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Abstract

Nuclear actin-based movements support DNA double-strand break (DSB) repair. However, molecular determinants that promote filamentous
actin (Factin) formation on the damaged chromatin remain undefined. Here we describe the DYRK1A kinase as a nuclear activity that promotes
local Factin assembly to support DSB mobility and repair, accomplished in part by its targeting of actin nucleator spire homolog 1 (Spir1).
Indeed, perturbing DYRK1A-dependent phosphorylation of S482 mis-regulated Spir1 accumulation at damaged-modified chromatin, and led to
compromised DSB-associated actin polymerization and attenuated DNA repair. Our findings uncover a role of the DYRK1A-Spir1 axis in nuclear
actin dynamics during early DSB responses, and highlight the intricate details of nuclear cytoskeletal network in DSB repair and genome stability
maintenance.

Graphical abstract
1. DYRK1A promotes Spir1 phosphorylation at S482 to dissociate Spir1 from DSB

pS482

2. DYRK1A-Spir1 axis promotes local F-actin assembly to assist DSB repair

DNA double-strand break (DSB)

Introduction mology search (3,8,10), DNA end resection (11), and suppres-

DNA double-strand breaks (DSBs) are one of the most cyto-
toxic lesions and require elaborated chromatin responses for
effective repair (1,2). Notably, while chromatin is in constant
motion within the cell nucleus, it has become established that
mobility of the damaged chromatin increases (3-7) to drive
DSB processing and repair (6,8,9). In addition to fostering ho-

sion of aberrant recombination events (12,13), DSB mobiliza-
tion also facilitates access of the damaged chromatin to DNA
repair factors by relocalising DSBs outside of heterochromatin
compartments (9,14), as well as by altering the dynamics of
local chromatin condensation (15). Together, these seminal
findings highlight DSB mobility as a driver for DNA repair,
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encompassing both homology-dependent repair (HR) of DSBs
as well as non-homologous end joining (NHE])-mediated re-
pair of telomeric DNA (16,17).

To drive and direct DSB motions, cells rely on nuclear cy-
toskeletal network and an emerging list of regulatory factors
(9,11,17,18). In particular, Spire proteins are endowed with
actin nucleating activities and represent one of three major
classes of actin nucleators (including Arp2/3 and formins)
that promote actin polymerization (19,20). As one of the
members in the Spire family, Spire homolog 1, hereafter re-
ferred to as Spirl, has been shown to interact with formin 2
(FMN2) to participate in actin filament elongation (20-22).
Notably, loss of Spirl/2 proteins has been shown to com-
promise FMN2-mediated actin filament (F-actin) formation at
DNA damage sites, implicating a role of Spir1/2 in control-
ling DSB-induced F-actin assembly (23). While nuclear actin
filaments have been shown to assemble at sites of DNA dam-
age to support Ataxia telangiectasia and Rad3 related (ATR)
recruitment to DSBs and its downstream signaling events (24),
the role of Spirl, together with the underlying mechanism(s)
via which Spir1 regulates local F-actin organization at DSBs,
remain to be defined.

Dual-specificity tyrosine phosphorylation-regulated kinase
1A (DYRK1A) is a serine/threonine kinase member of the
DYRK protein kinase family (25). DYRK1A has documented
functions in a variety of biological process that range from
transcription to cell cycle progression (26-29). Notably,
DYRK1A was previously identified as an interacting partner
of the Ring Finger protein RNF169, a negative regulator of
DSB signal transduction, suggesting that DYRK1A may also
contribute to DSB repair control (30-32). In line with this
idea, DYRK1A was more recently implicated in B cell class
switch recombination by regulating MSH6 phosphorylation
(33).

Here we report that the DYRK1A kinase mediates actin
polymerization on the damaged chromatin via actin nucle-
ator Spirl. We show that DYRK1A targets Spirl at Ser482
to drive productive F-actin assembly and effective DSB repair.
Our findings underscore pleotropic roles of the DYRK1A ki-
nase in early DNA damage responses (DDRs).

Materials and methods

Cell culture

U20S, HEK-293T and hTERT-RPE1 cells were cultured in
DMEM supplemented with 10% fetal bovine serum (FBS) and
1% Pen-Strep at 37°C in 5% CO, with saturated humidity.
U20S-AID-DIVA cells, a kind gift from Dr G. Legube (CBI
Toulouse), were cultured as described previously (34,35).

Plasmids, primers, antibodies, chemicals and
ionizing radiation

Antibodies, chemicals, and plasmids used in this study are
listed in Supplementary Table S1. Primers used in this study
are listed in Supplementary Table S2. Guide RNA (gRNA) se-
quences were cloned into LentiCRISPR-v2 plasmid backbone
following the instruction of Target Guide Sequence Cloning
Protocol (Gecko) (36,37). Unless specified otherwise, cDNAs
were transferred to their respective expression vectors by
Gateway cloning (Invitrogen). [onizing radiation (IR) was de-
livered using the Gammacell® 3000 Elan irradiator according
to manufacturer instructions.
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Transient transfection and RNA interference

For transient transfection of plasmids, plasmids were mixed
with polyethylenimine (PEI) with a mass ratio of 1:4 in
serum-free DMEM. The transfection mix was incubated at
room temperature for 15 min and were applied to cells. Cells
were harvested 24 hours after transfection for experiments.
For knockdown experiments using small interfering RNA
(siRNA), siRNA was mixed with Oligofectamine (Invitrogen)
in serum-free DMEM, followed by incubation at room tem-
perature for 15 min. Cells were washed once with 1x PBS, fol-
lowed by incubation with siRNA mix for 8 h. FBS-containing
culture medium was subsequently added to the transfected
cells. Cells were transfected with siRNA as described above
for three rounds at 24 h intervals and were harvested at least
48 h after siRNA transfection for experiments.

Lentiviral packaging and transduction

HEK293T cells were co-transfected with the target lentiviral-
based construct, and packaging plasmids psPAX2 and
pMD2.G at a mass ratio of 4:3:1 using PEI. Supernatant
containing lentiviral particles were collected and filtered
(0.45 wm) at 48 h and 72 h after transfection, respectively. For
transduction, the filtered supernatant was mixed with poly-
brene (8.0 ug/ml) and were applied to the recipient cells. The
recipient cells were transduced twice at 24-h intervals prior to
antibiotic selection.

