independent shRNAs did
not have a significant impact on DNA replication under nor-
mal conditions (SI Appendix, Fig. S4 D and E); however,
nascent DNA was unprotected at the stalled replication forks,
as indicated by shortened IdU track length in ASPM knock-
down cells (SI Appendix, Fig. S4F). These findings indicate that
like BRCA1/2, ASPM shields the nascent DNA at stalled repli-
cation forks from degradation.
Given that ASPM interacts with BRCA1 (47) and poten-

tially with BRCA2 (Fig. 1B), we wanted to determine whether
this role for ASPM in fork protection is independent of
BRCA1/2 or not. After inhibiting BRCA1 or BRCA2 expres-
sion in control cells and ASPM KO cells, we saw no significant

difference in IdU-track shortening after HU treatment (Fig. 5
D and E).

Translocase-mediated fork reversal renders nascent DNA
susceptible for degradation by nucleases if protectors are absent
(39, 42, 52). We thus sought to determine whether ASPM
deficiency–induced nascent DNA degradation is dependent on
translocases. Indeed, we found that siRNA-mediated inhibition of
the translocases SMARCA1, ZRANB3, or HLTF in ASPM KO
cells rescued ASPM deficiency–induced shortening of the IdU
track length after HU treatment (Fig. 5 F and G and SI
Appendix, Fig. S4G). Collectively, these findings demonstrate that
ASPM protects nascent strand at stalled replication forks from
being degraded via either the same pathway as BRCA1, or in an
epistatic manner to BRCA1/2 that is dependent on fork reversal.

ASPM Protects Reversed Forks from MRE11-Mediated Degra-
dation. Newly synthesized strands at stalled replication forks are
susceptible to degradation by several nucleases, including EXO1,

Fig. 3. ASPM facilitates RAD9/TopBP1 chromatin loading. (A) The associations among ASPM, RAD17, RAD9, and TopBP1 increased upon HU treatment.
ASPM KI HeLa cells were treated with HU for 1 h before anti-FLAG immunoprecipitation (IP) and immunoblotting with the indicated antibodies. (B) ASPM pro-
motes RAD9 and TopBP1 chromatin loading upon replication stress. Control and ASPM knockdown cells were treated with HU for the indicated times before
chromatin fractionation (CF) to isolate the chromatin enriched fraction (P3) and immunoblotting with the indicated antibodies. (C) ASPM is enriched on chro-
matin in a RAD17-dependent manner. Control and RAD17, RAD9, or TopBP1 knockdown cells were treated with HU for 1 h, followed by CF to isolate the P3
fraction and immunoblotting with the indicated antibodies. (D and E) ASPM promotes the RAD17-RAD9/TopBP1 association. Control and ASPM knockdown
HEK293T cells were treated with HU for 1 h before IP using RAD17 (D) or RAD9 (E) antibodies followed by immunoblotting. (F) The domain structure of the
ASPM isoforms and fragments. (G and H) F1 and F2 ASPM fragments enhanced the interaction between GST-RAD9 and HIS-RAD17 or HIS-TopBP1 (1-290).
Bacterially produced recombinant GST-RAD9 protein was used to pull down HIS-RAD17 (G) or HIS-TopBP1 (1-290) (H) in the absence or presence of bacteri-
ally produced ASPM Δ18 fragments. (I) Overexpression of TopBP1 or RAD9, but not RAD17, rescued the ATR activation defect caused by ASPM deficiency.
HEK293T cells were first transfected with control or ASPM siRNAs for 24 h, followed by transfection with FLAG-VEC, FLAG-RAD17, FLAG-RAD9, or
FLAG-TopBP1 AAD for another 48 h and then treated with HU for 1 h. Total cell lysates were extracted and subjected to immunoblotting with the indicated
antibodies. * in G–I: nonspecific signal.
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DNA2, and MRE11 (42, 45, 53–55). CtIP synergizes with
BRCA1, not BRCA2, to prevent DNA2-dependent overresec-
tion of nascent strands to protect reversed forks from nucleolytic
degradation upon replication stress (43, 45, 46). We wanted to
find out which nuclease mediates the degradation of nascent
strands at stalled replication forks in ASPM-deficient cells. DNA
fiber assays revealed that inhibiting EXO1 or DNA2 expression
by siRNA had no obvious impact on the ldU/CldU ratio in
mock-depleted cells, while the reduction in the ratio in ASPM/
EXO1- or ASPM/DNA2-codepleted cells was similar to that in
ASPM-depleted only cells (Fig. 6 A–C).
We then turned our attention to CtIP and MRE11: Here,

