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Perturbed DNA replication can lead to incompletely replicated DNA when cells
enter mitosis and can interfere with chromosome segregation. Cells therefore
require mechanisms to resolve these lesions during mitosis. The CIP2A-
TOPBP1 complex is described to tether fragmented DNA molecules during
mitosis. Whether CIP2A also functions in processing of incompletely repli-
cated DNA remained unclear. We show that CIP2A-TOPBP1 form large fila-
mentous structures at sites of incomplete DNA replication during mitosis, and
that CIP2A-TOPBPI facilitate the recruitment of SMX tri-nuclease complex
members SLX4, MUS81 and XPF-ERCCL. These structures form in proximity to
sites of mitotic DNA synthesis, although CIP2A is not required for mitotic DNA
synthesis. In addition to its globular and coiled-coil domain, the unstructured
C-terminal domain of CIP2A is essential for CIP2A-TOPBPI filamentous struc-
ture formation and recruitment of the SMX complex. BRCAI” and BRCA2' cells
have increased mitotic DNA lesions that recruit CIP2A and SLX4. We show that
the C-terminal part of CIP2A is required for survival of BRCA2' cells. Moreover,
SLX4 is crucial for genome stability in BRCA2" cells. Combined, we demon-
strate that CIP2A-TOPBPI recruits the SMX complex during mitosis, which is
required to resolve mitotic DNA lesions, allows faithful chromosome segre-
gation and maintain viability of BRCA2" cells.

DNA replication is a vital process in all biological systems. To faith-
fully duplicate the entire genome, DNA replication adheres to a strict
temporal and spatial program'. Even under physiological conditions,
DNA replication is challenged by intrinsic properties of some geno-
mic regions that are difficult to replicate?, while also chemical mod-
ifications of DNA can perturb replication®™. In cancer cells, however,
many additional processes lead to perturbed DNA replication®’. For

instance, oncogene activation leads to uncoordinated firing of
replication origins, causing collisions between the transcription and
replication machinery® and depletion of the nucleotide pool®™. In
addition, cancer-associated DNA repair defects also disrupt DNA
replication. Specifically, mutations in DNA repair genes BRCAI,
BRCA2 and FANCD? cause instability of stalled replication forks and
incomplete replication" ™,
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Cells are equipped with several mechanisms to deal with per-
turbed DNA replication. For instance, when replication forks cannot
progress, dormant replication origins in the vicinity of the stalled
replication fork are fired to complete replication®”. In addition, trans-
lesion synthesis (TLS) polymerases can replace the replicative poly-
merases to continue replication’. Finally, cell cycle checkpoints
prevent mitotic entry when cells have extensive amounts of incom-
pletely replicated DNA or unrepaired DNA lesions”. Nevertheless,
despite the presence of these protective mechanisms, cancer cells
frequently enter mitosis with incompletely replicated DNA>'5,

After cells have entered mitosis, several mechanisms are avail-
able to resolve incompletely replicated DNA. First, DNA replication
can be completed during mitosis by ‘mitotic DNA synthesis’ (MiDAS),
which involves a dedicated DNA polymerase complex, and resembles
RAD52-dependent break-induced replication (BIR)***. Second, sev-
eral DNA endonucleases are activated during mitosis (e.g., SLX1,
MUSS81, XPF)%, or get access to chromosomes upon mitotic break-
down of the nuclear membrane (i.e. GEN1)®. These endonucleases
can separate joint DNA molecules, allowing faithful chromosome
segregation and completion of mitosis®*. Third, incompletely
replicated DNA fragments that persist into anaphase form ‘ultrafine
DNA bridges’ (UFBs), marked by the recruitment of the PICH DNA
translocase during anaphase’®”.%%, In turn, PICH recruits the BLM-
Topolll-RMI1/2 complex®®” and RIF1*. UFBs originating from
incompletely replicated DNA are subsequently converted into single-
stranded DNA bridges®**°, which likely facilitates UFB breakage and
allows chromosome segregation at the cost of genome instability™.
The molecular regulation of these various mechanisms remains lar-
gely elusive, and it is unclear whether these pathways act in parallel
or consecutively, and whether these mechanisms are part of an
integrated response to incompletely replicated DNA.

The CIP2A-TOPBP1 complex was recently demonstrated to be
recruited to mitotic DNA lesions**2, The CIP2A-TOPBP1 complex
tethers the two ends of double-stranded DNA breaks (DSBs) and pre-
vents mis-segregation of acentric chromosome fragments®>*. Impor-
tantly, CIP2A is essential for survival of BRCAI/2 mutant cells®, which
accumulate mitotic DNA lesions'". Interestingly, whereas TOPBP1 can
be recruited to DNA lesions both during interphase and mitosis*%,
CIP2A is sequestered in the cytoplasm during interphase, and is only
recruited to DSBs upon nuclear envelop breakdown during mitosis®-*,
Recruitment of CIP2A and TOPBPI to mitotic DSBs depends on the
YH2AX adaptor protein MDCI*’, however DNA lesions induced by the
replication polymerase inhibitor aphidicolin (APH) appear to be MDCI-
independent®*, showing that multiple mechanisms exist for CIP2A-
TOPBP1 recruitment. APH treatment induces mitotic DNA lesions,
including joint DNA molecules that likely require additional processing
when compared to mitotic DSBs. However, it is currently unclear if the
CIP2A-TOPBP1 complex has functions beyond the tethering of DNA
ends, and functions in processing of mitotic DNA lesions induced by
perturbed replication.

In this study, we used Stimulated Emission Depletion (STED)
super-resolution microscopy and structure-function analysis of CIP2A
to study mitotic CIP2A-TOPBP1 structure formation. We find that the
CIP2A-TOPBP1 complex mediates recruitment of the SMX tri-nuclease
complex to sites of replication-associated DNA lesions during mitosis.
Recruitment of the SMX complex, facilitated by CIP2A-TOPBPI, allows
for processing of DNA lesions induced by perturbed replication, and is
essential for genome stability in BRCA27 cells.

Results

Perturbed DNA replication and irradiation result in similar
CIP2A-TOPBPI1 structures during mitosis

Analysis of the cellular response to mitotic DNA damage is frequently
studied using irradiation of mitotic cells to induce DSBs. Since transfer
of late-stage replication intermediates into mitosis is a cancer cell-

intrinsic source of mitotic DNA damage, we compared CIP2A recruit-
ment to replication stress-induced and irradiation-induced mitotic
DNA damage. To this end, hTERT immortalized human retinal pig-
mented epithelial RPE1 TP537 cells were treated with the polymerase
inhibitor aphidicolin (APH) or with irradiation (IR). Analysis of mitotic
foci formation of CIP2A in response to low-dose APH (200 nM) or low-
dose IR (0.25 Gy) confirmed that the majority of CIP2A foci co-localizes
with YH2AX in mitosis, and that CIP2A recruitment to mitotic DNA
lesions occurs independently of the source of DNA damage (Fig. 1a, b,
and Supplementary Fig. 1A)*"*2. To examine the effects of CIP2A inac-
tivation on the response to mitotic DNA damage, RPE1 TP537" CIP2A™"
clones were established using CRISPR-Cas9 (Supplementary Fig. 1B).
CIP2A loss prevented TOPBPI localization at DNA selectively during
mitosis, which verifies the lack of functional CIP2A expression, and
allowed us to selectively study the role of the mitotic CIP2A-TOPBP1
complex (Supplementary Fig. 1B-D)**2, Of note, mitotic CIP2A-
TOPBP1 foci formation is not a specific feature of p53-defective cells,
as CIP2A-TOPBP1 is also recruited to mitotic foci in RPE1 TP53-wt cells
(Supplementary Fig. 1E, F). We observed elevated baseline levels of
CIP2A-TOPBPI foci in p53-defective cells, possibly caused by increased
DNA damage or impaired cell cycle checkpoint function. In line with
previous studies, CIP2A™" cells showed elevated levels of micronuclei,
already in untreated conditions®*. Importantly, the amount of
micronucleated CIP2A™" cells strongly increased upon APH and IR
treatment (Fig. 1c, Supplementary Fig. 1G), showing that CIP2A pre-
vents missegregation of chromosome fragments into micronuclei in
response to various sources of mitotic DNA damage.

