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% Check for updates Copy number control of DNA and centrosomes is essential for accurate

genetic inheritance. DNA replication and centrosome duplication have been
recognized as parallel key events for cell division. Here, we discover that the
DNA replication machinery directly regulates the licensing and execution
processes of centrosome duplication to prevent centrosome amplification. We
find that the microcephaly protein DONSON couples DNA replication initiation
with Cdcé translocation to centrosomes. The Cdcé signal prevents the pre-
cocious occurrence of centriole disengagement, the licensing step for cen-
trosome duplication. During DNA replication, DONSON inhibits replisome
disassembly by interacting with the CMG helicase, maintaining the intrinsic
S/G2 checkpoint signal that blocks centriole-to-centrosome conversion, the
execution step for centrosome duplication. Disruption of these dual signals
causes precocious centrosome duplication and chromosome mis-segregation,
observed in DONSON patient cells. Our results reveal that the DNA replication
machinery not only duplicates genetic material but also controls the system
for its accurate segregation.

The timing of DNA replication and centrosome duplication must be
tightly connected with the progression of the cell cycle in animal cells in
order to maintain the stability of the genome. For the accurate inheri-
tance of genetic material by daughter cells, the initiation and comple-
tion of DNA replication must occur prior to mitosis'. During mitosis, the
duplicated chromosomes are equally segregated into the two daughter
cells by a bipolar spindle that is organized by two centrosomes’. The
centrosomes undergo duplication after chromosome segregation so
that the number of centrosomes per cell remains two throughout the
cell cycle. Precocious duplication of centrosomes prior to chromosome

segregation results in the formation of a multipolar spindle with three
or more centrosomes® and thereby chromosome mis-segregation,
which is a major cause of developmental disorders and tumorigenesis in
humans®. The sequential ordering of cell cycle events is under the
control of cell cycle machinery, which depends on cyclin-dependent
kinase (CDK) activity’. However, it remains unclear whether there exists
a direct coordination between DNA replication and centrosome dupli-
cation in the cell cycle progression.

Cells begin the cell cycle with two centrosomes, each of which
consists of a single centriole surrounded by a protein matrix called
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pericentriolar material (PCM)° (Supplementary Fig. 1a). The PCM har-
bors protein complexes pivotal for nucleating microtubules, which
enables centrosomes to function as a principal microtubule organizing
center (MTOC)’. During S phase, when DNA is replicated, a new cen-
triole grows orthogonally from each pre-existing centriole (centriole
duplication)*. The newly formed daughter centrioles remain engaged
with their mother centrioles (centriole engagement) until late mitosis®.
Following chromosome segregation in late mitosis, the engagement
between mother and daughter centrioles in each centrosome is dis-
solved (centriole disengagement)’. Disengaged daughter centrioles
subsequently undergo conversion into new centrosomes (centriole-to-
centrosome conversion) through PCM acquisition, depending on the
activity of the mitotic kinase, Polo-like kinase 1 (PIk1)'°. Centriole dis-
engagement is a crucial prerequisite for the ensuing process of
centriole-to-centrosome conversion and the replication of daughter
centrioles in the next cell cycle. Therefore, centriole disengagement is
widely recognized as the crucial step that licenses centrosome dupli-
cation. Considering that centriole-to-centrosome conversion results in
the duplication of functional centrosomes, it can be regarded as the
execution process of centrosome duplication.

DNA replication begins at multiple loci termed replication origins.
In late M and Gl phases, these origins acquire the competence to
initiate DNA replication by forming a pre-replication complex (pre-
RC), including the MCM motor of replicative helicase (CMG
helicase)™". Recent studies revealed that the formation of the CMG
helicase is mediated by Downstream Neighbor of SON (DONSON),
which delivers accessory proteins to the MCM motor®'®, Thereafter,
the CMG helicase unwinds double-stranded DNA, and two replisomes
traverse in opposite directions, copying DNA as they progress”. After
the convergence of two replisomes on an identical DNA stretch, the
CMG helicase is removed from the chromatin, leading to the dis-
assembly of the whole replisome'®. The termination of DNA replication
triggers the initiation of the G2 phase, preparing cells for entry into
mitosis. Recent studies revealed that ATR and Chkl suppress the
expression of a mitotic gene network during DNA replication to pre-
vent premature mitotic entry with under-replicated DNA?°. This
mechanism is therefore called “intrinsic S/G2 checkpoint”, although
how the checkpoint is maintained during DNA replication remains
unclear.

Microcephalic primordial dwarfism (MPD) describes a broad
spectrum of clinically related genetic disorders that are characterized
by the presence of microcephaly alongside intrauterine and postnatal
growth restriction?. It has been postulated that the abnormal neuro-
development exhibited by the affected patients often stems from the
disruption of the cell cycle of neural progenitor cells (NPCs)*. With the
identification of genes encoding centrosomal proteins as causative
genes of MPD?, it is presumed that abnormalities in the number of
centrosomes and related mitotic defects contribute to the disruption
of NPCs. Although mutations in genes encoding components of pre-
RC, CMG helicase, and DNA damage response have also been found in
MPD patients*, it remains poorly understood whether the causes of
the MPD phenotype can be explained solely by defects in DNA
processing.

In this study, we uncovered dual roles of the replisome compo-
nent DONSON in the centrosome duplication cycle. First, DONSON
mediates the translocation of Cdcé to centrosomes upon the initiation
of DNA replication. Remarkably, the presence of the DNA replication
licensing factor Cdcé at centrosomes prevents the precocious occur-
rence of centriole disengagement, the licensing step for centrosome
duplication. Second, during the process of DNA replication, DONSON
also sustains the activity of the intrinsic S/G2 checkpoint, which sup-
presses precocious activation of PIkl. Therefore, in cells depleted of
DONSON, the disengaged centrioles are converted to centrosomes by
the precociously activated PIkl already in the S phase. The resulting
duplicated centrosomes provoke multipolar spindle formation in

mitosis, leading to chromosome segregation errors. Overall, these
findings lead us to propose that the DNA replication machinery
transmits the two signals, the Cdcé signal and the intrinsic S/G2
checkpoint signal, via a crucial mediator, DONSON, to the centrosome,
suppressing unscheduled centrosome duplication and thereby
ensuring successful segregation of the replicated chromosomes.

Results

A targeted siRNA screen identified DONSON and Cdc6, MPD-
related DNA replication factors, as regulators of

centrosome number

Mutations in genes related to DNA replication have been identified as
causative factors for MPD** (Fig. 1a). Of note, structural and numerical
abnormalities in the centrosome are also linked to the cause of
MPD?"* (Fig. 1a). Therefore, we decided to examine if these MPD genes
had any potential involvement in centrosome biogenesis. To this end,
we visualized centrosomes by immunostaining of a centrosome mar-
ker, CEP192, in cells transfected with siRNA targeting the mRNA of each
MPD gene. Among 12 MPD genes implicated in DNA replication (ATR,
Cdc6, Cdc45, Cdtl, DNA2, DONSON, GMNN, MCMS5, Orcl, Orc4, Orcé,
RBBP8), we found that depletion of Cdc6 or DONSON caused a sig-
nificant increase in the number of Cep192 foci (>2) per cell (Fig. 1b, c).
The same defect in centrosome number was observed in different
human cell lines treated with the DONSON siRNA (Supplementary Data
Fig. 1b, c). The efficacy or the specificity of Cdc6 and DONSON
knockdown was confirmed by immunoblotting (Supplementary
Fig. 1d, e) or rescue experiments (Supplementary Fig. 1f, g), respec-
tively. Next, we utilized hTERT-immortalized fibroblast cell lines
derived from two patients with different DONSON mutations®
(Patients 2 and 6; Fig. 1d, Supplementary Fig. 1h). Immunofluorescence
analysis revealed that excess Cep192 foci were present in the patient-
derived cell lines and rescued by the exogenous expression of DON-
SON wild-type (WT) (Patient 2: ~8% and Patient 6: ~11% in control cells,
compared with ~1% in those cells exogenously expressing DONSON,
Fig. 1e, f, Supplementary Fig. 1i, j), confirming the specificity for the
centrosome amplification phenotype provoked by dysfunction of
DONSON. Taken together, these data suggest that the phenotype of
centrosome amplification could be a cellular pathology associated
with MPD.

Recent studies reported that DONSON is required for DNA repli-
cation initiation in Caenorhabditis elegans and Xenopus laevis"™°.
Consistent with this, our flow cytometric analyses with synchronous
human cells revealed that depletion of DONSON efficiently suppressed
the entry into S phase. However, at least under this experimental
condition, a very gradual entry of the cells into S phase was detectable,
albeit with a significant delay (Supplementary Fig. 1k)*. In addition,
centrosome amplification was not induced by inhibition of DNA
replication initiation with Cdc7 inhibitor or by arresting cells in the S
phase with Emil siRNA (Supplementary Fig. 1I-p). These data suggest
that centrosome amplification in DONSON-depleted cells was not
induced by the defects in DNA replication initiation or cell cycle
progression.