neither inhibiting CtIP nor MRE11 expression compromised
stalled fork stability (Fig. 6 D–F). However, inhibiting MRE11
expression, but not CtIP, rescued the ASPM deficiency–induced
reduction of the ldU/CldU ratio (Fig. 6 E and F). Moreover,
the number of the PLA foci of MRE11/EdU in cells labeled
with EdU was significantly increased in ASPM KO cells. Thymi-
dine chase moved the nascent, EdU-labeled DNA segment away

from the replication fork. This finding suggests that ASPM sup-
presses MRE11 recruitment at stalled replication forks (Fig. 6 G
and H). Together, we conclude that ASPM protects nascent
strands from degradation by MRE11 at stalled replication forks.

ASPM Ensures Chromosome Stability in Response to Replication
Stress. In our final assays, we sought to determine the biologi-
cal consequences of an ASPM deficiency in response to DNA
replication stress. In response to a low dose of HU (0.2 mM
or 0.5 mM), the IdU/CldU ratio was significantly reduced
compared to that in mock-depleted cells and further reduced
in ASPM-depleted cells (Fig. 7A). In addition, cotreatment
with APH (5 μM) and HU (2 mM) led to an increment in
the percentage of stalled replication forks and a reduction in
the percentage of stalled fork restart in ASPM-deficient cells
(Fig. 7B).

Mitotic spread assays showed that, at the chromosome level,
inhibiting ASPM expression by CRISPR/Cas9-mediated KO or
by siRNA led to a significant increment in the total level of

Fig. 4. ASPM promotes RAD17-dependent loading of the RAD9 and TopBP1 onto the stalled replication fork. (A) ASPM is recruited to stalled replication
forks. HeLa cells were labeled with EdU before analysis by iPOND assay and immunoblotting with the indicated antibodies. (B and C) ASPM is enriched at
stalled replication forks. HeLa cells were labeled with EdU and treated with/without HU, then subjected to PLA with anti-ASPM and anti-EdU antibodies. Rep-
resentative images of PLA foci (red) (B) and the quantification of the average number of PLA foci per focus-positive cell (C) are shown. (Scale bar, 10 μm.)
Data represent the mean ± SEM from three independent experiments. **P < 0.01; one-way ANOVA. (D and E) ASPM is dispensable for RAD17 enrichment at
stalled replication forks. Control and ASPM KO cells were labeled with EdU before treatment with/without HU followed by PLA with anti-RAD17 and anti-EdU anti-
bodies. Representative images of PLA foci (red) (D) and the quantification of the average number of PLA foci per focus-positive cell (E) are shown. (Scale bar,
10 μm.) Data represent the mean ± SEM from three independent experiments. ns, P > 0.05; one-way ANOVA. (F–I) ASPM is required for TopBP1 and RAD9
enrichment at stalled replication forks. Control and ASPM KO cells were labeled with EdU before treatment with/without HU followed by PLA with anti-TopBP1,
anti-RAD9, or anti-EdU antibodies. Representative images of PLA foci (red) (F and H) and the quantification of the average number of PLA foci per focus-positive
cell (G and I) are shown. Data represent the mean ± SEM from three independent experiments. **P < 0.01, one-way ANOVA. (J and K) ASPM facilitates recruit-
ment of TopBP1 and 9-1-1 complex onto replication forks in vitro. Schematic of ssDNA/dsDNA streptavidin pulldown (J). Biotinylated ssDNA/dsDNA were first
bound with streptavidin beads and coated with bacterially produced recombinant RPA32 and PRA70, followed by incubating with nuclear extracts derived from
CTR, ASPM KO, or reexpression of FLAG-ASPM Δ18 cells (K). (L and M) F1 and F2 ASPM fragments promote RAD17-dependent loading of RAD9 and TopBP1 onto
stalled replication forks. Schematic of ssDNA/dsDNA streptavidin pulldown (L). RPA-coated and RAD17-saturated biotin-ssDNA/dsDNA was used to pull down
bacterially produced GST-RAD9 and HIS-TopBP1(1-290), followed by immunoblotting with the indicated antibodies (M). * in M: nonspecific signal.
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chromosome abnormalities under unperturbed conditions, in
response to HU treatment (Fig. 7 C–F).
Given that high expression of ASPM has been reported in