Generation of knockout cell line using CRISPR/Cas9
system

Oligos of the guide RNA (gRNA) were cloned into
plentiCRISPR-V2 vector as described (36). The constructs
were then subjected to lentiviral packaging and transduction
procedures described above, and transduced cells were there-
after selected by puromycin (2.0pg/ml). Knockout efficiency
of cells was verified by western blotting analysis. To obtain
clean knockout cell lines, the pool knockout cells were sub-
cloned when necessary. The sequence of gRNAs used in this
study are listed in Supplementary Table S2.

Generation of doxycycline-inducible stable cell
lines for ectopic protein expression

c¢DNAs were cloned into a lentiviral-based expression vec-
tor containing a Tet response element (TRE) promoter and
an SFB (S protein, Flag, and Streptavidin-binding peptide)-
expressing sequence. Expression constructs were delivered
into target cells following lentiviral packaging and transduc-
tion procedures described above. The transduced cells were
subsequently selected using G418 (2.0mg/ml) for one week.
To induce ectopic protein expression, cells were incubated in
doxycyclin (Dox; Sigma) at indicated concentrations for 24 h
prior to experiments.

Western blotting

Cells scraped from culture dishes were pelleted at 5000 rpm,
followed by lysis using NETN buffer (20 mM Tris—=HCI,
pH 8.0, 100 mM NaCl, 0.5% NP40 substitute and 1 mM
EDTA) supplemented with Bitnuclease (Biotool) on ice for
20 min. 10 mM B-glycerol phosphate was added to the ly-
sis buffer when necessary. The lysates were then mixed with
4x SDS loading buffer and boiled for 5 min. Proteins in
boiled lysates were separated by SDS-PAGE and transferred to
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PVDF membranes. The membranes were subsequently blot-
ted with indicated primary antibodies. Protein bands were
visualized by the ChemiDoc™ MP imaging system (Bio-
Rad) after the addition of SuperSignal® West Pico Chemi-
luminescent Substrate (Thermo Scientific) onto the blotted
membranes.

Subcellular fractionation to obtain nuclear-enriched
extract

HEK293T cells from one 10cm dish were harvested and re-
suspended in 400 pl ice-cold fractionation buffer A (10 mM
HEPES, pH7 .9, 10 mM KCl, 1.5 mM MgCl,, 0.5 mM DTT),
followed by incubation on ice for 5 min. Crude nuclear ex-
tract was obtained from this cell suspension via centrifuga-
tion at 250 rcf for 5 min at 4°C, followed by aspiration of
supernatant. This crude nuclear extract was resuspended in
200ul chilled buffer S1 (0.25M sucrose, 10mM MgCl,) and
layered on 200 pl chilled buffer S2 (0.35 M sucrose, 0.5 mM
MgCl,). The crude nuclear extract was then further purified
via centrifugation at 1450 rcf for 5 min at 4°C, followed by
supernatant removal. The pellet containing nuclear-enriched
extract was washed by ice-cold NETN buffer for downstream
experiment(s).

Coimmunoprecipitation (co-IP) and denaturing
immunoprecipitation

For co-IP experiments, cells were pelleted and lysed with
200l NETN buffer supplemented with Bitnuclease (Biotool)
on ice for 20 min and topped up with 600 ul chilled NETN
buffer thereafter. Clear supernatant was collected from the
lysate by a centrifugation at 15 000 rpm at 4°C for 10 min, fol-
lowed by the incubation with Streptavidin beads (GE Health-
care) on rocker at 4°C for 4 h. The beads were then washed
with chilled NETN buffer, boiled with SDS loading buffer
and subjected to Western blotting analysis. For denaturing im-
munoprecipitation, cell pellets were lysed using NETN buffer
supplemented with Bitnuclease (Biotool) and B on ice for
20 min and topped up by 600 ul chilled denaturing buffer
(20 mM Tris=HCI, pH 8.0, 50 mM NaCl, 0.5% NP40, 0.5%
deoxycholate, 1% SDS and 1 mM EDTA). The lysates were
then boiled for 5 min and centrifuged at 15 000 rpm at 4°C
for 10 min. Clear supernatant was collected and incubated
with anti-Flag resin (Biotool) on rocker at 4°C overnight. Af-
ter incubation, the beads were washed with chilled denaturing
buffer, boiled with SDS loading buffer and were proceeded for
SDS-PAGE analysis.

Immunofluorescence (IF) staining

A monolayer of cells grown on cover slips were fixed using 3%
paraformaldehyde (PFA) at room temperature for 15 min, fol-
lowed by permeabilization using 0.5 % triton solution for 10s.
Permeabilized cells were sequentially incubated with indicated
primary antibodies for 45 min at room temperature, followed
by fluorophore-conjugated secondary antibodies for 45 min
at room temperature. The antibodies were diluted in 3% BSA
solution. Nuclei were stained using DAPI diluted in 1x PBS.
The stained coverslips were mounted on glass slides with
mounting medium (Dako, Agilent). Images were captured us-
ing an Olympus BXS53 fluorescence microscope for analysis in
Image].
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Laser microirradiation experiments

U20S cells cultured on glass-bottomed 35 mm confocal dishes
(SPL Life Sciences) were transfected with the indicated GFP-
tagged expression constructs. The confocal dishes were placed
into a 37°C live cell chamber supplied with 5% CO, for laser
microirradiation 24 h after transfection. Laser microirradia-
tion was conducted on a Zeiss LSM 780 Inverted Confocal
Microscope equipped with Coherent Chameleon Vision Laser
I1. The laser output for inducing localized DNA damage was
set to be 750 nm (11% power) with two-photon process-
ing. Timelapse images were acquired using ZEN 2012 soft-
ware (Carl Zeiss) and a 40 x 1.4 oil DIC objective. Fading
of emission intensity over time in the timelapse images col-
lected were corrected using the bleach correction function in
Fiji. Intensity of the microirradiated ROI over time in bleach-
corrected images was measured using Fiji. The timepoint be-
fore microirradiation was set as t=-2s, while the timepoint
immediately after microirradiation was set as t = 0 s. The
ROI intensity at t = Os was used as the background value.
Normalized intensity was calculated following the equation
below:

Normalised intensity =

MEFI of microirradiated ROI at t = ns — MFI of microirradiated ROI at t = 0Os
MEFI of microirradiated ROI at t = —2s — MFI of microirradiated ROI at t = Os

where MFI stands for mean fluorescence intensity. For statis-
tical testing, traces of normalized intensity values over time
were fitted to one-phase association model using the non-
linear regression function in GraphPad Prism 8 software (Dot-
matics). Individual span values, in this case the plateau of
each fitted curve, were plotted for statistical analysis, and are
shown as individual datapoints in the bar charts. Unless stated
otherwise, all microirradiation data in this study was collected
from 3 independent experiments.