The centrosome is composed of one or two centrioles (mother
and daughter centrioles) surrounded by pericentriolar material (PCM).
Each daughter centriole is engaged with the mother centriole ortho-
gonally until late mitosis. After mitotic exit, mother and daughter
centrioles are dissociated (centriole disengagement), and disengaged
daughter centrioles are subsequently converted into new centrosomes
(centriole-to-centrosome conversion) through PCM acquisition. In
general, centrosome amplification can arise from either cytokinesis
failure, centriole overduplication, or precocious centriole disengage-
ment. While cells that failed cytokinesis in the previous cell cycle have
four centrosomes in Gl phase, as their cellular components are dou-
bled, this was rarely observed in cells depleted of DONSON or Cdc6
(Fig. 1g, h). This result indicates that the centrosome amplification is
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not due to a failure of cytokinesis. We then investigated the number of
centrioles, the core structures of the centrosomes, in DONSON or
Cdcé6-depleted cells. Two mother centrioles within a cell undergo
duplication in S phase, resulting in the presence of two pairs of
engaged centrioles’. Newly duplicated centrioles remain engaged as a
pair with their mother centrioles until late mitosis, a mechanism pre-
venting their precocious conversion into centrosomes’. In DONSON or

Cdcé6-depleted cells, during G1 phase, the number of centrioles, as
indicated by the centriolar protein centrin, did not differ from that in
control cells (Fig. 1g, h). Intriguingly, in the S/G2 phase, both centriole
amplification and unpaired centrioles were frequently observed in
DONSON or Cdcé6-depleted cells, unlike in the control cells (Fig. 1g, h,
Supplementary Fig. 2a-c). Both phenotypes were considered to
potentially result from a single cause, precocious centriole
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Fig. 1| DONSON and Cdcé6, DNA replication factors, maintain centriole
engagement and proper centrosome number. a List of genes involved in
microcephalic primordial dwarfism (MPD) based on previous studies®. The genes
involved in MPD are mostly classified as centrosomal proteins, DNA replication
components, or a regulator for DNA damage response. b The number of Cep192
foci upon siRNA treatment against the indicated proteins. ¢, Histograms represent
the frequency of interphase cells with >2 Cep192 foci observed in (b). n =3 inde-
pendent experiments, 50 cells for each. d Schematic of the DONSON gene, indi-
cating mutations observed in cells from MPD patient 2 (P2)*. The genomic
structure is based on the longest ORF, containing ten coding exons (white rec-
tangles) (NCBI NM_017613.3). e The number of Cep192 foci in hTERT-immortalized
fibroblasts derived from the MPD patient 2. Fibroblasts were infected with pMSCV-
empty-vector or pMSCV-DONSON and immunostained with antibodies against
Cepl92 (red). Arrowheads indicate centrosomes. f Histograms represent the fre-
quency of interphase cells with the indicated phenotypes observed in (e). n=3
independent experiments, 50 cells for each. g The number of centrin and Cep192
foci in G1 or S/G2 phase upon DONSON or Cdcé depletion. HeLa cells were treated
with siRNA treatment against the indicated proteins for 48 h and 10 uM EdU for
30 min. CENP-F and EdU double-negative cells were classified as G1 phase cells, and

others as S or G2 phase cells. Arrowheads indicate centrioles. h Histograms
represent the frequency of cells with the indicated phenotype observed in (g). n=3
independent experiments, 30 cells for each. i Time-lapse observation of centriole
disengagement in DONSON-depleted cells. HeLa GFP-centrin-1 cells were visualized
every 20 min for 48 h after 24 h treatment with siRNA and 3 h treatment with

100 nM SiR-DNA. Arrowheads indicate engaged centriole pairs, and left-right
arrows indicate precociously disengaged centrioles. j Cumulative scatterplot indi-
cates the duration from nuclear envelope breakdown (NEBD) to centriole disen-
gagement observed in (i). k Schematic model of the phenotypes of DONSON or
Cdcé6 depletion. All scale bars, 5 um. Values are mean percentages + s.d. Tukey’s
multiple comparison test was used in ¢, and a two-tailed, unpaired Student’s t-test
was used in (f) to obtain P-value. Throughout all the figures in this study, the single-
channel images were generated by displaying only the signal from one channel
extracted directly from the original merged representative image, without any
adjustment to intensity or contrast. The insets represent magnified views of regions
taken directly from either the merged image or the corresponding single-channel
image, also without any further modification. The insets are displayed in the fol-
lowing order from top to bottom: merged, green, red, and cyan. All source data are
provided as a Source Data file.

disengagement. Our live imaging analysis of cells stably expressing
GFP-centrin-1 revealed that depletion of DONSON or Cdcé causes
paired centrioles precociously to separate from each other during
interphase (Fig. 1i, j, Supplementary Fig. 2d and Supplementary
Movie 1). These separated centrioles in DONSON-depleted cells were
predominantly marked by C-Napl, a protein loaded to disengaged
centrioles®*? (Supplementary Fig. 2e, f), and the centrosome marker
Cep192 (Fig. 1g), indicating that the supernumerary centrosome phe-
notype was due to precocious disengagement of the newly formed
centrioles followed by their conversion to centrosomes. Regarding the
positional relationship of centriole pairs during interphase, a previous
study has reported that in cells experiencing mild replication stress,
the angle between centriole pairs changes due to prolongation of the
G2 phase®®. We also examined centriole pairs under the same condi-
tions. While changes in the angle between centriole pairs, which is
typically around 90 degrees, were observed, no significant increase in
the distance between the two centrioles was detected (Supplementary
Fig. 2g-i). In contrast, when cells were treated with siDONSON or
siCdcé, precocious centriole disengagement was induced, character-
ized by the separation of paired centrioles with a sufficient distance.
This phenotype likely arises via a mechanism distinct from that in the
previous research. Taken together, these results indicate that DONSON
and Cdcé maintain centriole engagement to avoid precocious cen-
trosome duplication during interphase (Fig. 1k).

DONSON regulates the translocation of Cdc6 from the nucleus
to the centrosomes for the maintenance of centriole engage-
ment in interphase

We next investigated how DONSON and Cdcé regulate centriole
engagement in interphase. First, we determined the localization pat-
tern of DONSON and Cdcé6 exogenously expressed in HeLa cells using a
doxycycline-inducible expression system. We found that mNG-
DONSON localized in the nucleus but not at the centrosomes during
interphase (Fig. 2a). Meanwhile, mNG-Cdcé localized in the nucleus in
Gl phase and was then translocated to the cytoplasm and the centro-
somes in the S/G2 phase (Fig. 2a) as previously reported®*°. To
investigate the exact timing of the Cdcé translocation, cells were
synchronized in Gl phase using Cdc7 inhibitor PHA767491 and
released into the S phase. We observed that endogenous Cdcé is
removed from the nucleus and translocated to the cytoplasm and
centrosomes immediately after DNA replication initiation (Fig. 2b,
Supplementary Fig. 3a-c). Interestingly, we found that the cen-
trosomal translocation of Cdcé is dependent on the nuclear protein
DONSON. Depletion of DONSON significantly reduced the signal
intensity of endogenous Cdcé at centrosomes in S phase (Fig. 2c, d),

without decreasing the amount of Cdcé in mRNA levels, total protein
expression levels, or protein expression levels in the cytosol (Supple-
mentary Fig. 3d, e). Remarkably, overexpression of mNG-Cdc6, which
enables centrosomal localization of mNG-Cdcé even upon DONSON
depletion, significantly reduced the frequency of precocious centriole
disengagement in the S/G2 phase in DONSON-depleted cells (Fig. 2e, f,
Supplementary Fig. 3f). In contrast, overexpression of mNG-DONSON
did not rescue the phenotype in Cdcé6-depleted cells (Supplementary
Fig. 3g, h). These data suggest that DONSON acts upstream of Cdcé in
the nucleus to regulate the translocation of Cdcé to the centrosomes
for maintenance of centriole engagement in S/G2 phase.

We then sought to clarify the relationship between the
DONSON-Cdcé6 axis and the known regulators of centriole engage-
ment and disengagement (Fig. 2g). While centriole engagement in
interphase is maintained by Cep57 and its paralog Cep57L1*" (Sup-
plementary Fig. 3i), these two proteins were localized at all of the
disengaged centrioles in DONSON-depleted cells (Supplementary
Fig. 3j-m). This was also true for PCNT, a PCM component necessary
for centriole engagement in mitosis®*>* (Supplementary Fig. 3n).
Therefore, we next tested the requirement of the known factors
positively regulating the disengagement process (Plkl, ESPL1/Separ-
ase, Cdc20, Cdh1/Fzrl; Fig. 2g)%*>*¢ in the phenotype resulting from
DONSON/Cdcé6 depletion. Notably, precocious centriole disengage-
ment, in DONSON or Cdcé6-depleted cells, was suppressed only by co-
depletion of Cdhl (Fig. 2h-j, Supplementary Fig. 30, p). The signal of
endogenous Cdhl at the centrosomes appeared at low levels in
interphase and greatly increased in mitosis*, which indicates an
inverse correlation with the localization pattern of Cdcé at centro-
somes (Fig. 2k). We therefore hypothesized that the DONSON-Cdc6
axis suppresses precocious Cdhl loading at the centrosomes during
interphase. Indeed, depletion of DONSON or Cdcé significantly
increased the signal intensity of Cdhl at the centrosomes in inter-
phase (Fig. 2k, ). Furthermore, the phenotype of excess Cdhl loading
at the centrosome in DONSON-depleted cells was substantially res-
cued by overexpression of mRuby3-Cdcé (Fig. 21, m). Taken together,
these data indicate that the replisome component DONSON med-
iates the centrosomal translocation of Cdcé upon the initiation of
DNA replication to suppress precocious accumulation of the disen-
gagement factor Cdhl at the centrosomes, thus maintaining cen-
triole engagement in interphase (Fig. 2n).

DONSON suppresses PIk1 activation to prevent precocious
maturation of daughter centrioles during S phase

During late mitosis, disengaged daughter centrioles are converted to
centrosomes by recruiting PCM components and centriole duplication
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factors in a Plkl-dependent manner'®***°, Consistently, precociously
disengaged centrioles in Cep57/Cep57L1 co-depleted cells acquire
PCM components only after G2 phase” when PIkl starts to be
activated*’, which we also observed in Cdcé-depleted cells (Supple-
mentary Fig. 4a, b). In contrast, in DONSON-depleted cells, the major
PCM component PCNT was localized at most of the disengaged cen-
trioles already in S phase (Fig. 3a, b). Microtubule regrowth assay also
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revealed that these disengaged daughter centrioles had the ability to
nucleate microtubules during S phase (Fig. 3c). Moreover, Cepl52, a
scaffold protein required for centriole duplication***, and HsSAS-6, a
procentriole marker**, were also recruited to most of the disengaged
daughter centrioles in DONSON-depleted cells (Supplementary
Fig. 4c-f), indicating that the disengaged centrioles harbored the
ability to duplicate again.
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Fig. 2 | DONSON maintains centriole engagement through the translocation of
Cdcé6 from the nucleus to the centrosome. a Subcellular localization of over-
expressed DONSON and Cdcé in G1 and S/G2 phases. HeLa-Tet3G cells were treated
with 1 pg/mL Doxycycline (Dox) for 24 h. b HeLa cells were fixed 24 h after syn-
chronization in G1 phase using 10 uM PHA767491 (Cdc7i) or 4 h after release. ¢ Cdc6
localization at centrioles in S phase in control or DONSON-depleted cells.

d Quantification of the normalized signal intensity of Cdcé at each centriole
observed in (c). n = 50 from three independent experiments. e Inducible expres-
sion of Cdc6 upon DONOSN depletion. HeLa-Tet3G-mNG-Cdcé cells were treated
with siRNA for 48 h, followed by 1 pg/mL Dox treatment for 24 h. f Histograms
represent the frequency of interphase cells with > 2 C-Napl foci observed in (e).
n = 3 independent experiments, 30 cells for each. g List of proteins previously
reported to be involved in centriole engagement or disengagement. h Precocious
centriole disengagement was inhibited upon co-depletion of Cdhl and DONSON/

Cdcé. i, j Histograms represent the frequency of interphase cells with >2 C-Napl
foci observed in (h). n = 3 independent experiments, 50 cells for each. k Cdhl
localization at centrosomes in cells treated with siControl or siCdcé. I Inducible
expression of Cdc6 upon DONOSN depletion. HeLa-Tet3G-mRuby3-Cdcé cells were
treated with siRNA for 48 h, followed by 1 pg/mL Dox treatment for 24 h.

m Quantification of the normalized signal intensity of Cdhl at each centriole with
the indicated treatment. n = 50 from three independent experiments. n Schematic
illustration of the phenotype of DONSON depletion. The depletion of DONSON
leads to the mislocalization of Cdcé6 at the centrosomes during the S phase, where
Cdcé inhibits the premature recruitment of Cdhl. All scale bars, 5 um. Values are
mean percentages + s.d. Tukey’s multiple comparison test was used in (i), Two-
tailed, unpaired Student’s t-test was used in (f) and (j), Mann-Whitney U test was
used in (d), and Kruskal-Wallis test was used in (m) to obtain P-value. Source data
are provided as a Source Data file.