We subsequently explored the role of the ATM and ATR DNA
damage response (DDR) kinases in CIP2A recruitment. ATR activity was
not required for APH-induced induction of mitotic CIP2A foci, nor was
it required for CIP2A foci formation in untreated cells (Supplementary
Fig. 1H). Rather, ATR inhibition elevated the number of CIP2A foci in
untreated cells, suggesting that ATR inhibition leads to increased
transmission of DNA lesions into mitosis (Supplementary Fig. 1H). ATM
inhibition did not influence the number of CIP2A foci in either
untreated or APH-treated cells. However, ATM inhibition reduced the
number of IR-induced CIP2A foci (Supplementary Fig. 1H). These
results show that CIP2A marks different types of lesions, with differ-
ential upstream DNA damage signaling requirements.

To obtain a more detailed view of mitotic CIP2A-TOPBP1 struc-
tures, we employed Stimulated Emission Depletion (STED) micro-
scopy. This type of super-resolution imaging offers a spatial resolution
of 30-50 nm, compared to confocal microscopy with a resolution of
around 250 nm***, STED microscopy revealed three distinct classes of
CIP2A-TOPBP1 structures: unstructured complexes, loop-containing
structures and filamentous structures (Fig. 1d, e). These three classes
of structures occurred both in response to APH or IR treatment, which
all showed a high degree of CIP2A and TOPBPI1 co-localization within
these structures, indicating that these proteins are less than 30 nm
apart, although areas with differences in spatial distribution were
observed (Fig. 1d, e, Supplementary Fig. 2A). Quantification of the total
number of CIP2A-TOPBP1 structures per mitotic phase showed a clear
reduction during mitotic progression, in both APH- and IR-treated cells
(Fig. 1f, g, Supplementary Fig. 2B). No obvious differences in pre-
valence of total number of CIP2A-TOPBP1 structures between APH or
IR treatment was observed. Instead, the prevalence of the distinct
classes of structures correlated with the mitotic stage (Fig. 1h).
Whereas the majority of the CIP2A-TOPBP1 complexes in prophase and
prometaphase showed an unstructured morphology (45-55%), in
metaphase the loop-containing structures were more prevalent (51%)
(Fig. 1h). While the filaments only constituted a constant minor fraction
of the total amount of structures (15%), during anaphase their pre-
valence strongly increased (31%). In telophase, the remaining CIP2A-
TOPBP1 complexes mostly showed an unstructured morphology
(Fig. 1h). Examination of the structure size was done by measuring the
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length of the longest axis within a structure (as exemplified in Sup-
plementary Fig. 2C). The median size of unstructured forms ranged
from 505 to 656 nm in prophase to 453-472 nm in telophase (Fig. 1i),
with IR-induced structures being slightly larger than APH-induced
structures. The median size of loop-containing structures ranged from
827 to 903 nm, with no obvious difference between APH or IR-induced
structures. Filamentous structures showed a median size range

between 730 and 870 nm in prophase to 724-825nm in telophase,
with no obvious difference between IR and APH conditions (Fig. 1i). Of
note, whereas the median size of loop-containing and filamentous
structures was similar between APH- and IR-treated cells and between
the different mitotic stages, the size range of these structures became
larger in later mitotic stages (e.g., range of IR-induced filamentous
structures in anaphase: 389-3388 nm). Examination of the elongation
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Fig. 1| DNA damage-induced mitotic CIP2A-TOPBP1 structures. a RPE1 TP537
cells were treated with aphidicolin (APH, 200 nM, 20 h) or ionizing radiation (IR,
0.25 Gy). Representative wide-field images of cells stained for DAPI (blue), CIP2A
(green) and YH2AX (red) are shown. Scale bar: 10 um. b Quantification of co-
localizing CIP2A and YH2AX foci per mitotic cell for cells described in panel a.
Individual values and medians per condition are shown from one biological repli-
cate. ¢ RPE1 TP53” cells and CIP2A” clones were treated with APH (200 nM, 24 h) or
IR (3 Gy). Bars represent means and standard error of the mean (SEM) of micro-
nuclei per cell of at least three biologically independent experiments. Two-tailed
unpaired t-test was used. RPE1 TP537" cells were treated with APH (200 nM, 20 h,
panel d) or IR (0.25 Gy, panel e). Representative images of three classes of mitotic
structures are shown. Left: confocal overview images; right: STED images of CIP2A-
TOPBP1 complexes. Cells were stained for DAPI (blue), CIP2A (green) and TOPBP1
(red). Scale bar: 5 um (confocal) or 500 nm (STED). f Quantification of CIP2A-

TOPBP1 structures per cell per mitotic phase for data in panel (d). Bars represent
means and SEM of three biologically independent experiments. g Quantification of
CIP2A-TOPBP1 structures per cell per mitotic phase for data in panel (e). Bars
represent means and SEM of three biologically independent experiments. ‘n’ in
panels (b/c/f/g) represents total number of cells across experiments.

h Quantification of indicated structures per mitotic phase for indicated treatments
for data from panels d and e. Percentages compared to the total structures are
indicated. Mean and SEM are shown per mitotic phase and per treatment.

i Quantification of the size of indicated structures per mitotic phase for indicated
treatments for data from panels d and e. Median values and SEM are plotted (line
graph), along with raw data (individual dots) for both IR- and APH-treated cells. ‘n’
in panels (h/i) represents total number of observed structures per mitotic phase
from three biologically independent experiments. Source data are provided as a
Source Data file.

(the ratio between the longest and shortest axis) of the loop-
containing structures (as exemplified in Supplementary Fig. 2C)
showed that there were no significant changes in the elongation
between different mitotic stages or treatment conditions (Supple-
mentary Fig. 2D). Combined, these analyses illustrate the emergence of
large CIP2A-TOPBP1 structures, that show similar morphologies
despite being formed in response to different sources of DNA damage
(Fig. 1i, Supplementary Fig. 2D).

To determine whether the observed CIP2A-TOPBP1 filamentous
structures could represent ultra-fine bridges (UFBs) in anaphase, we
assessed their co-localization with the DNA translocase PICH, an
established marker of UFBs**%, While the majority of CIP2A structures
in anaphase were positive for PICH (Supplementary Fig. 2E-G), only a
subset of PICH-positive UFBs showed CIP2A co-localization (Supple-
mentary Fig. 2G, left panel). Of note, filamentous CIP2A structures
occasionally overlapped with parts of PICH-decorated UFBs (Supple-
mentary Fig. 2F), whereas the majority of filamentous CIP2A structures
involved CIP2A localization at or in between PICH foci (Supplementary
Fig. 2G). Combined, these data show that although CIP2A frequently
co-localizes with PICH, CIP2A filaments do not per se reflect UFB
structures.