For microirradiation experiments in cells for immunofluo-
rescence (IF) staining, a monolayer of U20S cells were grown
on ®25mm round cover slips (Epredia). The cover slips with
cells were secured with Attofluor™ Cell Chamber (Invitro-
gen). During microirradiation, this chamber was incubated at
37°C with 5% CO; and saturated humidity. DNA damage
was induced by 750 nm two-photon laser mentioned above,
with an output power of 80%. This laser light was applied
to the cover slip under a 10x objective, with a 4 x 5 tile scan
and a line strep of 8. These microirradiated cells on cover slips
were fixed using 3% PFA as described above for IF staining.

Metaphase spreading

After 3Gy radiation, hTERT-RPE1 cells were incubated in
culture medium with 0.03ug/ml colcemid (GibcoTMKary-
oMAXTM) for 3 hat 37°C. Cells were subsequently harvested
and incubated in 2ml 0.8% (m/v) sodium citrate for 15 min at
37°C, followed by the addition of Sml freshly prepared fixa-
tive (methanol: acetic acid, 3:1, v/v) and further incubation for
5 min at 37°C. Cells were thereafter washed with the fixative
for three times and resuspended in up to 0.5 ml fixative. 20 ul
of suspension was dropped onto clean glass slides and air-
dried. To visualize metaphases, the air-dried glass slides were
stained with DAPI solution, mounted with coverslips, and ob-
served under 100x oil immersion lens of Nikon fluorescence
microscope for quantifying chromosomal aberrations.
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G2/M checkpoint assay

Cells were trypsinized and harvested at indicated timepoints
after 3Gy IR challenge. Harvested cells were washed once
with ice-cold 1xPBS, followed by fixation using ice-cold 70%
ethanol added in a dropwise manner. After overnight incuba-
tion at =20°C, cells were washed once with 1x PBS. Mitotic
cells were labeled by sequential incubation in anti-H3pSer10
antibody, followed by the corresponding FTIC-conjugated
secondary antibody. Each antibody was diluted in 200 pl
50mM sodium citrate for a 30-minute incubation with cells
at room temperature. Cells were washed twice with 1x PBS
after each antibody incubation. The stained cells were sub-
jected to RNase A digestion in 50mM sodium citrate for 30
min at room temperature, followed by the addition of pro-
pidium iodide (50ug/ml). The mitotic population labeled was
visualized by flow cytometric analysis using BD FACS Cantoll
Analyzer (San Jose, CA, USA).

Live cell imaging of DSB foci tracking experiments
c¢DNAs of 53BP1 and PALB2 in Gateway-compatible entry
vectors were transferred to lentiviral-based destination vec-
tor pLVpuro-CMV-N-mCherry. The resulting pLVpuro-CMV-
mCherry-53BP1 and pLVpuro-CMV-mCherry-PALB2 were
used for generating stable U20S-DIVA cell lines with stable
expression of mCherry-53BP1 and mCherry-PALB2, respec-
tively, via lentiviral induction. These cell lines were cultured
on glass-bottomed 35 mm confocal dishes (SPL Life Sciences).
On the day of live cell imaging, cells were incubated with
600 nM 4-OHT for 4 h at 37°C. Cells were then washed with
1xPBS twice and were incubated with culture medium con-
taining 500pg/ml auxin, together with DMSO or 100 uM
CK-666 (Sigma Aldrich), respectively, for 1 h prior to imaging.
Images were acquired using an Eclipse Ti2-E widefield micro-
scope (Nikon) equipped with a 60 x DIC N2 oil objective and
a Tokai Hit on-stage incubation system. The Perfect Focus Sys-
tem (Nikon) was applied to maintain the focus throughout live
cell imaging experiment. By using the Metamorph 7.10.2.240
software, images were collected as z-series at 0.4 um-step were
collected every 5 min for at least 45 min.

Analysis of DSB foci mobility

Live cell images collected were processed using Fiji with the
required plugins as described (38). Maximal intensity projec-
tions of each z-stack images were generated. These projections
were grouped and imported as image series to construct t-
stacks. As mCherry-tagged 53BP1 and PALB2 labeled the cell
nucleus, the entire nuclear mCherry signal in the t-stacks was
used for registration and drift correction using MultistackReg
plugin. The TrackMate plugin were then applied to track foci
movements during the imaging duration. Mean-square dis-
placement (MSD) of these foci were calculated using the MS-
Danalyzer developed by Tarantino et al. (39) on the MATLAB
(version R2022a) software. To calculate diffusion coefficient
(D) and anomalous diffusion coefficient («), eight time inter-
vals of the mean MSD curve of individual nucleus were fitted
to the power law MSD = 4D(#)%, where t refers to time, using
the Solver Add-in of Microsoft Excel. For DSB foci cluster-
ing analysis, a DSB foci cluster event is defined as at least two
foci colocalise for at least three consecutive timeframes in the
time-series images.
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TMTpro-16 labeling and phosphopeptides analysis