Based on the above observations, we assumed that depletion of
DONSON may induce precocious PIkl activation, leading to the
centriole-to-centrosome conversion of disengaged daughter cen-
trioles in S phase. Since activation of PIkl requires phosphorylation on
T210%, we monitored the presence of T210-phosphorylated PIk1
(pT210-PIk1) at disengaged centrioles in DONSON-depleted S-phase
cells. While the pT210-PIk1 signal was hardly detectable at the cen-
trosomes, prior to G2 entry in control cells (Fig. 3d), we detected a
substantial increase of pT210-Plk1 at most of the disengaged centrioles
even in S phase upon DONSON depletion (Fig. 3e, f). The increased
amount of pT210-PIkl in DONSON-depleted cells was also confirmed
by western blotting (Supplementary Fig. 4g). Moreover, treatment
with a PIK1 inhibitor significantly reduced the number of disengaged
daughter centrioles co-localizing with the major PCM component y-
tubulin in DONSON-depleted cells, while it had no significant effect on
the frequency of precocious centriole disengagement (siDONSON: C-
Napl: ~24%, y-tubulin: ~24%, sibONSON + PIkli: C-Napl: ~22%, y-tubulin:
~5%, Fig. 3g-i), indicating that PIk1 activity is required for the centro-
some conversion of disengaged daughter centrioles upon DON-
SON loss.

A previous study reported that in unperturbed cells, inhibition of
Checkpoint-kinase 1 (Chkl) causes precocious PIk1 activation in S
phase*. Indeed, Chk1 inhibition significantly increased pT210-PIk1 at
centrioles without affecting the population of cells in S phase (Sup-
plementary Fig. 4h-j). Moreover, it has been reported that DONSON
activates the ATR-Chkl pathway in the presence of DNA replication
stress®™. We therefore monitored Chkl auto-phosphorylation at S296,
which mirrors the intrinsic activation of Chk1?°. We found that Chk1
phosphorylation at S296 was detectable even in unperturbed cells, but
significantly reduced upon DONSON depletion (Fig. 3j, Supplementary
Fig. 4k). Moreover, the expression of a constitutively active mutant of
Chkl (Chk1-L449R)" efficiently rescued the phenotype of increased
centrosome number resulting from DONSON depletion (Fig. 3k, I). In
contrast, Chkl inhibition significantly increased the centriole-to-
centrosome conversion of disengaged daughter centrioles in Cep57/
Cep57L1-depleted S-phase cells (Supplementary Fig. 4l, m). Further-
more, inhibition of Ataxia-telangiectasia mutated and Rad3-related
(ATR), which is known to act upstream of Chkl, also induced pre-
cocious Plkl activation at centrosomes during S phase without
affecting the population of cells in S phase (Supplementary Fig. 4j, n,
0). Overall, these findings indicate that DONSON suppresses
unscheduled PIkl activation via the ATR-Chkl pathway to avoid pre-
cocious centriole-to-centrosome conversion of disengaged daughter
centrioles (Fig. 3m).

DONSON maintains the intrinsic S/G2 checkpoint by ensuring
the stability of ETAAL

The ATR-Chk1 pathway negatively regulates the S/G2 transition pro-
gram and thereby prevents precocious mitotic entry in unperturbed
cells, which is called “intrinsic S/G2 checkpoint™ (Fig. 4a). PIk1 is

known to promote mitotic entry. We therefore assumed that the Pkl
activity is one of the processes regulated by the intrinsic S/G2 check-
point. To investigate whether DONSON is generally involved in the
intrinsic S/G2 checkpoint, we monitored the processes regulated by
the checkpoint. CyclinB1, which forms a complex with CDK1 and
functions as a master regulator of mitosis*®, starts accumulating in the
cytoplasm in G2 phase (Fig. 4b). As is the case with ATR or Chkl
inhibition” (Fig. 4c, d), depletion of DONSON led to precocious
CyclinB1 accumulation during S phase (Fig. 4e, f). In addition, ultrafine
anaphase DNA bridges (UFBs), a hallmark of under-replicated DNA in
mitosis***® and an indicator of the dysfunction of the intrinsic S/G2
checkpoint®, were observed with higher frequency in DONSON-
depleted cells (Supplementary Fig. 5a, b). Overall, these data indicate
that DONSON enforces the intrinsic S/G2 checkpoint during S phase.

We then investigated the mechanism of how DONSON enforces
the intrinsic S/G2 checkpoint. Intriguingly, we found that depletion of
DONSON significantly decreased the total amount of ETAAL, an acti-
vator of ATR in the intrinsic S/G2 checkpoint® (Fig. 4e-g). Conversely,
doxycycline-induced overexpression of mNG-DONSON resulted in an
increase of the total amount of ETAA1 (Supplementary Fig. 5c). Since
there was no significant change in the mRNA levels of ETAAL between
control and DONSON-depleted cells (Supplementary Fig. 5d), we
assumed that DONSON protects ETAAIL from protein degradation. The
reduction in the amount of ETAAL was efficiently recovered by the
addition of the proteasome inhibitor MG132 in DONSON-depleted cells
(Fig. 4h). Consistently, we also observed that depletion of DONSON
significantly increased poly-ubiquitination of ETAAl when over-
expressed with HA-tagged ubiquitin and in the presence of MG132
(Fig. 4i). However, the interaction between DONSON and ETAAI was
not detected by co-immunoprecipitation assay (co-IP) (Supplementary
Fig. 5e), suggesting that DONSON indirectly suppresses the ubiquiti-
nation of the ETAAl protein, protecting it from proteasome-
dependent degradation. We therefore examined whether the pheno-
type provoked by DONSON depletion could be rescued by exogenous
overexpression of ETAAL As expected, the ETAAl overexpression
significantly reduced precocious CyclinB1 accumulation (Fig. 4j, k) and
centrosome amplification (Fig. 41, m) during S phase in DONSON-
depleted cells. Overall, we conclude that DONSON maintains the
intrinsic S/G2 checkpoint to prevent precocious PIkl activation,
through the protection of ETAAI from protein degradation.

DONSON suppresses unscheduled CMG disassembly to enforce
the intrinsic S/G2 checkpoint

We then sought to investigate the mechanism of how DONSON sta-
bilizes the ETAAL1 protein. Given that ETAAI was exclusively expressed
during S phase and degraded in G2 and other cell cycle phases (Fig. 5a),
we hypothesized that ETAAL expression is maintained while DNA
synthesis is still underway, and that ETAA1 degradation is triggered by
the termination of DNA replication. The CMG helicase, which is com-
posed of Cdc45, MCM2-7, and GINS1-4*", could be a key component for

Nature Communications | (2025)16:7799


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63002-3

a b
S phase PCM acquisition
_ siControl siCep57/Cep57L1 siDONSON _ 40
o
L
=2
- o9 20
| S«
XA 10
S
= -
. EdU .... 0 S AN D
centrin/PCNT/DNA & oA O
F R
- F £8P
(5D 6 —~ @ —~ @ &
PCM S phase
C
Microtubule regrowth assay (S phase)
siControl S|Cep57/Cep57L1 siDONSON
ERE IIII
o HEEN O
Cep97/EB1/DNA p < 0.0001
2 7
d e f 6
HelLa WT g .
G1 phase S phase G2 phase siDONSON (S phase) E 3 4
=< 0
D n‘- £° %
#wle s
D
N® 1
s
5 < &
HEREN A
L o
S QO
p-Plk1(T210)/y-Tubulin/DNA p-Plk1(T210)/Cep97/DNA i
S phase

siDONSON

siControl

siDONSON + PIk1i

h ‘ Centriole disengagement i
p=0.005 p=0.49

PCM acquisition

p=0.002 p=0.005

j k
s S
& P
oy S siDONSON
F &
Empty Chk1-L449R
p-Chk1
(S206) | WD S| o
Chk1 —— N
48
HSPO0 | s .
175

FLAG/y-Tubulin/DNA

the regulation of ETAAI expression because it is present as a complex
during DNA replication but disassembles at its termination. This dis-
assembly of the CMG helicase is driven by the p97 ATPase’>**, which
requires ubiquitination of MCM7, a component of the CMG helicase
complex**** (Fig. 5b). During DNA replication, the ubiquitination of
MCM7 is counteracted by USP7, a replisome-enriched
deubiquitinase®®, which prevents unscheduled disassembly of the
CMG helicase. Notably, inhibition of p97 and USP7 increased and
decreased ETAAI expression levels, respectively (Fig. 5¢) without
affecting the population of S-phase cells (Supplementary Fig. 6a). This
indicates that the stability of the CMG helicase is closely linked to the
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amount of ETAAL Furthermore, p97 inhibition significantly recovered
the amount of ETAAL in DONSON-depleted cells (Fig. 5d), indicating
that DONSON suppresses precocious ETAAl degradation by main-
taining the stability of the CMG helicase until DNA replication termi-
nation. To support this hypothesis, we employed a detergent-based
extraction of non-chromatin-bound proteins from the nucleus®’*®
(Supplementary Fig. 6b) and monitored the presence of the CMG
helicase complex on chromatin in S phase. As expected, the amount of
chromatin-bound Cdc45 was significantly decreased in DONSON-
depleted cells (Fig. 5e, f). Consistently, biochemical cell fractionation
revealed that overexpression of DONSON significantly increased the
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Fig. 3 | DONSON suppresses precocious Plkl activation and prevents
unscheduled maturation of daughter centrioles during the S phase.