several cancer types and correlates with poor prognosis, we
mined the cancer database GEPIA (gepia.cancer-pku.cn/detail.
php?gene=ASPM) and found that high expression of ASPM in
9,494 cases of 33 types of cancer associates with unfavorable
prognosis (Fig. 7G). In particular, high ASPM expression in liver
hepatocellular carcinoma (SI Appendix, Fig. S5A), lung adeno-
carcinoma (SI Appendix, Fig. S5B), brain lower grade glioma (SI
Appendix, Fig. S5C), adrenocortical carcinoma (SI Appendix, Fig.
S5D), and pancreatic adenocarcinoma (SI Appendix, Fig. S5E),

possesses significantly poorer overall survival. These results sug-
gested that inhibiting ASPM expression could be a therapeutic
strategy. Indeed, inhibition of ASPM expression by KO or
siRNA-mediated knockdown sensitized cells to HU treatment
(Fig. 7 H and I). Taken together, we conclude that ASPM is
essential for maintaining chromosome stability in response to
replication stress and is a potential target for therapy.

Discussion

An ASPM deficiency tips neural stem cell division from sym-
metric division to asymmetric division. The result is a reduction

Fig. 5. ASPM protects nascent strand at stalled replication forks from nucleolytic degradation. (A) ASPM protects extensive nucleolytic fork degradation in
response to replication stress. Control, ASPM KO, and ASPM knockdown cells were labeled sequentially with CldU and IdU for 30 min, then treated with HU
(2 mM) for 5 h (Left) or APH (5 μM) for 2 h (Right), followed by conducting a DNA fiber assay. The experimental design and representative images of CldU and
IdU replication tracks (Top) and the ratios of IdU tracks compared to CldU tracks (Bottom) are shown. Data are representative of at least three independent
experiments. ns, P > 0.05, **P < 0.01; one-way ANOVA. (B) Reexpression of FLAG-ASPM Δ18 in ASPM KO cells restored ATR-CHK1 activation upon HU treat-
ment. Control, ASPM KO, or reexpression of FLAG-ASPM Δ18 cells were labeled sequentially with CldU and IdU for 30 min, then treated with HU (2 mM) for
5 h, followed by conducting a DNA fiber assay. Data represent mean ± SEM from three independent experiments. ns, P > 0.05; **P < 0.01; one-way ANOVA.
(C) Nascent DNA degradation at stalled replication forks was increased in ASPM-deficient cells. Control and siRNA-mediated ASPM knockdown HeLa, U2OS,
or HCT116 cells were labeled sequentially with CldU and IdU for 30 min before HU treatment (2 mM) for 5 h and DNA fiber assay. The experimental design
and representative images of CldU and IdU replication tracks (Top) and the ratios of IdU tracks compared to CldU tracks (Bottom) are shown. Data are repre-
sentative of at least three independent experiments. **P < 0.01; one-way ANOVA. (D and E) ASPM, like BRCA1/2, protects against extensive fork degradation.
Control and ASPM KO HeLa cells were first transfected with siRNAs against BRCA1 or BRCA2 for 48 h before DNA fiber assay (as described in C). Representa-
tive images of CldU and IdU replication tracks are shown (D, Top). The ratios of IdU tracks compared to CldU tracks (D, Bottom). The effect of BRCA1 and
BRCA2 knockdown was determined by immunoblotting with the indicated antibodies (E). Data are representative of at least three independent experiments.
ns, P > 0.05, **P < 0.01; one-way ANOVA. * in E: nonspecific signal. (F and G) ASPM-mediated protection of nascent strands at the stalled replication forks
requires replication fork reversal. Measurement of nascent DNA degradation in ASPM-deficient cells following depletion of SMARCAL1, ZRANB3, or HLTF.