RPE-1, RPE-1 DYRK1A KO, RPE-1 TRE-DYRK1A(WT)-
SFB and RPE1-TRE-DYRK1A(K188R)-SFB were cultured in
the presence of 2 pg/ml doxycycline for 36 h prior to har-
vesting. Cells were lysed in 2% SDS and 100 mM Tris—HCI,
pH 7.6 supplemented with fresh protease (Pierce, A32963)
and phosphatase inhibitors (Pierce, A32957). Protein con-
centration was measured using BCA protein assay (Pierce,
23225) and 300 pg of protein were reduced with SmM Tris(2-
caboxyethyl) phosphine hydrochloride for 30 min at 37°C fol-
lowed by alkylation using iodoacetamide (10mM, 30 min at
room temperature), and purified via chloroform/methanol ex-
traction. Protein pellets were digested with trypsin at a pro-
tein:trypsin ratio of 50:1 overnight at 37°C. Tryptic peptides
were acidified with 0.1% formic acid and desalted on a C18
Sep-Pak (Waters, WAT054955). Eluted peptides were dried
using SpeedVac. Four 300 ug replicates from each group were
labeled using TMTproTM 16 plex labels (Thermo, A44521)
following the manufacturer’s instructions. 10 ul of labeled
peptide from each sample was combined and analysed for
proper mixing by mass spectrometry. After the ratio-check,
labeled peptides were mixed in equal proportions and TMT-
labeled phosphopeptides were enriched by TiO2 beads (High-
Select TiO2 Phosphopeptide Enrichment Kit; Pierce, 88303)
followed by the High-Select Fe-NTA Phosphopeptide Enrich-
ment Kit (Pierce, A32992). Eluates from both kits were dried,
resuspended and combined in basic buffer A (10mM ammo-
nium hydroxide, pH 10). Combined eluates were fractionated
in 42 fractions by basic pH reverse phase UltiMate 3000 ultra-
high performance liquid chromatography system equipped
with a 100x 1.0-mm Acquity BEH C18 column and a 40-
min gradient from 99:1 to 60:40 basic buffer A:B ratio (basic
buffer A: 0.1% formic acid, 0.5 % acetonitrile, 10 mM ammo-
nium hydroxide, pH 10; basic buffer B: 99.9% acetonitrile,
10 mM ammonium hydroxide, pH 10). TMT-labeled phos-
phopeptides were analysed as previously reported with the
following changes (40). Fractionation was performed using
an UltiMate 3000 RSLCnano equipped with a 150x 0.075-
mm column packed with XSelect CSH C18 2.5 uM resin (Wa-
ters, 186006103) for reverse-phase fractionation, in-line with
an Orbitrap Fusion Eclipse Tribrid mass spectrometer. Pep-
tides were eluted over a 100-min gradient of 97:3 buffer A
(0.1% formic and 0.5 % acetonitrile) to buffer B (0.1% formic
acid and 99.9% acetonitrile) to 67:33 A:B. Eluted peptides
were ionized by electrospray ionization at 2.2 kV. TMTpro
reporter quantities and peptide sequences were collected by
Multinotch MS3 (41). Mass spectra (MS1) of 400-1600 m2/z
was collected in the Orbitrap at 120 000 resolution. Higher-
energy collisional dissociation (HCD) at 30.0 normalized col-
lision energy was used to fragment selected ions and 200-
1400 m/z fragment ions were measured for second round
mass spectrometry (MS2) in the ion trap. Synchronous pre-
cursor selection was employed to target up to 10 MS2 ions
for fragmentation by HCD at 50.0 normalized collision en-
ergy and third round mass spectrometry (MS3) data were
collected for reporter ions between 100 and 500 m2/z with
50000 resolution within the Orbitrap. Data were analysed
using MaxQuant as previously described (40) with TMT-
proTM 16-plex labeling for lysine residues and peptide N-
termini as fixed modifications. Intensities corresponding to
TMT-labeled, phosphopeptides were analysed in R using the
Limma package.
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Pathway and process enrichment analysis

Gene ontology analysis and Network plots were gener-
ated using Metascape web-based portal (https://metascape.
org/gp/index.html#/main/step1) (42). The following ontology
databases were used for the pathway and process enrich-
ment analysis: KEGG Pathway, GO Biological Processes, Re-
actome Gene Sets, Canonical Pathways, CORUM, WikiPath-
ways and PANTHER Pathways. All genes in human genome
were used as background for comparison. Ontology terms
with P-values <0.01, minimum counts of 3, and enrichment
factors >1.5 (the ratio of the observed count to the counts
expected by chance) were grouped into clusters according to
their similarities. In each cluster, the ontology term with the
smallest P-value was selected as the representative of the clus-
ter. For network plots, enriched terms, which were denoted by
nodes, with Kappa similarities >0.3 were linked with edges.

Statistical analysis

Error bars represent mean + SEM from three independent
experiments unless stated otherwise. When necessary, one-
way ANOVA was performed for comparison of three of more
groups prior to post-hoc t-tests. Two-tailed Student’s ¢ test
was performed for comparisons between two groups and a
P-value <0.05 would be considered as statistically significant.

Results

DYRK1A is recruited to DSBs

We first examined if DYRK1A may respond to laser-induced
DNA damage using commercially available DYRK1A anti-
bodies (Supplementary Figure S1A-B). Consistent with the
idea that DYRK1A participates in DSB responses, we ob-
served that laser microirradiation led to accumulation of
DYRK1A protein at DNA damage tracks (Figure 1A-C).
Moreover, DYRK1A also accumulates at FokI-induced DSBs
(Supplementary Figure S1C). To probe how DYRK1A assem-
bles at DSBs, we generated a panel of green fluorescence pro-
tein (GFP)-tagged DYRK1A alleles and examined their abili-
ties to accumulate at laser-microirradiated sites (Figure 1D).
Accordingly, we found that the DYRK1A N-terminus, which
contains both the nuclear localisation sequence (NLS) and the
RNF169-binding site (30), was required for productive ac-
cumulation of DYRK1A at DSBs (Figure 1E, F). Given the
previously proposed RNF169-dependent role of DYRK1A
in DSB repair (30-32), we therefore tested if the RNF169-
DYRKT1A interaction may be crucial for DYRK1A docking
on laser-damaged DNA by examining RNF169-binding de-
fective DYRK1A mutants (Figure 1G). Intriguingly, deletion of
RNF169-binding sequence did not noticeably affect DYRK1A
recruitment to laser-induced DSBs (Figure 1H, I), suggest-
ing that the DYRK1A kinase may have RNF169-independent
role(s) during early DSB responses.