a Recruitment of PCNT to disengaged daughter centrioles in S phase after siRNA
treatment against the indicated proteins. After 32 h of siRNA transfection, cells
were treated with EdU for 30 min to classify cells in S phase. b Histograms represent
the frequency of cells with more than two PCNT-positive centrioles in S phase
observed in (a). n = 3 independent experiments, 30 cells for each. ¢ Ectopic MTOC
activity of precociously disengaged daughter centrioles in S phase in DONSON-
depleted cells. HeLa cells were treated with siControl, siCep57/Cep57L1, or
siDONSON for 32 h and followed by 10 uM nocodazole treatment for 3 h. After
nocodazole treatment, the cells were cold-treated for 1h, followed by 30-s incu-
bation at 37 °C. d Phosphorylation of PIk1 at T210 residue at centrosomes of

WT cells in G1, S, and G2 phases. e Phosphorylation of Plk1 at T210 residue in S
phase upon DONSON depletion. f Quantification of the normalized signal intensity
of phosphorylated PIk1 (T210) at each centriole observed in (e). n =50 from three
independent experiments. g Recruitment of y-Tubulin to disengaged daughter
centrioles upon PIkl1 inhibition in DONSON-depleted cells. HeLa cells were treated
with siControl or sibDONSON for 48 h, followed by treatment with DMSO or 100 nM

BI2536 (PIk1i) for 24 h. After siDONSON treatment, PIk1 activity remains high, pre-
venting linker formation between disengaged centrioles. In contrast, DONSON-
depleted cells with PIk1 inhibition retain the linker after disengagement, keeping
centrioles closely spaced. Disengagement is defined as >2 C-Napl1 foci.

h, i Histograms represent the frequency of the interphase cells with the indicated
phenotypes observed in (g). n = 3 independent experiments, 50 cells for each.

j The basal Chk1 activity upon DONSON depletion. Representative immunoblot
analysis of whole cell extracts for Chkl and p-Chkl (5296) from HeLa cells treated
with siControl or siDONSON for 48 h. HSP90 was used as a loading control.

k Overexpression of a constitutively active mutant of Chk1 (Chk1-L449R construct)
upon DONSON depletion. I Histograms represent the frequency of cells with more
than two y-Tubulin-positive centrioles observed in (k). n = 3 independent experi-
ments, 30 cells for each. m Schematic model of the phenotypes of DONSON
depletion. All scale bars, 5 pm. Values are mean percentages + s.d. Tukey’s multiple
comparison test was used in (h) and (i), a two-tailed, unpaired Student’s t-test was
used in (I), and Mann-Whitney U test was used in (f) to obtain the P-value. Source
data are provided as a Source Data file.

amount of chromatin-bound Cdc45 and ETAAl (Supplementary
Fig. 6¢). Recent studies demonstrated that DONSON is required for the
initial assembly of the CMG helicase in Caenorhabditis elegans and
Xenopus laevis® . Consistently, in our experimental condition, in
which DONSON expression was partially suppressed with siRNA in
human cells, the initiation of DNA replication was significantly inhib-
ited but DNA replication still proceeded very gradually (Supplemen-
tary Fig. 1k). This might be the reason why the precocious disassembly
of the CMG helicase was detectable in DONSON-depleted cells
released into S phase (Fig. 5g, h). Consistently, depletion of DONSON
led to a precocious accumulation of p97, an executor of CMG dis-
assembly, on chromatin during S phase (Fig. 5i, j, Supplementary
Fig. 6d, e), and the decrease in the amount of chromatin-bound Cdc45
in DONSON-depleted cells was recovered by p97 inhibition (Fig. 5k, I).
To investigate whether precocious CMG disassembly compromises
the activity of the intrinsic S/G2 checkpoint in DONSON-depleted cells,
we monitored the phosphorylation of PIkl at T210 at centrioles upon
p97 inhibition. We found that precocious Plkl phosphorylation was
suppressed by p97 inhibition in DONSON-depleted S-phase cells
(Fig. 5m, n). Taken together, we conclude that DONSON suppresses
unscheduled CMG disassembly and thereby enforces the intrinsic S/G2
checkpoint during DNA replication (Fig. 50).

The binding of DONSON to MCM3 blocks the loading of the
complex destroying the CMG helicase during DNA replication
We next set out to gain insight into the mechanism by which DONSON
protects the CMG helicase complex from disassembly. To explore
whether DONSON directly associates with components of the CMG
helicase, we performed an in silico screen for potential interactors of
DONSON among CMG components by using the AlphaFold-Multimer
(AF-M) algorithm®. The predicted aligned error (PAE) value provided
by the AF-M algorithm gives the measure of a distance error for every
pair of residues in the predicted protein structure. A low value of PAE
(e.g., less than 5 angstroms) means that the prediction of the positional
relationship between two amino acid residues is reliable. Thus, in cases
where there is a direct binding between two domains, the PAE values
between amino acid residues present in both domains tend to be low.
Based on comprehensive analyses of the PAE values for the combina-
tion of DONSON and all 11 components of the CMG helicase, MCM3
and GINS4 were predicted to directly interact with DONSON (Fig. 6a, b,
Supplementary Fig. 7a, b)**, while the N-terminus of GINS4, including
the predicted DONSON-binding site (a.a. 19-21), did not adopt a spe-
cific structure in Cryo-EM structure of human DNA replisome®® (Sup-
plementary Fig. 7c). We next validated the result of AF-M by a co-
immunoprecipitation (co-IP) assay in human HEK293T cells. Indeed,
DONSON was found to interact with MCM3, but not MCMé6

(Supplementary Fig. 7d). This interaction is highly dependent on the
alpha-helix structure (amino acids 354-375) of DONSON, which was
predicted by the AF-M algorithm to be in close proximity to MCM3
(Fig. 6b, ¢). Furthermore, to better mimic the structural state of MCM3
during DNA replication, the interaction of DONSON with MCM3 was
examined using the AF-M algorithm under conditions where MCM3
formed a complex with MCMS5 and MCM7, which directly interact with
MCM3 within the CMG complex. Even in this scenario, DONSON
exhibited a similar binding mode to MCM3, and the potential forma-
tion of interaction interfaces with MCM5 and MCM7 was also sug-
gested (Supplementary Fig. 8a).

During DNA replication termination, LRR1, which forms an E3
ligase complex with Cul2, ELOB, ELOC, and RBX1, and mediates ubi-
quitination of MCM7 for CMG disassembly (Fig. 6d)*". It has been
revealed that LRR1 predominantly binds to MCM3 while also forming
interaction interfaces with MCM5 and MCM7¢%%, We therefore hypo-
thesized that DONSON interacts with the MCM3/5/7 complex to
counteract the binding of LRR1 to the MCM3/5/7 complex for stabi-
lizing the CMG helicase until replication termination. To investigate
this hypothesis, firstly, the binding of the ubiquitin ligase complex
LRR1/ELOB/ELOC/Cul2/RBX1 to the MCM3/5/7 complex was analyzed
using the AF-M algorithm. As with previous reports, the PAE values
predicted that this ubiquitin ligase complex interacts with the MCM3/
5/7 complex through LRR1 (Fig. 6e). Indeed, when the complex struc-
ture prediction is validated by the AF-M, LRRI1 interacts with the
MCM3/5/7 complex in a fixed position (Supplementary Fig. 8b). In
contrast, while the N-terminus of Cul2 adopts a relatively fixed posi-
tion, the arm region of Cul2 exhibits flexible localization, resulting in a
wide swing in the predicted position of the C-terminus (Supplemen-
tary Fig. 8d). We assume that this flexibility is essential for the con-
jugation of long polyubiquitin chains to MCM7, which is required for
CMG disassembly. Consistent with this, the C-terminus of Cul2 and
RBX1 can be predicted to be in close proximity to the primary ubi-
quitylation sites on MCM7 (Fig. 6f). Subsequently, the effect of DON-
SON on the binding of this ubiquitin ligase complex to the MCM3/5/7
complex was evaluated. Importantly, in the presence of DONSON, its
predominant interactions with the MCM3/5/7 complex hindered LRR1
from binding to its original interface on the MCM3/5/7 complex,
potentially resulting in the displacement of LRR1 from the complex
(Supplementary Fig. 8c). This prediction was supported by the high
reproducibility of the changes in PAE values for the interactions
between LRR1 and the MCM3/5/7 complex under conditions with and
without DONSON (Fig. 6e). Furthermore, due to its inability to adopt a
specific position relative to the MCM3/5/7 complex, Cul2 is unable to
come in close proximity to the defined primary ubiquitylation sites on
MCMY (Fig. 6f and Supplementary Fig. 8e). A possible explanation for
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this outcome is the relatively close proximity of the binding sites of
DONSON and LRR1 on MCM3. The bulky size of the ubiquitin ligase
complex involving LRR1 could lead to competitive interactions
between DONSON and the ubiquitin ligase complex for binding to the
MCM3/5/7 complex.