Complex formation between CIP2A and SMX complex members
upon perturbed replication

Although APH and IR treatment both resulted in micronuclei forma-
tion in CIP2A”" cells and induced the formation of similar CIP2A-
TOPBP1 structures, the underlying DNA lesions differ and likely require
differential processing during mitosis. To explore if the CIP2A-TOPBP1
complex has differential interacting partners upon APH versus IR
treatment, endogenous CIP2A was immunoprecipitated in parental
RPEL TP53" or CIP2A” cells and associated proteins were analyzed.
Previously established (in)direct CIP2A interactors TOPBP1**? and
MDCI*?> were identified by western blot analysis, validating the
approach (Supplentary Fig. 3A). Mass spectrometry analysis of CIP2A
immunoprecipitations identified several additional associated pro-
teins (Fig. 2a, b, Supplementary Fig. 3B, C). We identified the XPF
endonuclease (also called ERCC4) to be present in our mass spectro-
metry analysis after both IR and APH treatment, and specifically enri-
ched in APH treatment conditions (Fig. 2a, b; Supplementary Fig. 3B, C;
Supplementary Data 1). In line with the mass spectrometry analysis,
XPF co-localized with CIP2A at APH-induced foci (Fig. 2c). In line with
XPF being enriched in APH-treated conditions in our proteomics ana-
lysis, in untreated and IR-treated conditions most CIP2A foci were XPF-
negative, whereas a large fraction (- 50%) of APH-induced CIP2A foci
were XPF-positive (Fig. 2c, Supplementary Fig. 3D). However, all
mitotic XPF foci were CIP2A-positive, regardless of the treatment set-
ting (Supplementary Fig. 3E). Because the XPF nuclease operates in
complex with its co-factor ERCC1*, we also analyzed ERCC1 co-
localization with CIP2A. Like XPF, also ERCC1 was found to co-localize
with CIP2A, which was increased upon APH treatment (Supplementary

Fig. 3F). These findings imply that complex formation of CIP2A-
TOPBP1 with XPF depends on the type of DNA lesion. Importantly,
CIP2A was required to recruit XPF to APH-induced DNA lesions, as XPF
foci were absent in CIP2A™ cells (Fig. 2d, €). Based on these findings,
we further focused on APH-induced mitotic DNA lesions.

During mitosis, the structure-specific XPF/ERCCI nuclease is part
of the SMX complex, which further consists of the SLX4 scaffold and
the other structure-specific nuclease SLX1 and MUS81-EME1*. The
SMX complex has been described to resolve joint DNA molecules,
including stalled replication forks and HR intermediates such as Hol-
liday junctions, to enable proper chromosomes segregation in
anaphase*****’, We hypothesized that CIP2A might be in complex with
XPF/ERCCI as part of the SMX complex. This notion was strengthened
by the observation that other components of the SMX complex (SLX4,
MUSS81, EMEI], ERCC1) were also identified in our mass spectrometry
analysis of CIP2A immuno-precipitations (Fig. 2a, b; Supplementary
Fig. 3B, C; Supplementary Data 1). Immunofluorescence microscopy
analysis confirmed that other components of the SMX complex (i.e.,
SLX4, MUSS81 and ERCCI) also co-localized with CIP2A (Fig. 2f-k).
Importantly, like XPF/ERCC1, mitotic foci formation of SLX4 and
MUSS81 was significantly increased upon APH treatment, and largely
absent in CIP2A” cells (Fig. 2f-k). Of note, loss of SLX4, MUSSI, and XPF
foci was not explained by lower expression levels of these proteins in
CIP2A™" cells (Supplementary Fig. 3G). In line with this notion, SLX4
foci formation during interphase was unaffected in CIP2A” cells
(Supplementary Fig. 3H), demonstrating that CIP2A-TOPBP1 complex
is required for recruitment of the SMX complex specifically during
mitosis. To confirm that CIP2A facilitates recruitment of the SMX
complex rather than its components individually, we tested co-
localization of SMX complex members validated at sites of CIP2A
foci. Indeed, virtually all XPF foci co-localized with SLX4 and with
MUSS8I at CIP2A foci (Supplementary Fig. 3i, j). In line with CIP2A being
required for recruitment of the SMX members as a complex, SLX4,
MUSS8L, or XPF depletion did not affect CIP2A foci formation (Sup-
plementary Fig. 4A-F), whereas depletion of the SMX scaffold SLX4
prevented the recruitment of both MUS81 and XPF to CIP2A foci
(Supplementary Fig. 4G-J). Conversely, depletion of MUSS81 did not
affect XPF recruitment (Supplementary Fig. 41, J), nor did XPF deple-
tion affect MUSSLI recruitment (Supplementary Fig. 4K, L). Combined,
these data show that CIP2A-TOPBPI1 acts upstream of SLX4 recruit-
ment, and SLX4 is subsequently required for the recruitment of other
SMX complex members during mitosis.

CIP2A-TOPBP1 forms a mitotic scaffold for the SMX complex at
sites of perturbed DNA replication

To investigate how the SMX complex is locally positioned at mitotic
CIP2A-TOPBPI structures, STED microscopy analysis of SLX4, ERCC1,
and MUS81 was performed. SLX4, ERCC1, and MUS81 showed a
punctate localization pattern onto CIP2A structures, with locally enri-
ched recruitment (Fig. 3a-c). Of note, the SMX complex members
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SLX4, ERCC1 and MUSSL1 all located at CIP2A structures (ranging
between 82 and 92% of all CIP2A structures), independently of CIP2A
organization (ranging between 77 and 97% of unstructured forms,
loop-containing or filamentous CIP2A structures) at APH-induced DNA
lesions (Fig. 3d-f, Supplementary Fig. 5A). Line profile analysis showed
that SMX complex members localize along the entire CIP2A structure,
with some SMX complex members occasionally found at regions with
lower CIP2A intensity (Supplementary Fig. 5B). Combined, these data
suggest that the mitotic CIP2A-TOPBP1 structures form a scaffold that
recruits and localizes the SMX complex to sites of DNA lesions.

We next analyzed whether CIP2A structures formed at sites of
ongoing DNA replication at mitotic entry. To this end, cells were

n=117 125 96 74
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APH - + - +

control
CIP2A™"
control
CIP2A”

RPE1 TP53* RPE1 TP53"

pulsed with the synthetic nucleotide analog EdU during mitotic entry,
and incorporated EdU was visualized along with yH2AX and/or CIP2A.
For unstructured CIP2A, CIP2A co-localized with yH2AX, with yH2AX
appearing as a cloud surrounding CIP2A structures (Fig. 3g, Supple-
mentary Fig. 5C). Conversely, filamentous CIP2A structures were
mostly adjacent to yH2AX clouds and loop-containing CIP2A struc-
tures predominantly showed yH2AX staining enclosed inside the
CIP2A loops (Fig. 3g, Supplementary Fig. 5C). CIP2A structures were
mostly observed in close proximity to EdU foci, with EdU localizing to
those parts of the CIP2A structures that showed lower CIP2A intensity
(Fig. 3h, Supplementary Fig. 5D). The large majority of CIP2A struc-
tures were positive for both YH2AX and EdU (Fig. 3i, j). To further
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Fig. 2| CIP2A is required for mitotic recruitment of SMX complex members. a, b
Mass spectrometry analysis of mitotic CIP2A interactors in RPE1 TP537 parental
versus CIP2A7 cl#1 cells upon treatment with IR (panel a, 5 Gy) or with APH (panel
b, 200 nM, 20 h). Proteins highlighted in red are enriched after IR or APH treatment.
Proteins highlighted in black: known CIP2A interactors or SMX complex members
that were not enriched after treatment. Two-sided Significance Analysis of Micro-
arrays t-test was performed on three technical replicates. ¢ Left panel: repre-
sentative wide-field images of RPE1 TP537" cells stained for DAPI (blue), CIP2A
(green) and XPF (red) in either untreated conditions, or upon treatment with APH
(200 nM, 20 h) or IR (0,25 Gy). Right: quantification of the percentage of CIP2A foci
of the total number CIP2A foci per mitotic cell that co-localize with XPF. Bar
represents the median and 95% confidence interval of three biological indepen-
dents experiments. Two-tailed unpaired t-test on the medians per experiment was
used. d-k Imaging and quantification of mitotic XPF, SLX4, MUS81, ERCCI1 foci for