To define the genetic requirements that license DYRK1A en-
richment at DSBs, we chemically inhibited the activities of two
master DNA Damage Response (DDR) regulators, namely
Poly (ADP-ribose) polymerase (PARP) and Ataxia Telangiec-
tasia Mutated (ATM). While ATM inhibition had minimal im-
pact on DYRK1A docking at DSBs, DYRK1A accumulation at
laser-induced DNA damage tracks was suppressed in PARP-
inhibited cells (Figure 1], K). These observations indicate that
DYRKI1A is a DSB-responsive factor, and that it may rely on
PARP activities during early DDRs.
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DYRK1A promotes DSB repair

Consistent with a role of DYRK1A in DSB responses,
DYRK1A depletion led to persistent IR-induced DNA damage
foci, including those marked by DNA damage markers S3BP1
and YH2AX (Supplementary Figure S2A-C). Timely resolu-
tion of DNA damage foci strictly required its kinase activity,
as wildtype (WT) but not its catalytic inactive K188R mutant
complemented loss of DYRK1A (Supplementary Figure S2A-
C). We also depleted DYRK1A in cells and examined their
chromosomal stability following an ionizing radiation (IR)
challenge. Chromosomal stability was analysed by scoring
for chromosomal aberrations in metaphase cells after IR
treatment. Accordingly, we found that DYRK1A-ablated cells
displayed higher radiosensitivity when compared to control
(Supplementary Figure S2D-F), in line with a recent study that
reported a role of DYRK1A in conferring radioresistance in
pancreatic cancer cells (43). Furthermore, such increase of ra-
diosensitivity was rescued by WT DYRK1A but not its K188R
mutant, indicating that the DYRK1A kinase activity is re-
quired to support chromosomal repair (Supplementary Figure
S2D-F).

To exclude the possibility that elevated chromosomal aber-
rations detected in mitotic cells may have resulted from com-
promised G2 checkpoint arrest, we also examined if DYRK1A
may be important for IR-induced G2/M checkpoint con-
trol. By monitoring cell entrance into mitosis, we found that
DYRK1A was dispensable for G2/M checkpoint activation
upon IR challenge (Supplementary Figure S3A-C). Taken to-
gether, our findings support the idea the DYRK1A kinase may
play direct roles in DSB repair processes.

Phospho-proteomic studies link DYRK1A to actin
organization control

Given the requirement of the DYRK1A kinase activity in
DSB repair, we profiled the DYRK1A phospho-proteome
by comparing phospho-peptides from isogenic h\TERT-RPE1
cell line derivatives, including parental cells, cells with ec-
topic Flag-tagged wildtype (WT-OE) and K188R (Mut-OE)
DYRK1A expression, and DYRK1A knockout (KO) cells
(Supplementary Figure S4A). Phospho-peptides significantly
enriched in OE cells over the KO counterparts were con-
sidered putative DYRK1A targets (Supplementary Figure
S4B, Supplementary Table S3). In line with the literature
(44), motif analysis of putative DYRK1A substrates revealed
that DYRK1A preferentially targeted serine/threonine (S/T)
residues followed by a proline (P) residue, with an enrich-
ment of arginine (R) residues at position -3 (Figure 2A). We
also performed gene ontology analysis using Metascape web-
based portal (42), and found that putative DYRK1A targets
revealed strong association with actin organization control
(Figure 2B-D). Although DYRK1A has been reported to nega-
tively regulate actin polymerization in the cytoplasm (45-47),
this prompted us to consider the possibility that DYRK1A
may contribute to DSB repair by controlling nuclear actin
dynamics.

DYRK1A promotes F-actin assembly at DSBs and
DSB mobility

To visualize nuclear actin dynamics at DSBs, we compared
established subcellular localisation of F-actin probes, namely
utrophin230-EGFP-3xNLS (Utr230-EN) and actin chromo-
body (Actin-CB-GFP-NLS) (Supplementary Figure SSA, B),
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Figure 1. Early recruitment of DYRK1A requires PARP and is independent of binding to RNF169. (A) Schematic illustration of laser microirradiation
experiment. (B) Representative images of endogenous DYRK1TA with and without laser microirradiation. Cells are fixed 20 min after microirradiation and
are then stained by primary and secondary antibody. Positions of damaged DNA are visualized by yH2AX staining. Arrows denote the microirradiation
sites. Dotted lines indicate nuclei outlines. The percentage of DYRK1A stripe-positive cells over yH2AX stripe-positive cells are shown. (C) Full western
blot of DYRK1TA for U20S control and DYRK1TA knockout (KO)cells. * denotes non-specific band. (D) Schematic illustration of DYRK1A-full length (FL) and
domain deletion mutants. Expressions of GFP-tagged DYRK1A derivatives are validated via Western blotting analysis. (E) Representative images of
GFP-DYRK1A derivatives in U20S cells before and after laser microirradiation. Arrows denote the laser microirradiation sites. Orange lines indicate the
area chosen for reslice analysis of timelapse images. (F) Quantification of GFP-DYRK1A kinetics of (E). Error bars represent mean + SEM from indicated
number of nuclei of each sample. (G) Schematic illustration of RNF169, DYRK1A, and the binding-defective mutants. Co-immunoprecipitation (co-IP)
blots indicate that DYRK1A-A91-113 and DYRK1A-A88-104 do not bind to RNF169. (H) Representative images of GFP-DYRK1A derivatives in
microirradiated U20S cells. Arrows denote the laser microirradiation sites. Orange lines indicate the area chosen for reslice analysis of timelapse
images. (I) Quantification of GFP-DYRK1A kinetics of (H). Error bars represent mean 4+ SEM from indicated number of nuclei of each sample. (J)
Representative images of GFP-DYRK1A-FL in U20S cells before and after laser microirradiation upon indicated treatments. DMSO, ATM inhibitor (ATMi,
10uM KU55933 for 1 h), PARP inhibitor (PARPi, 10 uM Olaparib for 1 h) and ATMi + PARPi combined are applied before laser microirradiation. Arrows
denote the laser microirradiation sites. Orange lines indicate the area chosen for reslice analysis of timelapse images. (K) Quantification of
GFP-DYRK1A-FL kinetics of (J). Error bars represent mean + SEM from indicated number of nuclei of each sample.
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represents one phospho-peptide. Phospho-peptides which are with log, fold change >1 and adjusted P-value <0.05 are defined as putative DYRKTA
targets. Enriched phospho-peptides from known actin regulators are denoted in orange spots. Apart from Spir1_S482, ACTB_S323 and ACTB_S368,

phosphopeptides with top 10 —logqg (adjusted P-values) and top 10 log, (fold change) values are also labeled from the plot. (C) The top 20 enriched