To verify these results, we performed immunoprecipitation assays
and confirmed that depletion of DONSON significantly increased

endogenous interaction between MCM3 and LRR1 (Fig. 6g). In line with
this, depletion of DONSON significantly increased the loading of LRR1
onto chromatin during S phase (Fig. 6h, i). Conversely, overexpression
of DONSON significantly decreased the endogenous interaction
between MCM3 and LRR1, while overexpression of DONSON A354-375
mutant did not (Supplementary Fig. 7e). Given that the CMG dis-
assembly mediated by LRR1 is crucial for ETAA1 degradation, which in
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Fig. 4 | DONSON regulates the intrinsic S/G2 checkpoint by suppressing
unscheduled ETAA1 degradation. a A schematic of the intrinsic S/G2 checkpoint
based on previous studies'”?°”>, b The subcellular localization pattern of CyclinB1 of
WT cells in G1, S, and G2 phases. ¢ The expression pattern of CyclinBl in S phase
upon Chkl- or ATR-inhibition. HeLa cells were treated with 250 nM CHIR-124 (Chkli)
or 2 uM VE-821 (ATRi) for 6 h and EdU for 30 min to classify cells in S phase.

d Histograms represent the frequency of the S phase cells with the indicated
phenotypes observed in (c). n = 3 independent experiments, 30 cells for each.

e The expression pattern of CyclinBl in S phase after siRNA treatment against the
indicated proteins. f Histograms represent the frequency of the S phase cells with
the indicated phenotypes observed in (e). n = 3 independent experiments, 30 cells
for each. g Representative immunoblot analysis of whole cell extracts for the
indicated proteins from HeLa cells treated with siControl or sSiDONSON for 48 h.
HSP90 was used as a loading control. h Representative immunoblot analysis of
whole cell extracts for ETAAL upon treatment with a proteasome inhibitor in
DONSON-depleted cells. HeLa cells were treated with siControl or siDONSON for

48h and 20 pM MGI32 for 6 h. a-Tubulin was used as a loading control.

i Ubiquitination of ETAA1 upon DONSON depletion. HeLa-Tet3G mNG-ETAAL cells
were treated with siControl or sibDONSON and doxycycline (Dox) for 48 h, trans-
fected with a HA-ubiquitin expressing plasmid for 24 h, and treated with 20 uM
MGI132 for 6 h. mNG-ETAA1 was immunoprecipitated with mNG-beads. Immuno-
precipitates were blotted with HA antibody to detect ubiquitylated ETAAL IP,
immunoprecipitation; WCE, whole cell extract. j, I Inducible expression of ETAAL in
DONSON-depleted cells. HeLa-Tet3G mNG-ETAALI cells were treated with siControl
or siDONSON following Dox treatment for 24 h. Arrowheads indicate centrosomes.
k, m Histograms represent the frequency of S-phase cells with the indicated phe-
notypes observed in (j) and (I), respectively. n = 3 independent experiments, 30
cells for each. All scale bars, 5 um. Values are mean percentages + s.d. Tukey’s
multiple comparison test was used in (f), and a two-tailed, unpaired Student’s t-test
was used in (k) and (m) to obtain P-value. Source data are provided as a Source
Data file.

turn is responsible for PIkl inactivation (Figs. 4 and 5), we further
investigated the impact of the interaction between DONSON and
MCM3 on the activation of Plkl during S phase. As shown in Fig. 3E,
DONSON depletion led to the precocious activation of PIkl during S
phase. This defect was rescued by overexpression of DONSON wild-
type but not by the A354-375 mutant, which lacks the ability to interact
with MCM3 (Fig. 6j, k). Overall, these data suggest that DONSON
suppresses precocious loading of the LRR1 E3-ubiquitin ligase complex
to the CMG helicase and thereby suppresses precocious PIk1 activation
during S phase.

DONSON coordinates DNA and centrosome replication cycles
and thereby ensures proper chromosome segregation

We next analyzed the impact of DONSON depletion on mitotic cell
division by performing live-cell imaging with HelLa cells stably expres-
sing GFP-centrin-1. DONSON-depleted cells frequently exhibited mitotic
defects, such as chromosome misalignment with pseudo-bipolar spindle
and multipolar spindle formation® (Fig. 7a, b and Supplementary
Movies 2-4), that are generally observed in cells with centrosome
amplification®. Also, these cells were often associated with lagging
chromosomes (Supplementary Fig. 9a, b). Moreover, immunostaining of
patient-derived cell lines with DONSON mutations revealed similar
defects in spindle formation and chromosome segregation (Fig. 7c,
Supplementary Fig. 9¢). These abnormalities in spindle formation could
arise from precociously disengaged daughter centrioles, which had
acquired ectopic MTOC activity already in S phase (Fig. 3).

Finally, we explored whether the precocious centrosome con-
version of disengaged centrioles during S phase contributed to the
mitotic abnormalities observed in DONSON-depleted cells. Over-
expression of ETAAIL, which can suppress the precocious conversion
(Fig. 41, m), significantly decreased the fraction of mitotic cells with
multipolar spindles (Fig. 7d, e) and chromosome segregation errors in
DONSON-depleted cells (Fig. 7f, g). This finding showing a harmful
effect of the precocious conversion aligns with the evidence that when
cells enter mitosis soon after the precocious disengagement, the dis-
engaged daughter centrioles cannot acquire MTOC activity strong
enough to solely form a spindle pole®. Taken together, this study
reveals that the DNA replication machinery via DONSON ensures
mitotic spindle formation with unreplicated centrosomes to maintain
genetic stability (Fig. 7h).

Discussion

Central to the process of life is the faithful replication of genetic
material and its segregation into offspring cells®. Previously, these two
processes were thought to be independently regulated under the
control of the cell cycle machinery. However, our study has shown that
the DNA replication machinery not only directs the copying of genetic
material but also directly controls the system responsible for its

accurate inheritance by daughter cells (Fig. 7h). The DNA replication
machinery transmits two distinct signals associated with the initiation
and progression of DNA replication to centrosomes preventing their
precocious duplication until the segregation of replicated chromo-
somes is complete. Disruptions in this mechanism can lead to abnor-
mal chromosome segregation due to excess centrosomes in the
mitotic spindle, which could be a potential cause of MPD.

DNA and centrosomes, both responsible for the inheritance of
genetic information, have a strictly regulated number of copies per
cell. Alongside DNA, centrioles, the structural basis of the centro-
somes, are the only other cellular components that replicate once per
cell cycle using themselves as a template®. Ensuring this one-time
replication is crucial for maintaining the correct copy number of both
DNA and centrioles. For a new copy to be generated, the replicated
copy unit must first detach from its template. Therefore, mechanisms
that prevent the separation of the template and the newly formed copy
serve as safeguards against further replication within the same cell
cycle. In the case of the centrioles, this detachment process, known as
centriole disengagement, occurs at the end of mitosis’. This is a pre-
requisite for the replicated centrioles to convert into functional cen-
trosomes, representing the execution process of centrosome
duplication®®. Consequently, the disengagement process serves as the
licensing step for both centriole and centrosome duplication. In DNA
replication, an analogous detachment process occurs when the CMG
helicase separates the newly synthesized strand from the template
strand during S phase®’. This separation is similarly prerequisite for the
execution process of DNA replication. Therefore, the fundamental
principles governing DNA and centrosome replication remain notably
similar, suggesting that evolution has developed parallel strategies for
controlling the copy number of these essential cellular components.

In this study, we discovered that Cdcé, a key regulator of the
licensing process in DNA replication”, plays a crucial role in preventing
the precocious disengagement of centrioles at centrosomes (Fig. 2). It
is therefore conceivable that Cdcé6 acts as a regulator of the licensing
steps in both DNA replication and centrosome duplication. Our study
further revealed that, by translocating this common licensing reg-
ulator from the DNA replication origins to the centrioles through the
function of DONSON, the DNA replication machinery couples the
initiation of DNA replication with the suppression of centriole disen-
gagement. This coupling is critical for the timing difference between
DNA and centrosome replication in the cell cycle, ensuring the for-
mation of bipolar spindles with the correct number of centrosomes
(Fig. 7). In future studies, it will be an important challenge to elucidate
how DONSON regulates the translocation of Cdcé6 to the centrosome
at the initiation of DNA replication.

Our study reveals that human DONSON stabilizes the replisome
during ongoing DNA replication by suppressing precocious loading of
the Cul2-LRRI E3 ligase complex to the CMG helicase and thus

Nature Communications | (2025)16:7799

10


www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-025-63002-3

a Cdvk1i24 hWasvhout b CMG helicase Mcm?7 poly-ubiquitination (Re%mgtgﬁizfﬁqﬁggi’on)
A A A A usP7 % (((@
G2(0h) M(1h) G1(4h) S(14h) e e (®A \ Va=s
VA
Asynch. G1 S G2 M  kDa %@ &/
ETAA1 — 100 MCM7
c d SIDONSON
" ” siControl siDONSON  + p97i kDa
Cyolin Bl | ey s 4D - 48 —
- DMSO USP7i p97i  kDa ETAA1 100
Cyclin A2 [ =% o
y — R ETAAT | & -
- 100 DONSON
63
o-Tubulin | S——— S— oy
48 aTubulin | e S—— —
- 48 O-TubUIn | * -
48
e Soh f g siControl siDONSON h
- phase - 12 h after release
siControl siDONSON Aphidicolin Aphidicolin (S phase)
— 0 p <0.0001 o 2 p>0.99 p<0.0001
° oY 2 1 % gg
> =
5| 23 5 23
= 3% = =
TRES
BT 5
.~ . T 3: =
o -~ < o) z
2 \ N =5 N 9 S S0
§ / / \CJOQ oee § Q\@g <S\‘°%O§Q 5 o%& N
g & %\Q z G)\(%Q\b\ %Q ‘(\\é\ oe%@}?z&tb%
= = . <
£ S phase £ NY P30 @
] 2 o
e
& EdU/Cdc45/DNA O EqU/CAcA5/DNA
i S phase j k S phase |
siControl siDONSON siDONSON siDONSON + p97i
« 37 p<0.0001 - p <0.0001
S — °% 4 [ —
23 29
& £2 2 & g% 3
[} L3 5] Lc
= €3 = £3 2
B 32
N& N.=
. st F g i L
(=]
2 52 8 52 0 .
i b o ({3) Z5 %oé 6Oéq/\\
> - ~ c & PR
8 © & 3 &L &L
< & P <2 & 2
= & 3 <
g Y g S phase
S 1S
5 S phase g
EdU/p97/DNA O EdU/Cdc45/DNA
m n o
DNA replication CMG disassembly = ETAA1 degradation
z
o o O e\
3 £8 CETAAD = ETAAT
5| ° o am " W9y
3 =5 D T
5 < NS MCM7 4
-y Eé - -
+ =
: 3 Ehiis @
z ER T S o .
8 \ooé Intrinsic S/G2 checkpoint[ON] Intrinsic S/G2 checkpoint[0 1]
5 R
(2] —
EdU/p-Plk1/Cep97/DNA S phase