RPEL TP53”" and CIP2A™" cl#1 cells either untreated or treated with APH (200 nM,
20 h). Panel d: Representative wide-field images of treated cells stained for DAPI
(blue), CIP2A (green) and XPF (red). f Representative wide-field images of treated
cells stained for DAPI (blue), CIP2A (red) and SLX4 (green). h Representative wide-
field images of treated cells stained for DAPI (blue), CIP2A (red) and MUS81 (green).
Jj Representative wide-field images of treated cells stained for DAPI (blue), CIP2A
(red) and ERCCI (green). Panels e/g/i/k: Quantification of mitotic foci of XPF (Panel
e), SLX4 (panel g), MUSS8I (panel i) or ERCCI (panel k). Individual values, medians
and interquartile range of three biologically independent experiments are plotted.
Two-way ANOVA with Sidak’s multiple comparisons test was used on median values
per experiment. Throughout the figure, ‘n’ represents the total number of cells
measured across experiments, and scalebars represent 10 um. Source data are
provided as a Source Data file.

define the spatial relationship between EdU, yH2AX and CIP2A locali-
zation, simultaneous imaging of YH2AX (by confocal microscopy) and
EdU/CIP2A (at STED resolution) was performed (Supplementary
Fig. 6A). We observed that EdU foci were frequently located in regions
with reduced YH2AX signal, in line with EQU marking sites of replica-
tion, along with histone eviction at replication forks. Additionally,
these data show that in case CIP2A forms extended structures away
from yH2AX (e.g., a filamentous structure), EAU localizes along the
CIP2A structure, not necessarily close to yH2AX (Supplementary
Fig. 6A). Again, in these extended structures EdU appears adjacent to
CIP2A rather than co-localized. Also, yH2AX was only sparsely present
at filamentous CIP2A structures, suggesting local chromatin remo-
deling. Consistent with our findings that both IR and APH induced
similar classes of CIP2A-TOPBP1 structures, CIP2A structures were also
observed that were devoid of EdU (Supplementary Fig. 6B).

Of note, filamentous CIP2A structures occasionally bridged two
EdU foci (Fig. 3h). For approximately half of APH-induced CIP2A
structures (48.2%), we identified one EdU focus in close proximity,
whereas a smaller percentage (24.0%) of CIP2A structures assembled in
the vicinity of two EdU foci (Fig. 3j). Together, these data reveal intri-
cate structures of a CIP2A-containing macromolecular scaffold that
facilitates the recruitment of the SMX complex, and forms at sites of
DNA damage in the vicinity of mitotic DNA synthesis.

CIP2A is not required for mitotic DNA synthesis

Previous studies showed mitotic DNA synthesis at sites of under-
replicated DNA in a process called MiDAS?. As CIP2A localizes to sites
of EdU incorporation, we investigated if CIP2A was required for MiDAS.
Analysis of mitotic EdU foci in parental RPEL TP537" cells, CIP2A™" cells,
and CIP2A™" cells reconstituted with full length V5-tagged CIP2A
(Supplementary Fig. 7A) showed that CIP2A is not required for MiDAS
in RPE1 TP537" cells (Fig. 4a, b). To corroborate these finds, we
observed that RAD52, a previously reported key factor in MiDAS'%°,
still formed mitotic foci in RPEL TP537~ CIP2A™" cells, indicating that
loss of CIP2A does not impair RAD52 recruitment (Supplementary
Fig. 7B). Previously, short-term depletion of MUS81, SLX4 or EME1 in
U20S cells was reported to impair MiDAS?, however studies in RPE1
TP537 cells showed that MUSS81 was not required for MiDAS induced
by APH?. In line with our finding that CIP2A is not essential for MiDAS,
we confirmed that depletion of MUSS8I did not affect APH-induced
MIiDAS in RPE1 7P537 cells (Supplementary Fig. 7C). To extend these
findings to other cell line models, CIP2A was depleted in a panel of
triple-negative breast (TNBC) cell lines. Specifically, CIP2A was edited
using CRISPR/Cas9- in MDA-MB-231 and HCC38 cells (Fig. 4c-e, Sup-
plementary Fig. 7D, E), or depleted by shRNA in BT549 cells (Fig. 4f,
Supplementary Fig. 7F). CIP2A inactivation prevented mitotic SLX4 foci
formation (Fig. 4c, d). In contrast, in all cell lines tested, CIP2A inacti-
vation did not prevent EdU foci formation in response to APH treat-
ment (Fig. 4d, e). Combined, these data show that CIP2A is not
essential for MiDAS.

The C-terminal domain of CIP2A is required for the formation of
mitotic CIP2A-TOPBP1 structures and SMX complex
recruitment

The CIP2A protein structure analysis showed three distinct domains:
an N-terminal globular domain (aa 1-617), an alpha-helical coiled-coil
domain (aa 618-876), and a conserved C-terminal unstructured domain
(aa 877-905). AlphaFold predicted CIP2A to form a stable homodimer,
with a coiled-coil shaft with an uncertain—and possibly flexible - posi-
tion of the N-terminal globular domain onto the coiled-coil shaft
(Fig. 5a, b, Supplementary Fig. 8A, B). AlphaFold predictions further
suggested that a CIP2A homodimer binds to two TOPBP1 proteins
(Fig. 5a, b, Supplementary Fig. 8A). Consistent with previous interac-
tion mapping studies®~?, this CIP2A-TOPBP1 interaction involves resi-
dues 755-860 of TOPBPI, which likely interact with both the globular
domain and coiled-coil of CIP2A (Fig. 5a, b, Supplementary Fig. 8B).

To investigate which domains of CIP2A are required for complex
formation of CIP2A-TOPBP1 and for SMX complex recruitment, a
panel of CIP2A deletion mutants was analyzed. CIP2A™ cells were
reconstituted with either full length CIP2A (WT: CIP2A 1-905-V5), a
deletion mutant lacking the C-terminal unstructured region (AC:
CIP2A 1-876-V5), a mutant only having the globular domain (Glob:
CIP2A 1-617-V5), a mutant lacking the coiled-coil domain (ACC: CIP2A
A623-871-V5), and a mutant lacking the globular domain (AGlob:
CIP2A 618-905-V5) (Fig. 5¢). Additionally, we included the CIP2A
L533E mutant that was previously reported to interfere with CIP2A
dimerization*®, and a S904A mutant to disrupt a previously reported
putative PLK1 phosphorylation site (Supplementary Fig. 8C)*°. Full
length CIP2A and the S904A, L533E and AC CIP2A mutants showed
clear expression, while Glob and ACC mutants were expressed at
lower levels compared to full length CIP2A (Supplementary Fig. 7A).
CIP2A AGlob was not effectively expressed, and was therefore
excluded from further experiments (Supplementary Fig. 7A). Immu-
nofluorescence microscopy analysis demonstrated that CIP2A-WT,
CIP2A-S904A, and CIP2A-L533E formed clear mitotic foci, which co-
localized with TOPBP1. No CIP2A-TOPBP1 foci were observed in cell
lines expressing the CIP2A Glob and ACC mutants (Fig. 5d). This
could be either caused by lower expression levels of these mutants or
could indicate that the coiled-coil is required for CIP2A-TOPBP1 foci
formation. The latter would be in line with our AlphaFold predictions
that TOPBP1 interacts with both the globular and coiled-coil domain
of CIP2A. Strikingly, cells expressing CIP2A-AC only formed very faint
CIP2A-TOPBP1 foci, when compared to cells expressing CIP2A-WT
(Supplementary Fig. 9A, B).