ontology clusters of the putative DYRK1A targets identified in this phospho-proteomic study. Pathway and process enrichment analysis are performed
using the Metascape web-based portal (42). The enriched ontology terms are grouped into clusters based on their similarities. The clusters are ranked
by —logo (P-value). In each cluster, the ontology term with the smallest P-value is selected as the representative of the corresponding cluster. (D) The

network plot of the top 20 enriched ontology clusters generated using the Metascape web-based portal (42). Each node represents an enriched
ontology term. Terms with the same colour belong to the same cluster.
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and were able to consistently detect enrichment of both probes
at laser microirradiated sites, albeit with different kinetics
(Figure 3A, B, Supplementary Figure S5C, D) (24,48). We
took advantage of Utr230-EN due to its robustness in accu-
mulating at DSBs (Nuclear expression pattern 2; see Figure
3A, B, Supplementary Figure S5C, D) in a manner that de-
pended on PARP activity (Supplementary Figure SSE, F). Con-
sistent with a role of DYRK1A in F-actin assembly at DSBs,
loss of DYRK1A led to attenuated Utr230-EN accrual at laser-
induced DSBs (Figure 3C-E). In line with a role of its kinase
activity, we found that wildtype but not its kinase-inactive mu-
tant complemented DYRK1A loss in supporting Utr230-EN
enrichment at laser-induced DNA damage tracks (Figure 3C-
E). Similarly, chemical inhibition of DYRK1A also attenuated
F-actin assembly at DSBs (Figure 3F, G).

The actin-related protein 2/3 complex (Arp2/3) has previ-
ously been implicated in F-actin assembly at DSBs. Intrigu-
ingly, we found that chemical inhibition of Arp2/3 using
CK666 compromised F-actin assembly at DSBs. Given that
Utr230-EN enrichment at laser microirradiated sites was fur-
ther exacerbated when CK666 was combined with DYRK1A
deficiency (Figure 3H-J), we postulate that DYRK1A and
Arp2/3 may cooperate to support full-blown F-actin assembly
during DSB repair.

F-actin assembly on the damaged chromatin has been docu-
mented to drive DSB movements. To this end, we tested the ef-
fect of DYRK1A on DSB mobility by tracking DSB foci move-
ments (49). Accordingly, we generated U20S-DIVA cell line
derivatives (Figure 4A) with stable expression of mCherry-
tagged TP53-binding protein 1 (53BP1) or Partner and lo-
calizer of BRCA2 (PALB2), surrogate markers for NHE] and
HR repair, respectively (50). Because 53BP1 may serve roles
beyond NHE], we focused our analyses on PALB2. Follow-
ing a previously established approach (11), we induced DSBs
and tracked the movement of mCherry foci, which denote
the positions of damaged DNA (Figure 4B). We also included
CK666-treated cells as positive control, as CK666 specifically
inhibits actin-related protein 2/3 complex (Arp2/3) and in
turn leads to suppressed DSB mobility (9,11). Accordingly, we
compared the track length and found that DYRK1A loss im-
paired the mobility of PALB2- and 53BP1-marked DSBs (Fig-
ure 4C-E, Supplementary Figure S6, Movie S1). Moreover,
clustering of PALB2-labeled DNA damage foci was also de-
pendent on DYRK1A and Arp2/3 (Figure 4F-H, Movie S2).
We concluded that DYRK1A promotes DSB mobility, and that
this may be effected via local F-actin assembly at DSBs.

Spir1 promotes F-actin formation at DSBs

Considering that DYRK1A supports DSB mobility and local
F-actin formation, we reviewed the putative DYRK1A tar-
get list from our phospho-proteomic analysis, and identified
the actin regulator Spirl as a candidate DYRK1A effector
(Supplementary Figure S7A). We confirmed that DYRK1A
does indeed promote Spirl phosphorylation as detected us-
ing anti pS/T-P antibodies (Supplementary Figure S7B). Given
that both Spir proteins have been implicated in DSB repair
(23) and the emerging interplay between FYVE domains and
phosphatidylinositols on DSB-flanking chromatin (51), we
first compared Spirl and Spir2, and were intrigued by the
presence of a putative NLS on the C-terminal FYVE do-
main of Spirl (Supplementary Figure S7C). In support of a
possible role of Spirl in DSB responses, GFP-Spirl FYVE
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predominantly resided in the nucleus, and was able to con-
centrate productively at laser-induced DNA damage tracks
(Supplementary Figure S7D-E). We next analysed responsive-
ness of full-length Spir1 (GFP-Spir1) to laser microirradiation.
GFP-tagged Spirl proteins distributed across the entire cell,
and we were only able to detect marginal accumulation of the
protein at DSBs (Figure SA-B, Supplementary Figure SSA-B)
Notably, while GFP-Spir1 mobilized to laser-induced DSBs in
a PARP-dependent manner, DYRK1 inhibition appears to re-
sult in more pronounced accumulation of Spirl on the dam-
aged chromatin (Supplementary Figure S8A, B). To corrob-
orate this observation, we monitored GFP-Spirl accumula-
tion at laser-induced DSBs in DYRK1A knockout (KO) cells
(Figure 5A-C). Consistently, we found more robust accumu-
lation of GFP-Spirl at DSBs in DYRK1A-depleted cells com-
pared to its isogenic U20S control cells (Figure 5A-C), sug-
gesting that DYRK1A may promote Spirl turnover from the
damaged chromatin. To exclude off-target effect and to exam-
ine the requirement of DYRK1A kinase activity, we reconsti-
tuted DYRK1A KO cells with wildtype DYRK1A or its kinase
inactive K188R mutant. Similar to DYRK1A-inhibited cells,
GFP-Spirl hyper-accumulated in cells expressing the K188R
mutant allele (Figure SA-C), suggesting that DYRK1A may
indeed facilitate Spirl dissociation from DSBs in a kinase-
dependent manner.

DYRK1A promotes Spir1 turnover at DSBs via
phosphorylation at Spir1-S482

We next investigated the effect(s) of DYRK1A-dependent
phosphorylation on Spirl occupancy at DSBs. To this end,
we generated the phospho-mimetic (§482D) and the phospho-
dead (S482A) Spirl mutants (Figure 5D). Consistent with a
possible role of DYRK1A-dependent phosphorylation in neg-
atively regulating Spir1 retention at DSBs, DSB recruitment of
Spirl $482D was attenuated when compared to either wild-
type Spirl or its phospho-dead S482A mutant (Figure SE, F).