S phase

preventing its disassembly (Figs. 5 and 6), which normally should occur  precocious occurrence of the Plkl-mediated centrosome conversion
at the termination of DNA replication. The stabilization of the repli- of daughter centrioles, the execution process of centrosome duplica-
some by DONSON is crucial for activating the S/G2 checkpoint by tion. Our study, therefore, indicates that the DNA replication
maintaining the protein level of ETAAL, an activator of ATR™® (Fig. 5). machinery continuously couples the progression of DNA replication
The activated S/G2 checkpoint, through Chkl, inhibits the activation of ~ with suppression of the execution process of centrosome duplication.
PIk1 at centrosomes (Figs. 3 and 4). This inhibitory signaling trans- Our research demonstrates that two signals from the DNA repli-
mitted from the replisome to centrosomes is crucial to suppress the cation machinery, Cdcé translocation and the S/G2 checkpoint,
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Fig. 5| DONSON stabilizes the CMG helicase during S phase to maintain the
intrinsic S/G2 checkpoint. a Protein expression levels of ETAAlin G1, S, G2, and M
phases of WT cells. HeLa cells were synchronized in G2 phase with 10 uM RO-3306
(Cdk1i), released, and harvested at the indicated time points. b A schematic of the
DNA replication termination based on previous studies. ¢ Representative immu-
noblot analysis of whole cell extracts for ETAAL from HeLa cells treated with 20 uM
P22077 (USP7i) or 10 uM NMS-873 (p97i) for 6 h. a-Tubulin was used as a loading
control. d Representative immunoblot analysis of whole cell extracts for ETAAL
from Hela cells treated with siControl or sibONSON for 48 h, followed by treat-
ment with DMSO or 10 uM NMS-873 (p97i) for 6 h. e The amount of chromatin-
bound Cdc45 in S phase upon DONSON depletion. HeLa cells were treated with
siControl or siDONSON for 48 h, and soluble proteins were pre-extracted by PBS
containing 0.2% Triton X-100 on ice for 10 s before fixation. f Quantification of the
normalized signal intensity of chromatin-bound Cdc45 in S phase observed in (e).
n =50 from three independent experiments. g The amount of chromatin-bound
Cdc45 in S phase upon DONSON depletion. HeLa cells were treated with siControl
or siDONSON for 48 h and synchronized at the G1/S boundary with 6 uM Aphidi-
colin for 24 h, released and harvested at the indicated time points. Soluble proteins
were pre-extracted by PBS containing 0.2% Triton X-100 on ice for 10 s before
fixation. h Quantification of the normalized signal intensity of Cdc45 in the chro-
matin observed in (g). n = 50 from three independent experiments. i The amount of

chromatin-bound p97 in S phase upon DONSON depletion. HeLa cells were treated
with siControl or siDONSON for 48 h, and soluble proteins were pre-extracted by
CSK buffer on ice for 20 s before fixation. j Quantification of the normalized signal
intensity of chromatin-bound p97 in S phase observed in (i). n=50 from three
independent experiments. k The amount of chromatin-bound Cdc45 in S phase
upon DONSON depletion. HeLa cells were treated with siDONSON for 48 h, and
with or without NMS-873 for 6 h, and soluble proteins were pre-extracted by PBS
containing 0.2% Triton X-100 on ice for 10 s before fixation. I Quantification of the
normalized signal intensity of Cdc45 in the chromatin in S phase observed in (k).
n=>50 from three independent experiments. m Phosphorylation of PIkl at T210
residue in S phase. HeLa cells were treated with siDONSON for 48 h, and with or
without NMS-873 for 6 h before fixation. n Quantification of the normalized signal
intensity of phosphorylated Pkl (T210) at each centriole observed in (m). n =50
from three independent experiments. o0 Schematic model of the phenotypes of
DONSON depletion. During DNA replication, ETAA1 localized to chromatin through
its interaction with the single-stranded DNA-binding protein RPA®’. Depletion of
DONSON causes precocious CMG disassembly and following ETAAL degradation in
S phase. All scale bars, 5 pm. Values are mean percentages + s.d. Mann-Whitney U
test was used in (f), (j), (), and (n), and the Kruskal-Wallis test was used in (h) to
obtain the P-value. Source data are provided as a Source Data file.

prevent the precocious occurrence of licensing and execution of
centrosome duplication, respectively. Simultaneous disruption of the
two signals causes both the disengagement of centrioles and their
conversion to centrosomes prematurely during the DNA replication
phase. The excess centrosomes that arise from this situation lead to
the formation of a multipolar spindle in mitosis, resulting in abnorm-
alities of chromosome segregation (Fig. 7). Importantly, centrosome
amplification has been reported to induce microcephaly, character-
ized by a depletion of neural progenitor cells, as observed in patients
suffering from MPD* %, Hence, the uncoupling of DNA and centro-
some replications, stemming from mutations in genes encoding
components of the DNA replication machinery such as DONSON, could
be considered a contributing factor in the onset of MPD disorders.
Overall, this study illuminates a direct control mechanism for centro-
some duplication by the DNA replication machinery and underscores
the vital role of this hierarchical regulatory system not only in the
faithful inheritance of genetic materials but also in the developmental
processes of individual organisms.

Methods

Cell culture and transfection

Hela, U20S, PANC-1, and HEK293T cells were obtained from the
ECACC (European Collection of autuhenticated Cell Cultures), and
RPE-1 cells were obtained from the ATCC (American Type Culture
Collection). HeLa cells and U20S cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10% fetal
bovine serum (FBS) and 100 pg/ml penicillin-streptomycin at 37 °C in
a 5% CO, atmosphere. RPE-1 cells were cultured in DMEM / Ham'’s F-12,
supplemented with 10% fetal bovine serum (FBS) and 100 pg/ml
penicillin-streptomycin at 37 °C in a 5% CO, atmosphere. PANC-1 cells
were cultured in RPMI 1640, supplemented with 10% fetal bovine
serum (FBS) and 100 pg/ml penicillin-streptomycin at 37 °C in a 5%
CO, atmosphere. hTERT-immortalized fibroblasts derived from
patients with DONSON mutations were infected with pMSCV-empty-
vector or pMSCV-DONSON and were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum
(FBS) and 100 pg/ml penicillin-streptomycin at 37°C in a 5% CO,
atmosphere. Transfection of siRNA, sgRNA, or DNA constructs into
Hela, U20S, and RPE-1 cells was conducted using Lipofectamine
RNAIMAX (Life Technologies) or Lipofectamine 2000 (Life Technolo-
gies), respectively. Unless otherwise noted, the transfected cells were
analyzed 48-72h after transfection with siRNA and 24-36 h after
transfection with DNA constructs.

Generation of stable cell lines

The tetON system was used to control protein expression. HeLa-tetR
cell line was generated according to the manufacturer’s protocol
(Retro-X Tet-On 3G Inducible Expression System User Manual, Clon-
tech Laboratories, Inc.). To generate Dox-inducible stable cell lines,
retroviral-mediated integration was used. For the production of viral
particles, the gene of interest was cloned into pRetroX-TRE3G (Clon-
tech) and co-transfected with the envelope vector pCMV-VSV-G
(Addgene) to a HEK293-based retroviral packaging cell line (GP2-293,
Clontech). Media were changed 24 h after transfection, and the virus-
containing media was harvested 48 h after transfection and filtered
using a 0.45 uM filter (Millipore). The filtered virus medium was sup-
plemented with fresh media, FBS, and 4 ug/ml Polybrene (Nacalai
Tesque). HeLa-tetR cells pre-seeded in a 6-well plate were infected by
adding the virus-containing solution three times every 4-6 h. Cells
were split 24 h after the first transduction and put under puromycin
selection after 48 h.

Plasmids

Complementary DNA (cDNA) encoding DONSON isoform (NCBI
NP_060083.1), Cdcé6 isoform (NCBI NP_001245.1), Chk1 isoform (NCBI
NP_001107593.1), ETAAL isoform (NCBI NP_061875.2), MCM3 isoform
(NCBI NP_002379.4), MCM6 isoform (NCBI NP_005906.2) were
amplified from cDNA library of Hela cells and subcloned into
p3xFLAG-CMV14 (Addgene), pCMV5-HA (Addgene) or pRetroX-TRE3G
(Clontech). The Chkl-L449R mutant constructs and DONSON
A354-375 mutant constructs were created using PrimeSTAR muta-
genesis basal kit (TaKaRa) and In-Fusion HD cloning kit (Clontech)
according to the manufacturer’s protocol. pcDNA-HA-Ubiquitin was a
gift from Drs. Jun Hamazaki and Shigeo Murata (University of Tokyo,
Tokyo, Japan). Sequence information of the primers used for plasmid
construction is listed in Supplementary Table 1.

Antibodies
The following primary antibodies were used in this study:
rabbit antibodies against Cepl92 (Bethyl Laboratories,

A302-324A, IF 1:1000), C-Napl (Proteintech, 14498-1-AP, IF 1:1000),
CP110 (Proteintech, 12780-1-AP, IF 1:300), Cdtl (Abcam, ab202067, IF
1:500), Cdcé6 (Abcam, ab109315, WB 1:100), RFP-tag (MBP, PMOO5, IF
1:1000), Cep57 (GeneTex, GTX115931, IF 1:1000), Cep57L1 (Proteintech,
24957-1-AP, IF 1:500), y-Tubulin (Merck, T5192, IF 1:1000), PCNT
(Abcam, ab4448, IF 1:2000), Cep152 (Bethyl Laboratories, A302-480A,
IF 1:1000), Cep97 (Novus Biologicals, NPB1-83591 IF 1:500), CENP-F

Nature Communications | (2025)16:7799

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63002-3

a c
AlphaFold Multimer (AF-M) ) e
DONSON-MCM3 Vit
- : //!u- ik
")4 ( /"’r\“:"/ 3 :' “ﬂy
Fe VR
\ f% S~ —"St 3 Input IP: FLAG
H 1, b} < ‘/ _’[ ) < © < ©
oI o ® V{}é"‘l 2 5 b= 5
e 0 O QY. s 5 2 g
=, | T\ ¢ (o y o HA-DONSON: = 9 = 3
. : L5 'J‘i,:J> ) T g Z g kDa
(¥ .5 ’\,J HA‘- —— 63
‘,\|3_6 2 o ‘\J\@ —
e b= s . ) 100
S A8 Pl 4 MCM3-3XFLAG‘ — — — — (
& & a3 (‘/(f\»\(‘/‘ S
A(Z' ‘%K\g‘/’m N !
L QU ) SN XN - i
Tiie, SRR SH T | a—
2 3 W
AF-M: DONSON/ )
e 0 DONSON 0 +DONSON PAE (A)
- =l g 1t 30
MCM3 MCM3
25
MCM5 MCM5
MCM7 20
MCM7 15
LRR1 LDSF:SON
=y i 10
-] ELOB, ELOC ELOB, ELOC
. Cul2 5
3500 Ll b 4000 ...
0 3500 0 4000 0

-DONSON

Cul2-LRR1 loading
!