To explore the functional consequences of these CIP2A mutants,
micronuclei formation after APH treatment was investigated. CIP2A
deletion increased micronuclei formation in RPEL cells, which was
rescued upon expression of CIP2A-WT, S904A and L533E, whereas
expression of CIP2A-AC, or the mutants that failed to support CIP2A-
TOPBP1 foci formation, did not rescue this phenotype (Fig. 5e). We
next tested whether the reduced CIP2A-TOPBP1 foci formation of
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Fig. 3 | Localization of SMX nucleases at mitotic CIP2A structures. RPF1 7P537"
cells were treated with APH (200 nM, 20 h) and stained for DAPI (blue), CIP2A
(green) and SLX4 (red, panel a), ERCC1 (red, panel b), MUSS8I (red, panel c).
Representative image of each of the indicated CIP2A structure organizations are
shown. Scale bar: 5 um (confocal) or 500 nm (STED). Left: confocal overview ima-
ges. Right: STED images. Quantification of the percentage of mitotic CIP2A struc-
tures that co-localized with SLX4 (panel d), ERCC1 (panel e) or MUSS8I (panel f) for
each of the indicated CIP2A structure organizations for data from panels a-c. Bars
represent means and SEM. g RPE1 TP53”" cells were treated with APH (200 nM,
20 h) and stained for DAPI (blue), CIP2A (green) and YH2AX (red). Scale bar:5 um

CIP2A structures
close to EdU foci (%)
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2
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n=331

(confocal) or 500 nm (STED). Left: confocal overview images. Right: STED images.
h RPE1 TP537 cells were treated with APH (200 nM, 20 h), pulsed with EdU during
mitotic entry and stained for DAPI (blue), CIP2A (green) and EdU (red). Scale bar:
5um (confocal) or 500 nm (STED). Left: confocal overview images. Right: STED
images. i Quantification of mitotic CIP2A structures that are positive for yH2AX for
data from panel g. Bars represent means and SEM. j Quantification of mitotic CIP2A
structures that are either negative (0 foci) or positive for 1, 2 or more than 2 EdU
foci for data from panel h. Pie chart represents the means. Throughout figure, n’
represents the total number of structures measured across three biological inde-
pendent experiments. Source data are provided as a Source Data file.
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Fig. 4 | CIP2A is not essential for mitotic DNA synthesis. a RPE1 TP537", CIP2A™"
cl#1 cells and CIP2A™" cl#1 cells reconstituted with full-length CIP2A-V5 were treated
with APH (200 nM, 20 h), pulsed with EAU during mitotic entry. Representative
wide-field images of cells stained for DAPI (blue) and EdU (red). Scare bar:10 um.
b Quantification of EdU foci per mitotic cell for data from panel (a). Individual
values, medians, and interquartile range of three biologically independent experi-
ments. One-way ANOVA with Siddk’s multiple comparisons test was used on
median values per experiment. ¢ Wildtype or CIP2A” MDA-MB-231 cells were trea-
ted with APH (200 nM, 20 h) and pulsed with EdU during mitotic entry. Repre-
sentative wide-field images of MDA-MB231 cells stained for DAPI, CIP2A, SLX4, EdU
are shown. Scale bar: 10 um. d Quantification of EAU and SLX4 foci per mitotic cell
for data from panel c. Individual values, medians, and interquartile range of three
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biologically independent experiments are plotted. Two-tailed unpaired t-test was
used on the medians per experiment. e Wildtype or CIP24” HCC38 cells were
treated with APH (200 nM, 20 h), and pulsed with EdU during mitotic entry.
Quantification of EdU foci per mitotic cell in HCC38 is shown. Individual values,
medians, and interquartile range of three biologically independent experiments are
plotted. Two-tailed unpaired t-test was used on the medians per experiment.
fBT549 cells with doxycycline-indicated inducible shRNAs were treated as in panel
E. Quantification of EdU foci per mitotic cell is shown. Individual values, medians
and interquartile range of three biologically independent experiments are plotted.
Two-tailed unpared t-test was used on the medians per experiment. Throughout
the figure, ‘n’ represents the total number of cells measured across experiments.
Source data are provided as a Source Data file.

CIP2A-AC expressing cells coincided with defective SLX4, MUSS81 and
XPF recruitment. In these analyses, CIP2A-S904A was included as S904
resides in the 29 aa C-terminal region that is lacking in CIP2A-AC.
Whereas SLX4, MUS81 and XPF foci formation was only modestly and
non-significantly decreased in cells expressing CIP2A-S904A, foci

formation was strongly reduced in cells expressing CIP2A-AC (Fig. 5f-i,
Supplementary Fig. 9C, D). Combined, these observations show that
the unstructured C-terminal tail of CIP2A is required for the formation
of higher order CIP2A-TOPBP1 structures, for SMX complex recruit-
ment and to suppress micronuclei formation.
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STED microscopy was subsequently used to analyze the role and the loop-containing and filamentous structures that did form
of the C-terminal tail of CIP2A in mitotic CIP2A-TOPBP1 structure in CIP2A-AC expressing cells appeared less ordered than CIP2A-
formation. Expression of CIP2A-AC in CIP2A” cells resulted in the ~ WT structures (Fig. 5j-I). Taken together, these data indicate that
formation of low intensity CIP2A structures that co-localized with  the C-terminal tail of CIP2A is required for correct organization of
TOPBP1 (Fig. 5j, k, Supplementary Fig. 9A, B). However, formation mitotic CIP2A-TOPBP1 structures and subsequent SMX complex
of loop-containing and filamentous CIP2A-AC structures was rare, recruitment.
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Fig. 5 | Structure-function analysis of CIP2A. a CIP2A is predicted to form a stable
homodimer, involving a globular domain and a long coiled-coil. Two predicted
TOPBP1-binding sites and the possibly flexible position of the N-terminal regions
onto the coiled-coil shaft are indicated. b Cartoon and surface representation of the
predicted CIP2A:CIP2A dimer structure with two copies of TOPBP1 755-860. Pre-
dicted TOPBP1:CIP2A binding interfaces are magnified. ¢ Schematic representation
of full length (1-905) CIP2A (WT) and schematic representation of V5-tagged CIP2A
variants. Quantification of V5 foci and TOPBP1 foci per mitotic cell (d) or micro-
nuclei per cell (e) in RPE1 TP537 CIP2A”" cl#1 cells reconstituted with indicated
CIP2A-VS5 variants treated with APH (200 nM, 20 h). Individual values, medians, and
interquartile range of three (d) or at least three (e) biologically independent
experiments are plotted. Ordinary one-way ANOVA with Sidak’s multiple compar-
isons test (d) or Dunnett’s multiple comparison test (e) on medians per experiment.
f-1 CIP2A™" cells reconstituted with CIP2A-WT, CIP2A-S904A or CIP2A-AC were
treated with APH (200 nM, 20 h). Panel f: representative wide-field images of cells

stained for DAPI (blue), V5 (red), SLX4 (green). Scale bar:10 um. Quantification of
foci of SLX4 (g), MUSS8L (h) or XPF (i) per mitotic cell in CIP2A”" cl#1 reconstituted
with indicated mutants. Individual values, medians and interquartile range of three
biologically independent experiments are plotted. Ordinary one-way ANOVA with
Sidak’s multiple comparisons test on the medians per experiment. ‘n’ in panels
(d, e, g-i) represents the total number of cells across experiments. Left: confocal
overview images. Right: representative STED microscopy images of DAPI (blue), V5
(green) and TOPBP1 (red) structures in CIP2A™" cells reconstituted with CIP2A-WT
(§) or CIP2A-AC (k) for indicated structure classes after APH treatment (200 nM,
20 h). Scale bar: 5 um (confocal) or 500 nm (STED). I Quantification of indicated
structures for data from panel (j and k). Bars represent means and SEM, and ‘n’
represents the total number of observed structures, of three biologically inde-
pendent experiments. Two-tailed unpaired t test was used. Source data are pro-
vided as a Source Data file.