To further explore how Spir1 targets DSBs, we generated a
panel of Spirl deletion mutants (Supplementary Figure S9A),
namely a KIND domain deletion mutant (AKIND) and a
WH2 domain deletion mutant (AWH?2). The Spir1 KIND and
WH2 domains have been reported to mediate its interaction
with FMN2 and actin, respectively (20,21,52). Intriguingly,
the KIND domain deletion mutant (AKIND) was excluded
from the nucleus, and was not noticeably detected at laser-
induced DNA damage tracks (Supplementary Figure S9B, C).
By contrast, we reproducibly observed more robust accumu-
lation of AWH2 on the damaged chromatin, suggesting that
the ability of Spirl to target DSBs does not require its inter-
action with actin moieties, and that its inability to nucleate
F-actin may lead to its prolonged association on the dam-
aged chromatin. To test this idea, we depleted the actin nu-
clear import factor IPO9, and examined the recruitment ki-
netics of GFP-Spir1 at laser-induced DSBs. Consistently, we
found that GFP-Spirl accumulation was more pronounced in
IPOY-inactivated cells (Supplementary Figure S9D, E). Sim-
ilarly, chemical inhibition of Arp2/3 also led to more robust
accumulation of Spir1 at DSBs (Supplementary Figure S9F, G).
Interestingly, our observation that CK666 treatment did not
affect S482D recruitment kinetics suggests that DYRK1A-
dependent Spirl phosphorylation is sufficient to promote
its chromatin dissociation (Supplementary Figure S10A, B).
Although the specificities of available anti-Spirl antibodies
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marker. (B) Intensity quantification of timelapsed microirradiation data. Each normalised intensity track is fitted to one-phase association model. Span

denotes plateau of the fitted curves. (C) Representative images of Utr230-EN in indicated U20S derivatives before and after laser microirradiation.

Ectopic DYRKTA expression is induced with 2 ug/ml doxycycline (Dox) for 24 h prior to microirradiation. Loss of DYRK1A lead to attenuated Utr230-EN
accrual at laserinduced DSBs. Arrows denote the laser microirradiation sites. Orange lines indicate the area chosen for reslice analysis of timelapse
images. (D) Quantification of Utr230-EN kinetics and summarised span of (C). Error bars represent mean £+ SEM from indicated numbers of nuclei of
each sample. *P < 0.05; ns, non-significant. (E) Western blotting analysis of U20S derivatives used in (C) and (D). *, non-specific band. (F)
Representative images of Utr230-EN in DYRK1A-inhibited U20S cells. DYRKTA inhibitors, including harmine (10 uM for 1 h), EGCG (2.5 uM for 3 h) and
CX4945 (10 uM for 1 h), attenuate F-actin assembly at DSBs. Arrows denote the laser microirradiation sites. Orange lines indicate the area chosen for

reslice analysis of timelapse images. (G) Quantification of Utr230-EN kinetics and summarized span of (F). Error bars represent mean + SEM from

indicated numbers of nuclei of each sample. *P < 0.05; **P < 0.01. (H) Representative images of Utr230-EN in indicated U20S derivatives. Arp2/3

complex inhibitor CK666 (100 1M for 1 h prior to laser microirradiation) compromises F-actin assembly at DSBs. Arrows denote the laser microirradiation

sites. Orange lines indicate the area chosen for reslice analysis of timelapse images. (I) Quantification of Utr230-EN kinetics and summarised span of
(H). Error bars represent mean £+ SEM from indicated numbers of nuclei of each sample. *P < 0.05; **P < 0.01, ***P < 0.001. (J) Western blotting

analysis of (H) and (I). *, non-specific band.
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precluded us from examining the responsiveness of endoge-
nous Spirl to DSBs by indirect immunofluorescence studies
(Supplementary Figure S11A-C), these observations support
the idea that Spirl participates in DSB responses by targeting
the damaged chromatin, and that DYRK1A-dependent phos-
phorylation of Spir1 may regulate its occupancy and dynamics
at DSBs.

DYRK1A cooperates with Spir1 to promote local
F-actin formation and DSB repair

To test if DYRK1A and Spirl may be epistatic in DSB-
associated F-actin assembly, we generated Spirl KO cells, as
well as Spirl and DYRK1A double KO cells. In resemblance
to DYRK1A-ablated cells, Spirl deficiency led to attenuated
F-actin formation at DSBs (Figure 6A—C), and resulted in per-
sistent DNA damage foci (Supplementary Figure S12A-C).
When compared to the cells with either DYRK1A ablation or
Spir1 depletion alone, the DYRK1A and Spir1 double knock-
out cells did not show further aggravation in these pheno-
types (Figure 6A-C, Supplementary Figure S12A-C). More-
over, similar to Spirl, IPO9 inactivation attenuated F-actin
assembly and DNA damage foci clearance to the same ex-
tent as combined loss of IPO9 and DYRK1A (Figure 6D-
F, Supplementary Figure S12D-F), supporting the nuclear-
specific role of DYRK1A in promoting DSB-associated actin
polymerization. Together, these findings further corroborated
that DYRK1A and Spir1 participate in the same pathway to
regulate nuclear F-actin assembly and DSB repair.

To further examine the importance of DYRK1A-dependent
Spir1 phosphorylation in DSB responses, we first reconstituted
Spirl KO cells with the wildtype Spir1 allele, and optimized
conditions that would allow ectopically expressed Spirl to
support F-actin assembly on the damaged chromatin in other-
wise Spirl-deficient cells (Supplementary Figure S13A-C). In-
triguingly, we found that neither the phospho-mimicking nor
the phospho-dead Spirl mutant complemented loss of Spirl
in either DSB-associated F-actin assembly (Figure 6G-I) or
DNA damage foci clearance in either wildtype background
(Supplementary Figure S14A-C) or DYRK1A-deficient back-
ground (Supplementary Figure S15A-C), pointing to a role
of DYRK1A in regulating the Spirl-dependent actin nucleat-
ing via a phosphorylation and dephosphorylation cycle on the
damaged chromatin.