Mcm?7 poly-ubiquitination

f AF-M: MCM3/MCM5/MCM7/LRR1/ELOB/ELOC/Cul2/RBX1/+DONSON

+DONSON

MCM3

Cul2

MCM3
MCM5
l MCM7
ELOB
p97-dependent ELOC
CMG disassembly
oé MCM7 (K26, K27) p <0.0001
>
g OC\(‘ ogo ELOB : |
19 ) kDa o
& &
h S phase *on 3
. . SO
LRRT| o ‘ siControl siDONSON E % 2
35 Chromatin-bound Chromatin-bound z9
g LRR1 LRR1 g,(% 1 %
S| oM | A — E5
a 75 SE > o
} 5 & P
DONSON . é\oo Ooe
b 12 (9\
S phase
LRR1 * . EdU/LRR1/DNA 04
35 i L p-
siDONSON TetOn +Dox (S phase) 3 2 ) p <0.001
P c
’ mNG-empty mNG DONSON (FL) mNG DONSON (A354-375) &
| mems | - g5
| e==l. . pon HERE
£ e g3
DONSON pPIk1 g _I_
T21O O E% 0
Cep192 1 TE IR
PCNA Eg & >
o-Tubulin | MR A A
48 mNG/pPIk1(T210)/Cep192 PCNA/DNA zZo© V
siDONSON
(S phase)

(Bethyl Laboratories, A301-617 A IF 1:1000), Phospho-Chkl (S296)
(Abcam, ab79758, WB 1:100), CyclinBl1 (Cell Signaling Technology,
4138, IF 1:200, WB 1:1000), BLM (Abcam, ab2179, IF 1:250), ATR (Bethyl
Laboratories, A300-137A, WB 1:500), ETAAL (Abcam, ab192402, WB
1:100), TopBP1 (Abcam, ab2402, WB 1:1000), mNeonGreen-tag (Cell
Signaling Technology, 53061, WB 1:100), p97 (VCP; GeneTex,
GTX101089, IF 1:1000), Cdc45 (Cell Signaling Technology, 11881, IF

1:200, WB 1:500), LRR1 (Atlas antibodies, HPA069364, IF 1:200, WB
1:1000) and MCM3 (Cell Signaling Technology, 4012, WB 1:1000), Emil
(Proteintech, 10872-1-AP, WB 1:1000); mouse antibodies against FLAG-
tag (Merck, F1804, IF 1:1000, WB 1:1000), centrin-2 (Merck, 20HS, IF
1:1000), PCNA (Santa Cruz Biotechnology, sc-56, IF 1:1000, WB 1:500),
CENP-F (Mitosin; BD Biosciences Pharmingen, 610768, IF 1:1000),
Acetylated-Tubulin (Abcam, Ab179484, IF 1:300), Cdcé6 (Santa Cruz
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Fig. 6 | DONSON stabilizes the CMG helicase by suppressing precocious loading
of the Cul2-LRR1 complex onto the CMG helicase. a The Predicted Aligned Error
(PAE) plot of the AlphaFold-Multimer (AF-M)-predicted DONSON-MCM3 and
DONSON-MCM6 complex structure. b Ribbon representation of the predicted
DONSON-MCM3 complex structure corresponding to (a). ¢ HEK293T cells co-
expressing MCM3-3xFLAG and HA-DONSON or the indicated deletion mutant were
immunoprecipitated with FLAG antibodies. d A schematic of MCM7 poly-
ubiquitination mediated by Cul2-LRR1 E3-ubiquitin ligase based on the previous
studies. e The Predicted Aligned Error (PAE) plot of the AlphaFold-Multimer (AF-M)-
predicted complex structure of MCM3/5/7-LRR1-ELOB-ELOC-Cul2-RBX1 with or
without DONSON. f Representative structural models of the predicted protein
complexes corresponding to the PAE plots in (e). All proteins are indicated in
different colors. In the protein complex on the right, which lacks DONSON, the
primary ubiquitination sites of MCM7, K26 and K27 (light blue), can be in close
proximity (approximately 50 A) to the C-terminal region of Cul2 and RBX1. g The

interaction between endogenous MCM3 and LRR1 upon DONSON depletion. HeLa
cells were treated with siControl or siDONSON for 48 h, and endogenous MCM3
was immunoprecipitated with an antibody against MCM3. h The amount of
chromatin-bound LRR1 in S phase upon DONSON depletion. HeLa cells were trea-
ted with siControl or siDONSON for 48 h, and soluble proteins were pre-extracted
by CSK buffer on ice for 10 s before fixation. i Quantification of the normalized
signal intensity of chromatin-bound LRR1 in S phase observed in (h). n=>50 from
three independent experiments. j Inducible expression of RNAi-resistant mNG-
DONSON or the indicated deletion mutant upon DONSON depletion.

k Quantification of the normalized signal intensity of phosphorylated Plk1 (T210) at
each centriole with the indicated treatment. n=50 from three independent
experiments. All scale bars, 5 pm. Values are mean percentages + s.d.
Mann-Whitney U test was used in (i) and the Kruskal-Wallis test was used in (k) to
obtain the P-value. Source data are provided as a Source Data file.

Biotechnology, sc-13136, IF 1:200), HSP90 (BD Transduction Labora-
tories, 610418, WB 1:5000), Cdhl (Fzrl; Abcam, ab89535, IF 1:300),
HsSAS-6 (Santa Cruz Biotechnology, sc-81431, IF 1:1000), EB1 (BD
Transduction Laboratories, 610534, IF 1:500), Phospho-Plkl (T210)
(Abcam, ab39068, IF 1:300, WB 1:200), Chkl (Santa Cruz Biotechnol-
ogy, sc-8408, WB 1:1000), «-Tubulin (Merck, DMIA, IF 1:1000, WB
1:5000), HA-tag (BioLegend, 901501, WB 1:1000), mNeonGreen-tag
(Proteintech, 32F6, IF 1:500), Cyclin-E1 (Cell Signaling Technology,
4129, WB 1:1000), Cyclin-A2 (Cell Signaling Technology, 4656, WB
1:1000), Histone H3 (Santa Cruz Biotechnology, sc-517576, WB 1:5000),
LaminBl (Santa Cruz Biotechnology, sc-374015, WB 1:100) and y-
Tubulin-Alexa Fluor 647 (Abcam, ab191114, IF 1:500); rat antibodies
against centrin-2 (BioLegend, 698602, IF 1:500) and PCNA (Abcam,
ab252848, IF 1:2000).

The following secondary antibodies were used: Alexa Fluor 488
goat anti-mouse IgG (H + L) (Molecular Probes, A-11001, 1:1000), Alexa
Fluor 568 goat anti-rabbit IgG (H+L) (Molecular Probes, A-11011,
1:1000), Alexa Fluor 647 goat anti-rat IgG (H +L) (Invitrogen, A21247,
1:1000), llama/alpaca anti-mouse IgG-X2 Abberior Star 635P (Progen,
1A23, IF, 1:500) for IF; Goat polyclonal antibodies-horseradish perox-
idase against mouse IgG (Promega, W402B, 1:5000) and rabbit IgG
(Promega, W401B, 1:5000) for WB.

RNA interference

The following siRNAs were used: Silencer Select siRNA (Life Technolo-
gies) against DONSON (#1: s26833, #2: s26834), Cdc6 (#1: s2744, #2:
s2745), Orcl (s9893, s9894), Orc4 (s9898, $9899), Orc6 (s532063,
§532064), Cdtl (s532008, s532009), GMNN (527306, s27307), Cdc45
(s15830, s15831), MCM5 (s8595, s8596), ATR (s536, s57272), RBBP8
(s11849, s11850), DNA2 (s4173, s4174), Separase (ESPL1; s18686), Cdc20
(s2747), Cdh1 (Fzr1; s27992), Cep57 (s18692), Cep57L1 (s226224), TopBP1
(s21823), ETAA1 (s29018), and negative control (4390843). Unless
otherwise noted, DONSON #2 and Cdc6 #1 were used in this study.

Single-guide RNA (sgRNA)

Hela cells stably expressing Cas9 (HeLa-Cas9) that were generated in
the previous study* were used in this study. sgRNA oligos targeting
DONSON (Fw, 5-GTAGCCAAGACAAAGCAGGG-3; Rv, 5-CCCTGCT
TTGTCTTGGCTAC-3’) and Cdcé6 (Fw, 5-GTTTACCCAGACGTTTCCTG-
3 Rv, 5-CAGGAAACGTCTGGGTAAAC-3’ccecceccceeceeeeeeeeeeece
ccc) were transcribed in vitro with the HiScribe T7 transcription kit
(New England Biolabs) and purified using the RNA Clean and Con-
centrator kit (Zymo Research).

Drug treatment

The following chemicals were used in this study: Aphidicolin (Sigma,
A0781), SiR-DNA (Spirochrome, CY-SC007), Doxycycline (Merck,
D9891), PHA767491 (Selleck, S2742), BI2536 (AdooQ, A10134), Noco-
dazole (Wako, 31430-18-9), CHIR-124 (Cayman Chemical Company,

16553), VE-821 (Selleck, S8007), MG132 (Wako, 135-18453), RO-3306
(Sigma, SML0569), P22077 (Calbiochem, 662142) and NMS-873
(ab270807). For determination of S phase cells, cells were treated
with 10 pM EdU for 30 min before fixation unless otherwise stated. The
fixed cells were stained using the Click-iT EAU Alexa Fluor 555/647
imaging kit (Life Technologies) according to the manufacturer’s
recommendations.