Control or ASPM KO cells were labeled sequentially with CldU and IdU for 30 min, then treated with HU (2 mM) for 5 h before DNA fiber assay. The experi-
mental design and representative images of CldU and IdU replication tracks (F) and the ratios of IdU tracks compared to CldU tracks (G) are shown. Data are
representative of at least three independent experiments. ns, P > 0.05, **P < 0.01; one-way ANOVA.
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in the pool of neuroprogenitor cells and thus primary micro-
cephaly (56). Given the role of ASPM in spindle formation and
homologous recombination (HR) repair of DSBs, but the
uncertainty surrounding accurate genome duplication, in this
study we were interested in determining whether ASPM is
involved in the control of DNA replication and/or a replication
stress response. Using a series of cellular models, we demon-
strated that in the context of an ASPM deficiency, the ATR-
CHK1 replication checkpoint fails to be activated in cancer cells
as both the 9-1-1 complex and TopBP1 fail to be recruited to
the stalled replication forks. As such, the stalled replication forks
destabilize under conditions of replication stress both in cancer
cells and neuroprogenitor cells, as the nuclease MRE11 gains
access to degrade the nascent DNA exposed at the stalled forks
(Fig. 8).
This mechanism may indicate an additional function of

ASPM during the pathogenesis of primary microcephaly. During
neurogenesis, endogenous replication stressors such as reactive
oxygen species induce replication checkpoint activation and
stalled replication forks; if there is an ASPM deficiency, the
stalled forks can collapse and the resulting one-ended DSBs fail
to be repaired. As a result, replication fails and apoptosis ensues,
thus reducing the number of neuroprogenitor cells.
In addition to ASPM encoded by MCPH5, other MCPH pro-

teins encoded by MCPH1-3, MCPH6-9, MCPH12, MCPH14,
and MCPH25 control microtubule stability during cell division
and/or centrosome biogenesis. We thus consider that investigations
into whether these centrosome/spindle-associated MCPH proteins
may possess similar functions in ATR-CHK1 activation and stabi-
lization of stalled replication forks in response to replication stress
are warranted.

Outside of microcephaly, ASPM is one of the hub genes and
its high expression correlates with an unfavorable prognosis of
many types of cancers (57) (Fig. 7G), including hepatocellular
carcinoma (58–62) (SI Appendix, Fig. S5A), breast cancer (63),
lung cancer (64) (SI Appendix, Fig. S5B), low grade glioma (SI
Appendix, Fig. S5C), adrenocortical carcinoma (SI Appendix,
Fig. S5D), and pancreatic adenocarcinoma (SI Appendix, Fig.
S5E). Indeed, we now know from the data presented here that
high ASPM expression would stabilize stalled replication forks,
which would promote HR repair of DSBs and replication fork
collapse–induced one-ended DSBs by safeguarding the BRCA1
stability (37). This mechanism could potentially drive thera-
peutic resistance. On the other hand, others have shown that
inhibiting ASPM expression in various cancer cells (12, 47,
65–69) inhibits cell viability and proliferation and/or sensitized
cells to irradiation or DNA damaging agents. Indeed, an
ASPM deficiency sensitized cells to acute or chronic HU treat-
ment (Fig. 7 H and I) (70) and pyridostatin (a G-quadruplex
stabilizer) treatment (54). With these findings in mind, we con-
sider that ASPM could serve as a promising therapeutic target
for multiple cancers.