Mitotic CIP2A-SLX4 foci formation in BRCA1 and BRCA2
mutant cells

BRCAI and BRCA2 mutant cells were shown to have increased CIP2A
foci in mitosis and loss of BRCA1/2 is synthetic lethal with CIP2A
inactivation®'. This prompted us to investigate mitotic CIP2A foci in
isogenic RPE1 and DLD1 cell line panels with WT or mutant BRCA1/2. We
observed elevated levels of CIP2A foci in BRCAI’~ (Fig. 6a, b) and
BRCAZ27 cells (Fig. 6¢, d). Importantly, approximately 65% of CIP2A
foci in BRCA2”" cells was positive for SLX4 (Fig. 6d), whereas only
approximately 30% of the CIP2A foci in BRCAI” cells was positive for
SLX4 (Fig. 6b). To exclude a role for BRCAL in SLX4 recruitment to
mitotic CIP2A foci, we analyzed SLX4 recruitment to CIP2A foci. APH
treatment of BRCAI” cells resulted in a significant increase in mitotic
SLX4 foci (Supplementary Fig. 10A). We also observed that in BRCAI”
cells, although not all CIP2A foci are SLX4 positive, all SLX4 foci are
recruited to CIP2A sites (Supplementary Fig. 10B)

BARD1 was previously described to be required for the stability
and function of BRCA1***., In line with this function, BARD1 degrada-
tion in HCT116 BARDI*™AP cells resulted in BRCA1 depletion (Supple-
mentary Fig. 10C), and caused elevated levels of mitotic CIP2A and
SLX4 foci (Supplementary Fig. 10D). Importantly, SLX4 recruitment
was lost in CIP2A” cells (Supplementary Fig. 10D, E). Of note, we
observed that the percentage of mitotic CIP2A foci that were positive
for SLX4 in BARDI-depleted cells was approximately 40%, which was
lower than observed upon APH treatment (Supplementary Fig. 10F),
similar to observations in BRCAI”" cells (Fig. 6d). Taken together, these
data indicate that a substantial fraction of mitotic CIP2A foci recruit
SLX4 in BRCAI”", BRCA2"~ and BARDI*™AP cells, and suggest that
mitotic SMX complex recruitment is involved in DNA lesion processing
and survival in these cells.

As BRCA2 cells showed an increased number of mitotic CIP2A
foci, which were positive for SLX4, we investigated if expression of
CIP2A-AC, which precluded SMX complex recruitment, is synthetic
lethal with BRCA2 loss. To this end, we depleted BRCA2 using
doxycycline-inducible shRNAs in parental RPE1 TP53”7" cells, CIP2A™"
cells, or CIP2A” cells reconstituted with CIP2A-WT or CIP2A-AC
(Supplementary Fig. 10G). In line with a previous report, inactivation
of CIP2A resulted in a strong inhibition of clonogenic outgrowth of
BRCA2-depleted RPE1 TP537" cells (Fig. 6e, f). Importantly, viability of
BRCA2 depleted cells was rescued by expression of full-length CIP2A,
but not by expression of CIP2A-AC (Fig. 6e, f). Clearly, full length
CIP2A, which is able to form higher order CIP2A-TOPBP1 complexes
and facilitate SMX complex recruitment, is required to resolve the
mitotic DNA lesions in BRCA2 mutant cells.

SLX4 loss phenocopies CIP2A loss in BRCA1- and BRCA2-
deficient cells

Next, we aimed to investigate whether mitotic recruitment of the
SMX complex, like CIP2A, is required for genome stability of

BRCAI- and BRCA2-deficient cells. To assess this, we depleted
either SLX4 or CIP2A in BRCA1- or BRCA2 proficient and deficient
cells (Supplementary Fig. 10H, I) and quantified micronuclei for-
mation as a marker of mitotic defects. A significant and similar
increase in micronuclei formation was observed in BRCAI- and
BRCA2-deficient cells upon depletion of either SLX4 or CIP2A
(Fig. 6g-i, Supplementary Fig. 10J), whereas no significant chan-
ges were observed in BRCAI- or BRCA2-proficient cells (Fig. 6g,
h). These findings indicate that SLX4 prevents mitotic errors in
BRCAI1- or BRCA2-deficient cells, to a similar extent as CIP2A.

We further hypothesized that depletion of SLX4 or CIP2A in
BRCAI- and BRCA2-deficient cells disrupts the processing of under-
replicated DNA lesions, resulting in persistent DNA connections fol-
lowing the completion of mitosis. To test this, we quantified the
number of nucleoplasmic bridges in BRCAI- or BRCA2-proficient and
BRCAI- or BRCA2-deficient cells upon SLX4 or CIP2A depletion. Con-
sistent with a role for CIP2A and SLX4 in processing joint molecules
that result from perturbed replication, we observed a significant
increase in nucleoplasmic bridges upon loss of SLX4 or CIP2A in
BRCA1- and BRCA2-deficient cells (Fig. 6g, h, j, Supplementary
Fig. 10K), but not in BRCA1- and BRCA2-proficient cells (Fig. 6g, h).
Combined, our results show that SLX4, of which mitotic recruitment
requires CIP2A-TOPBPI, is crucial for preventing excessive genome
deterioration in BRCA1- and BRCA2-deficient cells.

Discussion

In this study, we describe the formation of CIP2A-TOPBP1 structures in
response to DNA damage during mitosis. Importantly, we find that the
CIP2A-TOPBP1 scaffold facilitates the recruitment of the SMX complex
to sites of under-replicated DNA. Formation of mitotic CIP2A-TOPBP1
structures requires a highly conserved short C-terminal domain of
CIP2A, which is also required for SMX recruitment and viability of
BRCA2 mutant cancer cells. Combined, these results demonstrate that
the CIP2A-TOPBP1 complex functions beyond DNA damage tethering
and is required for mitotic DNA lesion processing.

We observed that both perturbed DNA replication and irradia-
tion lead to CIP2A-TOPBP1 structures with similar morphology.
However, the upstream signaling required for CIP2A-TOPBP1 foci
formation was different. ATM activity is required for the formation of
IR-induced CIP2A-TOPBP1 mitotic structures, but not for formation
of APH-induced CIP2A-TOPBP1 mitotic structures. This requirement
aligns with a role for MDC1 in TOPBP1 recruitment upon mitotic DSB
generation®*>*, Moreover, these data show that replication-
mediated DNA lesions likely recruit CIP2A-TOPBP1 in a MDCI-
independent fashion.