Immunostaining and microscopy

For immunofluorescence analysis, the cells cultured on coverslips
(Matsunami, 15mm, thickness No. 1.0.13-0.17 mm) were fixed using
-20 °C methanol for 7 min or 4% paraformaldehyde (PBS solution) for
10 min at room temperature and washed with PBS unless otherwise
noted. The cells were permeabilized after fixation with PBS/0.05% Triton
X-100 (PBS-X) for 5 min three times and incubated for blocking with 1%
BSA in PBS-X for 20 min at room temperature (RT). The cells were
incubated with primary antibodies for 24 h at 4 °C, washed with PBS-X
three times, and incubated with secondary antibodies for 1 h at RT. The
cells were thereafter washed with PBS-X twice, stained with 0.2 pg/ml
Hoechst 33258 (DOJINDO) in PBS for 5min at RT, washed again with
PBS-X, and mounted onto glass slides. Counting the number of immu-
nofluorescence signals was performed using an Axioplan2 fluorescence
microscope (Carl Zeiss) with a x63 or x100/1.4 NA plan-APOCHROMAT
objective and DeltaVision Personal DV-SoftWoRx system (Applied Pre-
cision) equipped with a CoolSNAP CH350 CCD camera. Confocal
microscopy images were taken by the Leica TCS SP8 HSR system
equipped with a Leica HCX PL APO x63/1.4 oil CS2 objectives and
excitation wavelengths 405, 488, and 561 nm. To obtain high-resolution
images, the pinhole was adjusted at 0.5 airy units. Scan speed was set to
200 Hz in combination with a five-fold line average in 856 x 856 format
(pixel size 43 nm). The images were collected at 130 nm z steps. For
deconvolution, Huygens Essential software (SVI; Scientific Volume Ima-
ging) was used. STED microscopy images were acquired using the Leica
TCS SP8 STED 3x system with a Leica HC PLAPO 100%/1.40 oil STED
WHITE objective and a 660 nm gated STED laser.

RNA sequencing

Total RNAs were extracted from Hela cells. Sequencing libraries were
constructed using a SMART-Seq HT PLUS kit (TaKaRa) according to the
manufacturer’s instructions, and then were run on the Illumina Nova-
Seq 6000 system with 2 x100 bp read length.

Pre-extraction of soluble proteins

To pre-extract soluble proteins, cells were treated with CSK buffer
(25mM HEPES (pH 7.4), 50 mM NaCl, 1mM EDTA, 3mM MgCI2,
300 mM sucrose, 1/1000 Protease Inhibitor Cocktail (Nacalai Tesque)
and 0.5% Triton X-100) or PBS containing 0.2% Triton X-100 and 1/
1000 Protease Inhibitor Cocktail on ice for 1 min, washed with PBS for
three times before fixation.
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Fig. 7 | DONSON maintains proper cell division by coordinating DNA and cen-
trosome replication cycles. a Time-lapse observation of mitotic cell division in
DONSON-depleted cells. HeLa GFP-centrin-1 cells were visualized every 20 min for
48 h after 24 h treatment with siRNA and 3 h treatment with 100 nM SiR-DNA.
Left-right arrows indicate precociously disengaged centrioles. b Histograms
represent the frequency of cells in mitosis with the indicated phenotypes observed
in (a). n = 3 independent experiments, 30 cells for each. ¢ Mitotic cell division of
hTERT-immortalized fibroblasts derived from the patients with mutations in
DONSON. Fibroblasts were infected with pMSCV-empty-vector or pMSCV-DONSON
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and immunostained with antibodies against Cep192 (red). d, f Inducible expression
of ETAAL upon DONSON depletion. HeLa-Tet3G mNG-ETAAL cells were treated with
siControl or siDONSON following Dox treatment for 24 h. e, g Histograms represent
the frequency of cells in mitosis with the indicated phenotypes observed in (d) and
(f), respectively. n =3 independent experiments, 30 cells for each. h A speculative
model showing how DNA replication machinery exerts direct control over the
licensing and execution of centrosome duplication. All scale bars, 5 um. Values are
mean percentages * s.d. Two-tailed, unpaired Student’s t-test was used in (b), (e),
and (g) to obtain the P-value. Source data are provided as a Source Data file.

Reverse transcription and real-time qPCR

Total RNA (1pg) isolated from cells with the use of TRIZOL reagent
(Thermo Fisher Scientific) was subject to reverse transcription using
Quantiscript Reverse Transcription Kit (QIAGEN), and the resulting

cDNA was subjected to real-time qPCR analysis with TB Green PCR
Master Mix (TaKaRa) and specific primers in a StepOnePlus Real-Time
PCR system (Applied Biosystems). The amount of each mRNA was
normalized by that of GAPDH mRNA.
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Live imaging

Cell Voyager CQ1 (Yokogawa Electric Corp.), equipped with a x40 oil
immersion objective lens and a stage incubator for a 35-mm dish, was
used for live-cell imaging. HeLa cells stably expressing GFP-centrin-1 or
HeLa Flp-In/T-Rex cells expressing GFP-DONSON were cultured on
35 mm glass-bottom dishes (Greiner-bio-one, #627870) at 37 °C in a 5%
CO, atmosphere. Before imaging, cells were treated with siRNAs or
1pg/mL Doxycycline for 24 h and with 100 nM SiR-DNA for 3 h. Cells
were visualized every 10 min over 24 h or 20 min over 48 h by a Back-
illuminated sCMOS camera. The images were collected at 1.2 pm z
steps. Maximum projections were generated using ImageJ (National
Institutes of Health).

Flow cytometric analysis

Cells were trypsinized and fixed in 70% cold ethanol at —20 °C for >3 h.
The fixed cells were then washed with PBS and incubated with Muse
Cell Cycle Reagent (Cytek Biosciences, MCH100106) at room tem-
perature in the dark for 30 min. The DNA contents of the cells were
then measured using Muse Cell Analyzer (Merck Millipore).

Western Blotting

Protein samples were loaded onto 5-12% acrylamide gels with
SDS-PAGE and transferred onto Immobilon-P membranes (Merck).
The membranes were blocked with PBS-Tween20 (0.02%) (PBS-T)
containing 5% milk powder for 10 min at room temperature. The
membranes were then probed with the primary antibodies for 1h at
room temperature, followed by incubation with their respective
horseradish peroxidase-conjugated secondary antibodies (Promega)
for 30 min at room temperature. Washes were performed in PBS-T. For
detection of phosphorylated proteins, membranes were blocked with
Blocking One-P (Nacalai Tesque) and washed in TBS containing 0.02%
Tween (TBS-T). The signal was detected with Chemi Doc XRS+ (Bio-
Rad). Unless otherwise specified, the experiments of western blotting
were repeated at least two times.

Immunoprecipitation

IP of mNeonGreen-tagged proteins was performed using the
mNeonGreen-Trap Agarose Kit (Proteintech, NTAK-20) according to
the manufacturer’s protocol. Note that, in this experiment, immuno-
precipitation was performed under denaturing conditions.

For IP of FLAG-tagged proteins, cells were lysed in lysis buffer
(20 mM Tris/HCI pH 7.5, 50 mM NacCl, 1% Triton X-100, 5mM EGTA,
1mM DTT, 2mM MgCI2, 25U/mL Benzonase, and 1/1000 protease
inhibitor cocktail) and centrifuged at 15,000 rpm for 10 min. 10% of the
volume was kept for input controls. The remaining supernatant was
incubated with equilibrated FLAG antibody-conjugated M2 agarose gel
(Merck) for 2h at 4 °C.

To assess the interaction of endogenous MCM3 and LRR1, cells
were lysed in RIPA buffer (10 mM Tris/Cl pH 7.6, 150 mM NacCl, 0.5 mM
EDTA, 0.1% SDS, 1% Triton X-100 and 1% deoxycholate) supplemented
with 2mM MgCI2, 25 U/mL Benzonase and 1/1000 protease inhibitor
cocktail and centrifuged at 21,130 g for 10 min. 10% of the volume was
kept for input controls. The remaining supernatant was mixed with
25 ul of equilibrated beads (nProtein A Sepharose 4 Fast Flow; GE, 17-
5280-01) coupled to 5 pg anti-MCM3 antibody. The beads were washed
three times, resuspended with 2xSDS sample buffer, and then dena-
tured at 95 °C for 5 min.

Biochemical cell fractionation

Whole cell extracts were obtained by sonication in SDS sample buffer
(Nacalai Tesque). To fractionate cells into cytosol (S2), soluble nuclear
(S3), and chromatin (P3) fractions, cells were suspended in buffer A
(10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCI2, 0.34 M sucrose, 10%
glycerol, 0.1% Triton X-100, 1mM DTT, 1:1000 protease inhibitor
cocktail, and 1:1000 phosphatase inhibitor cocktail (Nacalai Tesque))

and incubated on ice for 5min. Nuclei were collected by low-speed
centrifugation for 4 min at 1200 xg. The supernatant, containing
soluble cytosolic proteins (S2), was collected and centrifuged for
10 min at 15,000 x g to remove cell debris and insoluble material. The
nuclei were washed once with buffer A and lysed in buffer B (3 mM
EDTA, 0.2 mM EGTA, 1mM DTT, 1:1000 protease inhibitor cocktail,
and 1:1000 phosphatase inhibitor cocktail (Nacalai Tesque)). Insoluble
chromatin was collected by centrifugation for 4 min at 1800 x g, and
the supernatant containing soluble nuclear protein was collected (S3).
The chromatin pellet was washed twice in buffer B and pelleted again.
The final pellet (P3) was resuspended and sonicated in 1xSDS sample
buffer (Nacalai Tesque).

Protein structure prediction

The predicted structures of the human DONSON-CMG component
complex and the human DONSON-MCM3/5/7-LRR1-ELOB-ELOC-Cul2-
RBX1 complex were obtained using AlphaFold-based methods. For the
DONSON-CMG complex, the amino acid sequences were submitted to
ColabFold: AlphaFold2 with MMseqgs2Colab (https://colab.research.
google.com/github/sokrypton/ColabFold/main/AlphaFold2.ipynb)®’
using the default settings. For the DONSON-MCM3/5/7-LRR1-ELOB-
ELOC-Cul2-RBX1 complex, the sequences were submitted to Alpha-
Fold3 using the AlphaFold server (https://alphafoldserver.com/) with
the default settings’. The molecular graphics of the predicted protein
complexes were visualized using UCSF Chimera and UCSF ChimeraX
software’”%.

Statistical analysis and reproducibility

Two-tailed, unpaired Student’s t-tests were performed using Microsoft
Excel software. Tukey’s multiple comparison tests, Kruskal-Wallis
tests, and Mann-Whitney U tests were performed using GraphPad
Prism 9.0 software. All data shown are mean + S.D. Statistical tests and
sample sizes are described in each Figure legend. p-values are indi-
cated in each figure. In this study, each experiment showing only
representative images was repeated independently with similar results
at least twice.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data used to generate graphs and all pictures showing uncropped
gels or blots accompany this manuscript in the source data file. All
other data supporting the findings of this study are available from the
corresponding author on reasonable request. The RNA-seq data ana-
lyzed in this study have been deposited in the DDBJ database under the
accession number PRJDB20465. Source data are provided with
this paper.
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