Materials and Methods

Cell Lines and Culture Conditions. Human HeLa, U2OS, and HEK293T cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), penicillin, and streptomycin (1%) at 37 °C
in a 5% CO2 humidified incubator. NPCs were a kind gift from Prof. Haiyun
Gan, Shenzhen Institute of Advanced Technology, Shenzhen, China. NPCs were
grown in N2B27 with EGF/FGF (10 ng/mL each), on 0.2% gelatin-coated
plates/flasks.

Fig. 6. ASPM protects reversed forks from MRE11-mediated degradation. (A–C) EXO1 and DNA2 are dispensable for fork degradation in ASPM-deficient
cells. Control or ASPM KO cells were first transfected with siRNAs against EXO1 and DNA2 for 48 h, then sequentially labeled with CldU and IdU before DNA
fiber assay. The knockdown effect of MRE11, CtIP, and ASPM in HeLa cells was measured by immunoblotting with the indicated antibodies (A). The experi-
mental design and representative image of CldU and IdU replication tracks are shown (B). The ratios of the IdU track compared to the CldU track are plotted
(C). Data are representative of at least three independent experiments. ns, P > 0.05, **P < 0.01; one-way ANOVA. * in A: nonspecific signal. (D–F) MRE11 pro-
motes extensive fork degradation in ASPM-deficient cells. Control or ASPM KO cells were first transfected with siRNAs against CtIP and MRE11 for 48 h, then
sequentially labeled with CldU and IdU before DNA fiber assay. The knockdown effect of MRE11 and CtIP was measured by immunoblotting with the indi-
cated antibodies (D). The experimental design and representative images of CldU and IdU replication tracks are shown (E). The ratios of the IdU track com-
pared to the CldU track are plotted (F). Data are representative of at least three independent experiments. ns, P > 0.05, **P < 0.01; one-way ANOVA. (G and H)
ASPM suppresses MRE11 enrichment at stalled replication forks. Control and ASPM KO cells were labeled with EdU for 15 min, with or without 1 h thymidine
(10 μM), and then treated with HU before PLA with anti-MRE11 and anti-EdU antibodies. Representative images of PLA foci (red) are shown (G) together
with the average number of PLA foci per focus-positive cell (H). (Scale bar, 10 μm.) Data represent the mean ± SEM from three independent experiments.
**P < 0.01; one-way ANOVA.
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Transient Transfection. Transient transfection to overexpress plasmids in cell
lines was carried out using polyethylenimine (PFI, Polyscience), according to the
manufacturer’s instructions. siRNAs were transiently transfected using Lipofect-
amine RNAiMAX transfection reagent (Invitrogen), according to the manufac-
turer’s instructions. All siRNA sequences are listed in SI Appendix, Table S1.

ASPM KI and ASPM KO Cell Line Generation. Both KO and KI cell lines
were generated using CRISPR-Cas9 genome-editing technology. For the ASPM
KI, a single guide RNA (sgRNA) was designed in front of the start codon ATG
within the ASPM first exon. The sgRNA (TCGAATCTGCCATGGCGAAC)-containing
PX458 (Addgene, 48138) plasmid was cotransfected with pDsRed-FLAG-GFP