Discussion

Increased mobility of DSB chromatin domains facilitates
DNA repair, but the molecular details that drive the nu-
clear response remain to be defined. Here we have uncovered
DYRK1A as a nuclear activity that fuels DSB mobilization
and repair. The requirement of DYRK1A kinase activity in
promoting genome stability (Supplementary Figure S2) also
led us to identify the actin nucleating factor Spirl as a bona
fide DYRK1A target (Figure 2B; Supplementary Figure S7A),
where we show that DYRK1A promotes Spirl phosphoryla-
tion at S482 to prevent its otherwise sustained accumulation
on the damaged chromatin. Indeed, in reminiscence to ‘trap-
ping’ of catalytically-inactive DNA damage signaling factors
at DSBs (53,54), genetic or chemical inactivation of IPO9,
Spirl or Arp2/3 led to substantial increase in fraction of cells
with visible DYRK1A accumulation at laser-induced DNA
damage tracks (Supplementary Figure S16A-C), further sup-

Nucleic Acids Research, 2024, Vol. 52, No. 15

porting the notion that DYRK1A encodes a nuclear activity
that fuels F-actin assembly at DSBs. We propose that such reg-
ulation ensures dynamic Spirl activity at DSBs and underlies
productive F-actin assembly on the damaged chromatin (Fig-
ure 7).

While all three classes of major actin nucleator proteins,
namely Arp2/3, formins and Spire, have been implicated
in DNA repair processes (9,11,13,19,23), it has remained
unclear how Spire proteins promote F-actin assembly on
the damaged chromatin. Here we found that Spirl targets
DSBs via its FYVE domain (Supplementary Figure S7C-E),
and that DYRK1A-dependent Spirl phosphorylation is key
to the regulation of Spirl dynamics at DSBs. The proposal
is based on the fact that genetic inactivation of DYRK1A
or chemical inhibition of its kinase activity led to hyper-
accumulation of Spirl at laser-induced DSBs (Figure SA-C,
Supplementary Figure S8). In agreement, while S482D attenu-
ated Spir1 accumulation at laser-induced DNA damage tracks,
the phospho-dead S482A mutant was more readily mobilized
onto the damaged chromatin (Figure SE, F). Although how
Spirl phosphorylation/dephosphorylation cycle underlies F-
actin assembly remains to be elucidated, we posit that S482
phosphorylation may allosterically regulate Spirl occupancy
on the damaged chromatin. We envisage that Spirl serves
its actin nucleating role by concentrating actin monomers to
DNA damage sites via its actin binding WH2 repeats. Such
working model would predict that Spirl undergoes dynamic
association and dissociation to permit productive actin poly-
merization. Moreover, that both Spirl S482A and $482D ex-
hibited perturbed recruitment kinetics to laser-induced DNA
damage tracks, and that neither supported DSB-induced F-
actin formation (Figure 6G-I) or DNA damage foci clearance
(Supplementary Figure S14A-C) highlight the importance of
Spirl dynamics at DSBs in effective local nuclear F-actin as-
sembly, and unequivocally underlines its function in DSBs re-
sponses (Figure 7).

Considering the contrasting difference between full-length
Spirl and its FYVE in docking at DSBs, one would envis-
age that Spirl actin nucleating activity may be one of the
determinants that underlie its kinetics at DSBs, a preposition
that is supported by our observations wherein inactivating of
either Spirl WH2 repeats and actin nuclear importer IPO9
similarly led to Spirl ‘hyperaccumulation’ on the damaged
chromatin (Supplementary Figure S9A-D). Given that FYVE
domains are endowed with affinities for phosphatidylinositol
phosphates (PIPs), and that PIPs have implicated roles in DNA
damage signal transduction (24,55), it would be of interest to
study how Spirl FYVE interacts with DSB-associated PIPs,
and to identify the specific PIP(s) that Spirl FYVE interacts
with to appreciate the emerging interplay of DNA damage-
induced actin polymerization and PIPs on the damaged
chromatin.

In summary, we have identified the DYRK1A kinase as a
nuclear regulator of actin nucleator Spirl. Our findings sug-
gest that DYRK1A targets Spirl on the damaged chromatin to
drive its recycling to facilitate actin polymerization that effects
DNA repair.

Data availability

The phospho-proteomic data generated in this study have
been uploaded to ProteomeXchange, project accession num-
ber: PXD031714.
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Figure 6. DYRK1A-dependent actin dynamics at DSBs requires Spirl. (A) Representative images of Utr230-EN in microirradiated U20S with DYRK1TA
depleted, Spir1 ablated, and DYRK1A-Spir1 double knockout (KO), respectively. The deficiency of either DYRK1A or Spir1 leads to similar attenuation of
Factin formation at DSBs. Arrows denote the laser microirradiation sites. Orange lines indicate the area chosen for reslice analysis of timelapse images.
(B) Quantification of Utr230-EN kinetics and summarized span of (A). Error bars represent mean + SEM from indicated numbers of nuclei of each
sample. *, p < 0.05; **, p < 0.01; ns, non-significant. (C) Western blotting analysis of (A) and (B). *, non-specific band. (D) Representative images of
Utr230-EN in control and DYRK1TA-KO cells with IPO9 inactivation. Knockdown of IPO9 attenuates F-actin assembly at DSBs. Arrows denote the laser
microirradiation sites. Orange lines indicate the area chosen for reslice analysis of timelapse images. (E) Quantification of Utr230-EN kinetics and
summarized span of (D). Error bars represent mean &+ SEM from indicated numbers of nuclei of each sample. **P < 0.01; ***P < 0.001; ns,
non-significant. (F) Western blotting analysis of (D) and (E). *, non-specific band. (G) Representative images of Utr230-EN in indicated U20S derivatives.
Ectopic Spir1-Flag expression was induced with 2 pg doxycycline (Dox) for 24 h prior to laser microirradiation. Neither the phospho-mimicking nor the
phospho-dead Spir1 mutant complements the loss of Spir1 in DSB-associated F-actin assembly. Arrows denote the laser microirradiation sites. Orange
lines indicate the area chosen for reslice analysis of timelapse images. (H) Quantification of Utr230-EN kinetics and summarized span of (G). Error bars
represent mean + SEM from indicated numbers of nuclei of each sample. * P < 0.05; ns, non-significant. (I) Western blotting analysis of (G) and (H).
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