We also find a differential composition of CIP2A-TOPBP1 com-
plexes upon IR compared to APH treatment. Our proteomic analysis
uncovered that the SMX complex is a mitotic interactor of the CIP2A-
TOPBP1 complex. In line with our proteomic results, APH-treated cells
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showed SMX complex localization to the majority of mitotic CIP2A
structures, whereas the majority of IR-induced mitotic CIP2A foci
remained SMX complex-negative. This suggests that not all mitotic
CIP2A-TOPBPI structures are formed equally and that ancillary factors
or post-translational modifications, instructed by the nature of the
DNA lesion, will determine the composition of these mitotic DNA
response complexes.
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SMX complex members were previously shown to resolve joint
DNA molecules in a cell cycle-dependent fashion. Specifically, Cyclin-
dependent kinase 1 (CDK1) and Polo-like kinase-1 (PLK1) promote the
activity of MUSS1-EMEI***" and promote assembly of the SMX
complex®®. In addition, studies in yeast showed that the SLX4 scaffold
of the SMX complex associates with the TOPBP1 orthologue Dpbll,
promoted by CDK1-mediated phosphorylation of Thr1260%. Our data
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Fig. 6 | CIP2A and SLX4 maintain genome stability in BRCA1/2 mutant cells.
Imaging and quantification of RPE1 RPE1 TP537- PAC™ cells and RPE1 TPS37~ PAC”"
BRCA1” cells (a, b) or DLD1WT cells and DLD1 BRCA2™" cells (c, d) left untreated or
treated with APH (200 nM, 20 h). Panel a, c: Representative wide-field images of
cells stained for DAPI (blue), CIP2A (red), SLX4 (green). Panel b, d: Quantification of
CIP2A and SLX4 foci per mitotic cell. Individual values, medians and interquartile
range of three biologically independent experiments are plotted. Two-way ANOVA
with Sidak’s multiple comparisons test was used on the medians per experiment.
Quantification of percentages of CIP2A foci of total number CIP2A foci co-localizing
with SLX4. Median values per experiment are plotted. Bars represent the mean and
SD of three biologically independent experiments. e Representative images of
clonogenic survival assays of doxycycline-treated parental RPE1 TP537" and CIP2A™"
cl#1 and CIP2A™" cl#1 cells, reconstituted with CIP2A-WT or CIP2A-AC with
doxycycline-inducible luciferase (shLUC) or BRCA2 (shBRCA2) shRNA.

f Quantification of colony survival for data from panel (e), normalized to
doxycycline-treated shLUC-expressing cell lines. Bars represent mean survival and
SD of three biologically independent experiments. Ordinary one-way ANOVA with
Dunnett’s multiple comparison test was used. Quantification of micronuclei and
nucleoplasmic bridges per cell for RPE1 TP537- PAC”" cells and RPE1 TP537- PAC”
BRCAT™" cells (g) or DLD1 WT and DLD1 BRCA2™ cells (h), transfected with indi-
cated siRNAs. Bars represent the mean with SEM of eight biologically independent
experiments (g) or six biologically independent experiments (h). Two-tailed
unpaired t-test was used. i, j Representative wide-field images of DLD1 BRCA2”" cells
transfected with indicated siRNAs and stained for DAPI. Arrows indicate either
micronuclei (i), or nucleoplasmic bridges (j). Throughout the figure, ‘n’ represents
the total number of cells measured per condition and scale bars represent 10 um.
Source data are provided as a Source Data file.

show that CIP2A is essential for the recruitment of SLX4 and associated
SMX complex components during mitosis. The observed complete
loss of mitotic TOPBP1 recruitment upon disruption of CIP2A likely
prevents SLX4 and SMX complex recruitment in CIP2A7 cells. Simi-
larly, a CIP2A mutant lacking the C-terminal 29 amino acids (CIP2A-AC)
supports initial recruitment of TOPBP1, but does not form higher-
order CIP2A-TOPBP1 structures and is defective for SLX4, MUSS81 and
XPF recruitment. Although the exact function of the unstructured
C-terminus of CIP2A remains elusive, based on our data one could
hypothesize that the C-terminus facilitates filament formation
between CIP2A homodimers. Mutation of the PLK1 phosphorylation
site S904 only partially phenocopied the CIP2A-AC mutant, suggesting
that other functional domains reside in the C-terminus. Previously
reported structural studies involved a truncated CIP2A construct (1-
560) due to instability of the full-length protein*®, which precluded
analysis and positioning of the C-terminal domain. However, this
truncation may have compromised the CIP2A-TOPBPI1 interaction.
Cryo-EM analysis of full-length CIP2A in combination with TOPBP1 is
warranted to uncover insights into the formation and architecture of
this complex.

Based on the different CIP2A-TOPBPI structures we observed at
the various stages of mitosis, it is tempting to speculate that the loop-
containing CIP2A-TOPBP1 structures reflect repair intermediates,
involving chromatin alterations to allow processing of the DNA lesions.
In line with this notion, the observed co-localization of CIP2A and
YH2AX at unstructured CIP2A complexes, which occur most in early
mitosis, was lost at loop-containing and filamentous structures, which
occur in later mitotic stages, suggesting ongoing processing of DNA
lesions, involving local chromatin remodeling (Fig. 7).

Filamentous CIP2A-TOPBP1 structures, which were pre-
dominantly observed in later stages of mitosis, co-localized with the
UFB component PICH in anaphase, in agreement with a previous
report demonstrating localization of TOPBP1 to UFBs in DT40 cells®®°.,
However, CIP2A only co-localized with a subset of UFBs, and the fila-
mentous CIP2A-TOPBPI structures are thus distinct from UFBs.

The observation that the number of CIP2A-TOPBP1 structures
gradually decreases during the course of mitotic progression already
suggested that DNA lesions are actively processed during mitosis,
rather than DNA ends being tethered for repair after mitosis. One form
of mitotic DNA lesion processing is MiDAS, which we show does not
require CIP2A. This observation contributes to an ongoing debate
regarding the molecular requirements for MiDAS. In RPE1 TP537" cells,
our data align with a previously reported study that MUS81 is not
required for MiDAS induced by APH*, Conversely, our previous work
demonstrated that MUSS8I is required for MiDAS induced by Cyclin E1
overexpression in RPE1 TP53”" cells'®. Similarly, short-term depletion
of MUSS8I, SLX4 or EME1 in U20S cells was reported to impair MiDAS?.
These contradictory results about the role of the SMX complex in
MiDAS™?4¢ suggest that MiDAS has context-dependent requirements.
Potentially, complex DNA lesions such as those involving oncogene-

induced R-loops, may require additional processing when compared
to under-replicated DNA induced by APH in this study. Our finding that
CIP2A is not required for MiDAS in RPE1 TP53” cells also aligns with
reported synthetic lethal interactions®. A strong synthetic lethal
interaction was observed between CIP2A and BRCA1/2 in RPE1 TP53”
cells. However, RADS2, which is essential for MiDAS in RPE1 TP537
cells, does not show profound synthetic lethality with BRCA1/2 in these
cells®. Combined, these findings argue against a major role for MiDAS
underlying the synthetic lethality between CIP2A and BRCAI1/2.

The mechanism by which SMX complex-mediated DNA breaks
at under-replicated DNA are repaired during mitosis remains lar-
gely unclear. However, recent studies have demonstrated a role for
CIP2A-TOPBP1 in the regulation of microhomology-mediated end
joining (MMEJ) during mitosis via RHINO and POLQ®***. Combined
with our finding that the CIP2A-TOPBP1 complex recruits the SMX
complex, a model emerges in which SMX complex-mediated
breaks in under-replicated regions are repaired by POLQ-
mediated microhomology-mediated end-joining (Fig. 7)**. Of
note, SMX complex components only co-localized with a subset of
CIP2A foci in BRCAI, BRCA2 or BARDI inactivated cells, suggesting
that these cells also accumulate mitotic DNA damage which is
distinct from underreplicated DNA. Hence, the synthetic lethal
effects of CIP2A loss in these cells is explained by a defect in repair
of multiple types of mitotic DNA damage.