Fig. 7. ASPM ensures chromosome stability in response to replication stress. (A) ASPM slowed down the replication fork progression under low concentration of HU.
The sketch delineates the experimental design. HeLa cells were first labeled with CldU for 30min and then incubated with IdU and low dose of HU for 1 h. The ratios of
IdU track compared to CldU track were plotted. Data are representative of at least three independent experiments. ns, P > 0.05, **P < 0.01; one-way ANOVA. (B) ASPM
was required for restart of stalled replication forks. HeLa cells were first labeled with CldU for 30min, then treated with HU (2mM) and APH (5mM) for 2 h, followed by
IdU labeling for another 30min. Cells were harvested and subjected to DNA fiber assay. Top: Schematic of the DNA fiber experiment and representative image of CldU
and IdU replication tracks. Bottom: The percentage of stalled fork and restart forks was quantified. Data represent the mean ± SEM from three independent experi-
ments. **P< 0.01; one-way ANOVA. (C–F) Control, ASPMKO, or siRNA-mediated ASPMknockdownHeLa cells were exposed toHU (2mM) for 12 h followed by colchicine
treatment. The cells were harvested for metaphase spread assay. More than 100 mitotic chromosomes were randomly analyzed. Representative metaphase spreads
(C and E) and the percentages of spreads containing aberrant chromosomal structures (breaks, fusions, and others) are shown in D and F. Data represent the mean ±
SEM from three independent experiments. **P < 0.01; one-way ANOVA. The arrows indicate chromosome aberrations. (G) The total survival plots of high ASPM
expression of 33 cancer types, n(high) = 4,749, n(low) = 4,745. The survival plots of ASPM are present in this weblink: gepia.cancer-pku.cn/detail.php?gene=ASPM.
(H and I) ASPM was required for cell survival upon HU treatment. Control, ASPM KO, or ASPM knockdown HeLa cells were exposed to different dosages of HU for 24 h
followed by continued growth for 14 d. The colonies were stained with crystal violet and the clonogenic efficiency was calculated. The KO and knockdown effects were
measured by immunoblotting with indicated antibodies. Data represent themean± SEM from three independent experiments. **P< 0.01; one-way ANOVA.
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donor plasmids (800 bp around the DSB site) into HeLa cells. After 48 h, both
GFP- and RFP-positive single cells were selected by flow cytometry, diluted to
single clones, and then confirmed by PCR and sequencing. For the ASPM KO,
the sgRNA (GGCCCTAGACAACCCTAACG)-containing PX459 (Addgene, 48139)
plasmid was transfected into HeLa cells. After 48 h, the cells were subcloned
into 96-well plates after drug selection in the presence of 1 μg/mL puromycin
for 24 h.

Immunoblotting. Cell lysates were prepared in 6× SDS (sodium dodecyl sul-
fate) loading buffer (62.5 mM Tris�HCl, pH 6.8, 2% sodium dodecyl sulfate,
0.05% bromophenol blue, 20% glycerol, 5% β-mercaptoethanol) and boiled for
5 to 10 min. Lysates were separated by SDS-PAGE (polyacrylamide gel electro-
phoresis) and transferred to polyvinylidene fluoride membranes (Roche) before
blocking with skim milk and then blotting with the indicated antibodies (SI
Appendix, Table S2). Primary antibodies were incubated overnight at 4 °C while
secondary antibodies were incubated for 1 h at room temperature. A Super Sig-
nal West Femto Substrate kit was used to visualize proteins after processing
membranes using a FUJIFILM imaging system.

Chromatin Fractionation. Cells were collected by trypsinization and sus-
pended with buffer A (10 mM Hepes pH 7.9, 0.34 M sucrose, 20% glycerol,
1 mM dithiothreitol [DTT], 10 mM KCl, 1.5 mM MgCl2) and 0.1% Triton X-100.
The soluble cytoplasmic fraction (S2) was obtained after the first addition of
buffer A. The remaining nuclear fraction was washed with buffer A (without 0.1%
Triton X-100) before buffer B (30 mM ethylenediaminetetraacetic acid (EDTA),
0.2 mM ethylene glycol tetraacetic acid (EGTA), and 1 mM dithiothreitol (DTT))
was added to the cells and kept on ice for 10 min. The soluble nuclear fraction
was separated by centrifuge and the insoluble chromatin fraction was washed
with buffer B by centrifugation at 13,000 × g relative centrifugal force for 1 min
at 4 °C. Cell fractions were collected in the respective sample buffers before anal-
ysis by immunoblotting.

Immunoprecipitation. HEK293T cells were collected by trypsinization and
washed with phosphate-buffered solution (PBS) (precooled) twice. The cells were
lysed in NETN buffer (0/150/400 mM NaCl, 20 mM Tris�HCl [pH 7.5], 0.5%
Nonidet P-40, 5 mM EDTA) with protease inhibitor for 30 min. The supernatants
were incubated with a primary antibody at 4 °C overnight. Then, protein A/G
Sepharose beads were used to capture the primary antibody-bound proteins for
1 h at 4 °C. The beads were washed three to five times in NETN buffer before
being transferred to the appropriate sample buffer, and analyzed by
immunoblotting.

Immunofluorescence. U2OS or HeLa cells were grown on top of coverslips
and then fixed with 4% paraformaldehyde (PFA) for 10 min. The cells were
washed with PBS twice and then permeabilized with 0.5% Triton X-100 (in PBS)
for 5 min. The cells were blocked with 2% bovine serum albumin (BSA) (in 0.1%

PBS with Tween-20 (PBST)) for 30 to 60 min before being incubated with pri-
mary and then secondary antibodies for 1 h each at room temperature (RT). The
nuclei were stained with DAPI for 2 min and then images were captured under a
DragonFly confocal imaging system (Andor).

DNA Fiber Assay. Cells were labeled with 40 μM CIdU for 30 min, followed by
100 μM IdU for another 30 min prior to incubation with/without the indicated
drugs. Cells were harvested by trypsinization followed by the cell mixture (labeled
cells: nonlabeled cells=1:1) loaded onto a slide and cell lysis solution (200 mM
Tris�HCl, pH 7.5, 50 mM EDTA and 0.5% SDS) added. After air drying, the fibers
were fixed in methanol:acetic acid (3:1) solution and denatured in 2.5 N HCl.
Then, the slides were washed twice with 1× PBS and then blocked with 2% BSA
(in PBS) before the addition of anti-BrdU primary and suitable secondary antibod-
ies. Images were captured under a DragonFly confocal imaging system (Andor).

iPOND. Cells were labeled with 10 μM EdU for 15 min before treatment or not
with the indicated drugs. The cells were then fixed with 1% PFA for 20 min at RT
and then the cross-links were quenched with 1.25 M glycine for 5 min using a
table concentrator. Next, the cells were collected and permeated in permeabiliza-
tion buffer for 30 min on ice. Before the next step, a click chemistry reaction was
prepared to conjugate biotin to EdU. After rinsing with PBS, the nuclei were sub-
jected to the click reaction with 10 μM biotin-azide for 1.5 h at 4 °C under rota-
tion, followed by washes with PBS and resuspension in cell lysis buffer (1% SDS
in 50 mM Tris�HCl, PH 8.0). Then, the cells were sonicated for 10 min at high
intensity (1 s/5 s on/off pulses) to obtain 100- to 300-bp fragments. Streptavidin-
conjugated Dynabeads M-280 (Invitrogen) were added to the fragments and
incubated at 4 °C overnight. Finally, the samples were washed twice with lysis
buffer and then washing buffer (containing 500 mM NaCl) before analysis by
immunoblotting.

PLA Assay. Cells were first labeled with 10 μM EdU for 15 min at 37 °C, with or
without a 1-h thymidine (10 μM) chase, and then subjected to a 4-mM HU treat-
ment for 3 h prior to two washes with PBS. The cells were fixed with 3.7% formalde-
hyde for 10 min, then permeabilized with 0.2% Triton X-100 for 5 min and blocked
with 2% BSA for 1 h. Next, the cells were incubated with two primary antibodies at
4 °C overnight. The subsequent procedures were carried out according to the manu-
facturer’s instructions of the Duolink In Situ Red Starter kit (Sigma-Aldrich). Images
were captured using a DragonFly confocal imaging system (Andor).