Methods

Cell culture

All cell lines were grown in a humified incubator at 37 degrees Celsius
in 5% CO, and 20% O,. Human hTERT immortalized retinal pigmented
epithelial RPE1 cells (CRL-4000) and human embryonic kidney
HEK293T cells (CRL-3216) were obtained via the American Type Cul-
ture Collection (ATCC). DLD1 wildtype and DLD1 BRCA2’ human
colorectal adenocarcinoma cells were obtained from Horizon (Cam-
bridge, UK). RPE1 TP53" PAC” cells and RPE1 TP537" PAC’~ BRCAI""
cells were previously described®. HCT116 BARDIA™AP were described
previously”. HEK293T, MDA-MB231 and RPEI1 cells were cultured in
Dulbecco’s modified Eagle medium (DMEM, Thermofisher) com-
plemented with 10% (v/v) fetal calf serum (FCS), 1% penicillin and 1%
streptomycin (Gibco). HCC38, BT549, and DLD1 cells were cultured in
Roswell Park Memorial Institute medium (RPMI, Thermofisher), com-
plemented with 10% (v/v) FCS, 1% penicillin and 1% streptomycin
(Gibco). HCT116 BARDIA™AP cells were cultured in DMEM (Thermo-
fisher) complemented with 10% (v/v) FCS, 1% penicillin, 1% strepto-
mycin and 2 mM L-glutamine (Gibco).RPE1 TP53” PAC” cells and RPE1
TP53” PAC” BRCAI’ cells that were transfected with siRNAs were
grown in a humified incubator at 37 degrees Celsius, 5% CO, and 3% O,.

Mutagenesis
RPE1 cells harboring a TP53 mutation in exon 4 were described
previously'®®°. To generate the CIP2A knockout cell lines, a sgRNA (5
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Fig. 7 | Role of CIP2A and SMX complex in mitotic processing of
underreplicated DNA. Model depicting entry into mitosis with under-replicated
DNA. Upon removal of the replicative Cdc45-MCM-GINS (CMG) helicase,
TOPBP1-CIP2A is recruited to tether DNA lesions, and facilitates recruitment

of SMX components for lesions processing after which lesions are repaired
during mitosis.

ATCGGTTTGCTGTCTCAACT-3') targeting exon 3 was cloned into
pSpCas9(BB)-2A-GFP (px458), kindly provided by Feng Zhang
(Addgene #48138)%". All oligonucleotides were purchased from Euro-
gentec. Upon transient transfection using Fugene HD transfection,
GFP-positive cells were sorted with a Sony SH800S cell sorter at 48 h
after transfection. Lack of CIP2A expression in RPE1 TP53” clones
(CIP2A™ cl#1 and cl#2), HCT116 BARDI"™A clones (CIP2A” cl#1 and
cl#2), MDA-MB321 and HCC38 clones was confirmed by Western blot
and immunofluorescence. CIP2A mutations in the two RPE1 TP53”
clones were also confirmed with Sanger sequencing (cl#1: -1 deletion
and +1 insertion, cl#2: +1 insertion).

Cloning

Full length CIP2A was cloned from pcDNA3.1/CIP2A(1-905) WT V5 His
(Addgene #119287), which was a gift from Jukka Westermarck*®, into
retroviral pMSCV-blast which was a gift from David Mu (Addgene
#75085)%%, and subsequently different CIP2A mutations were gener-
ated in this pMSCV plasmid. For CIP2A ACC (A623-871-V5), amino acids
from both sides of the coiled coil were kept as spacer between the
globular domain and C-terminal unstructured domain to allow for
flexibility. To establish cell lines expressing doxycycline inducible
short-hairpin RNAs (shRNAs) against scrambled (5-CAACAAGATGA
AGAGCACCAA-3), luciferase (5-AGAGCTGTTTCTGAGGAGCC-3)),
BRCA2 (5-AACAACAATTACGAACCAAACTT-3’), and CIP2A (5-GCTA
GTAGACAGAGAACATAA-3), DNA oligos were cloned as previously
described into Tet-pLKO-puro vector (Addgene #21915)°. This Tet-
pLKO-puro vector was a gift from Dmitri Wiederschain™.

Short interfering RNA interference

Cells were seeded 24 h before transfection with short interfering RNAs
(siRNAs) for the negative control (SR-CL-000-005, Eurogentec),
siMUSS81 (#1: CAGCCCUGGUGGAUCGAUA and #2: CAUUAAGUG
UGGGCGUCUA), siXPF (Silencer® Select, s4801 #4392420, Thermo-
Fisher), siCIP2A (GACAACUGUCAAGUGUACCACUCUU) and siSLX4
(AAACGUGAAUGAAGCAGAA). Cells were once or twice transfected
with siRNAs using Oligofectamine™ transfection reagent (Thermo-
fisher) or Lipofectamine RNAIMAX (Invitrogen) as previously
described™®®, Cells were either harvested for Western blot or fixed for
immunofluorescence 48 h after siRNA transfection.

Immunofluorescence microscopy

Cells were seeded on glass coverslips in 6-well or 12-well plates at 48 h
prior to indicted treatments. Cells were fixed for 15 min using 2% par-
aformaldehyde in PBS. After fixation, cells were permeabilized with
0.5% Triton-X in PBS for 10 min. For MiDAS, EdU Click-IT reaction was
performed for 30 min at room temperature according to protocol
Click-IT™ EdU Cell Proliferation Kit for Imaging (Invitrogen). HCT116
BARDI*PAP were seeded in presence of doxycycline (2pg/mL) and
when indicated treated after 24 h with indole-3-acetic acid (auxin, IAA,
1mM, 72h, Sigma). Further details are provided in Supplementary
Methods. Detailed methodology for Airyscan microscopy is provided
in the Supplementary Methods.

STED microscopy

Detailed methodology is provided in the Supplementary Methods
section. STED microscopy slide preparation was performed largely as
previously described for fixed HEK293T cells”. STED imaging of fixed
samples was performed on a STED microscope (Abberior Expert
Line) with a 100x oil immersion objective (Olympus Objective
UPlanSApo 100%/1.40 oil). During imaging, z-stacks of cells were
made at confocal resolution and all CIP2A foci in each cell were
subsequently selected manually and individually imaged at STED
resolution using a custom Python script adapted from Mol and
Vlijm’%. Whereas other microscopy techniques often require refer-
ence measurements and corrections to determine the relative
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localization between different color channels, the use of a single
STED depletion donut for both excitation colors counteracts
potential wavelength dependent optical effects, resulting in almost
perfect coalignment of both excitation channels™. The numbers of
CIP2A-TOPBP1 structures per telophase in Fig. 1f and 1G may be an
overestimation of the actual number, as only cells with CIP2A-
TOPBP1 structures were measured.

Mass spectrometry

For on-bead digestion of immunoprecipitated proteins, bead mix-
tures were subjected to cysteine reduction followed by alkylation,
and trypsin (Promega) digestion. Details are provided in the Sup-
plementary Methods section. The mass spectrometry proteomics
data generated in this study have been deposited to the Proteo-
meXchange Consortium via the PRIDE partner repository under the
accession code PXD059881 [https://www.ebi.ac.uk/pride/archive/
projects/PXD059881].

In silico protein prediction

To predict the structure of CIP2A and TOPBP1, we used Alphafold
Multimer (AF2 multimer v3)™*”® run on ColabFold’® with standard set-
tings (pair mode: unpaired, paired, 5 models with 3 or 10 recycles).
Models were ranked according to their predicted template modeling
(pTM) scores and top-ranked models were analyzed and visualized in
ChimeraX”. pAE plots were generated with ChimeraX”’, and were
annotated using Adobe Illustrator.

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

Data availability

The mass spectrometry proteomics data generated in this study have
been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository under the accession code PXD059881. All raw
STED data generated in this study have been deposited on Data-
verseNL (https://doi.org/10.34894/03KAFO). The AlphaFold models
generated in this study are available in ModelArchive with the
accession number ma-qrg0q [https://www.modelarchive.org/doi/10.
5452/ma-qrg0q]. Source data are provided with this paper.

Code availability

The interactive Wiener Filter used for deconvolution of STED images
using Jupyter Notebook can be found at GitHub (https://github.com/
Vlijm-Lab/Wiener filter) and Zenodo (https://zenodo.org/records/
15075206)%,
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