Metaphase Spreads. For metaphase enrichment, growing cultures were
incubated with 0.4 μg/mL of the spindle poison cochicine (Sigma, catalog
#C3915) at 37 °C for 4 h. The cells were then harvested using trypsin before
0.075 M KCl was added and left to incubate at 37 °C for 15 min to allow the
cells to swell. Then, 1 mL Carnoy’s fixatives (methanol:glacial acetic acid 3:1)
were slowly added while gently mixing by pipetting. Additional Carnoy’s fixa-
tives were added and the cells were resuspended for fixation for 10 min at
RT. These steps were repeated two additional times, and the cells were incu-
bated overnight during the fixation. The supernatant was discarded each
time. The fixed cells were gently resuspended and the cell densities were
optimized onto a precleaned slide. The slides were stained with Giemsa at
37 °C for 3 min, then rinsed with deionized water and air dried. The slides
were scanned and images were captured under the DragonFly confocal imag-
ing system (Andor).

Colony Formation Assay. Cells were collected by trypsinization and counted
such that 150 to 300 cells were added to each well of a six-well plate. The cells
were treated with the indicated drugs after 24 h. The cells were cultured for a fur-
ther 12 to 15 d. Then, the cells were fixed with 4% PFA before 1× crystal violet
staining at RT for 15 min.

BrdU Labeling. BrdU incorporation was performed as previous described (47).

ssDNA/dsDNA Pull-Down Assay. To generate ssDNA/dsDNA, biotinylated
DNA oligomers (50-AACCTGTCGTGCCAGCTGCA-biotin-30) were first annealed to
complementary ssDNA (50-TGCAGCTGGCACGACAGGTTTTAATGAATCGGCCAACGCGC
GGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCGCAGCGAGTC-30) with molar
ratio 1:4. The annealed ssDNA/dsDNA product (100 pmol) was first bound with
streptavidin-M280 beads (Thermo Fisher), followed by extensive washing with
binding buffer (10 mM Tris�HCl [pH 7.5], 100 mM NaCl, 10% glycerol, 0.01%

Fig. 8. Working model. Left: ASPM proficient. In response to replication
stress, RAD17 and ATR-ATRIP are first recruited to the stalled fork in a
ssDNA-dependent manner. RAD17 recruits ASPM to the stalled replication
fork, which in turn facilities TopBP1 and 9-1-1 loading to promote ATR-
CHK1 activation. On the other hand, ASPM antagonizes MRE11 loading
onto the stalled replication fork, which protects nascent DNA from degra-
dation to promote fork restart and genomic maintenance. Right: ASPM defi-
cient. In the absent of ASPM, TopBP1 and 9-1-1 loading is compromised and
fails to activate the ATR-CHK1 kinase cascade. Moreover, excessive MRE11
loading will degrade nascent DNA, resulting in replication fork collapse and
genomic instability.
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Nonidet P-40, and BSA 10 mg/mL) and then coated with bacterially produced
recombinant RPA32 and PRA70 (∼1 μg). After extensive washing with binding
buffer, the beads carrying RPA-ssDNA/dsDNA were incubated in nuclear extracts
or bacterially produced recombinant HIS-TopBP1, GST-RAD9 for 30 min, followed
by extensive washing with NETN buffer three times. The proteins bound to beads
were then subjected to immunoblotting.

Statistical Analyses. All statistical analyses were performed in Microsoft Excel
and GraphPad Prism 8. If the data conformed to a normal distribution, unpaired
t tests were used, or a one-way analysis of variance (ANOVA) when comparing
more than two samples. Each experiment was repeated at least three times. In
all cases, P < 0.05 was considered to indicate a statistically signifi-
cant difference.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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