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Abstract

Spatiotemporal condensation of biomolecules has emerged as a critical mechanism
for coordinating the DNA repair process at double-strand breaks (DSBs). The
multifunctional RNA-binding protein Y14/RBMS8A facilitates non-homologous end
joining (NHEJ) through RNA-guided interactions at damage sites. Structurally, Y14
contains charged intrinsically disordered regions (IDRs) that provide the basis for its
liquid-liquid phase separation (LLPS). SR protein kinase-1 (SRPKI1)-mediated
phosphorylation of C-terminal RS dipeptides enables Y14 to undergo magnesium-
dependent LLPS in vitro. Phosphorylated Y14 (pY 14) condensates accommodate DNA
damage response (DDR) factors such as Ku70/80 and nucleic acids such as IncRNA
HOTAIRM1I. Non-phosphorylated Y 14 bound poly(ADP-ribose) (PAR) polymers with a
higher affinity than phosphorylated Y 14, suggesting that Y14 is recruited to DNA lesions
prior to its phosphorylation by SRPK1. Y14 forms condensates after phosphorylation
with Mg?" present. Together, our findings suggested electrostatic interaction-mediated

LLPS for recruiting DNA repair factors to Y14 condensates at DNA damage sites.

Keywords: liquid-liquid phase separation, phosphorylation, divalent cation, electrostatic

interaction, DNA damage repair

doi:10.6342/NTU202502570



Table of contents

I S 4
= PP 1
BB B s iii
F N 013 ¢ T SR U PP OTRTUPTRPRTUPROT v
TADIE OF COMEENES.....vviiiieitieiiie ettt bbbttt be e e be e sae e \
INEEOAUCTION ..ttt e e e s re e e e e e nne e 1
DNA repair is activated to maintain genome INtEEIItY .......ccevvvvrrrerrverireerieeenreennennns 1
Liquid-liquid phase separation enables dynamic biochemical organization ............ 3
The role of liquid-liquid phase separation in DNA damage repair...........cccoceeeeennnne 5
Nucleic acids modulate liquid-liquid phase separation behavior..............ccccocviniene 6

Multifunctional RNA processing factor Y 14 participates in DNA damage repair

and undergoes liquid-liquid phase separation ............cccoceveviieniiiennie e 9

doi:10.6342/NTU202502570



2] ) B 12

SRPK1 phosphorylates Y14 in CellS......cccviiiiiiiiiiiiiiiiiiieciiies et 12
Mg?* promotes phospho-Y 14 to undergo LLPS.........cccccoveveriireviiireiiiereseeessenans 14
NHE]J factors engage charged IDRs to partition into Y 14-driven condensates...... 18
Nucleic acid partitioning into pY 14 droplets ........cccoceeriiiiiiiiiiiieneee e, 20
Y 14 does not distinguish RNA m®A modifications.............cccceervrrireveveresisiererennns 22
Y14 interacts With PAR ......oooiiiii e 24
IS CUSSION. ..ttt ettt ettt ettt ettt et ekt be e ht e ekt e e et ek e e me e e bt e amb e e nbe e e nt e e nneeenneeneas 26
The effects of DDR kinases on Y14 phosphorylation are indirect. ..............ccoeee 26
pY 14 droplets exhibit greater stability than Y 14 under Mg?*/PEG conditions...... 27

pY 14 co-phase separates with RNA and NHEJ factors via electrostatic interactions.

................................................................................................................................ 28
Limitations 0f the StUAY ........cooiiiiiiiiie e 30
Materials and MEthOdS.........coooviiiiiiiiic 31

Cell culture and drug treatment ...........cccoecveiieiiiiiiie s 31

doi:10.6342/NTU202502570



Phos-tag gel analysis ........cuiiiiiiiiiiiiiiie e e 31

Protein purification of non-tagged Y14 .......cooviiiiiiiiiiiiiiii it 32
In vitro phosphorylation of recombinant Y14 ...........ccooeiiiiiiiiiiiiiic e 33
MASS SPECLIOMEGIIY ..uvviiieeiiieie ettt e e e s st e e s annb e e e s nnnees 34
Liquid-liquid phase Separation @SSAY..........ccuerverreererriuieseesieeseeseee e e esreesneens 34
SEAIMENTATION ASSAY +..vevveviereirieesie ettt are e 35
TUIDIAILY ASSAY . ..uviiiieietieiie et r e ne e 35
Fluorescence recovery after photobleaching (FRAP) ..o, 36
Far WESTEIM .....eviiiiiie e 37
PAR DINAING @SSAY ....vevviiiiiiiiiieii i 37
I VItro tTANSCTIPHION ...t 38
Electrophoretic Mobility Shift Assay (EMSA) .....oooiiiiiiiiice e 40
FIGUIES .. 41
Fig. 1 SRPK1 phosphorylates Y14 i Vivo ........cccccovviiiiiiiiiiiiicic e 41
Fig. 2 Mg*" promotes LLPS 0f PY 14 .....c.cooiiuiviiiiiiieieieiseceiee et 43
vii

doi:10.6342/NTU202502570



Fig. 3 Analysis of the interaction between pY 14 and IDR peptides using Far

WESLEIN DIOt ...t 45
Fig. 4 Co-phase separation of nucleic acids with pY 14 .......cccccoviiiniiiiiiii e, 47
Fig. 5 Y14 interacts With PAR ........cccoooiiiiiiii e 49
YN o) 153 116 1 PRSP 50
Appendix 1 In vitro phosphorylation of Y14 ..o, 51
Appendix 2 Non-tagged recombinant Y 14 purification ...........c.cceevevviiervenennenn 52
Appendix 3 Mg?* promotes LLPS 0f pY 14.....ccoviveiiieiniiieiieresicsesseieseseessens 55

Appendix 4 Electrostatic interaction drives Ku70 partitioning into pY 14

LoT0) A Te (< 41T 1 1o TR 57

Appendix 5 EMSA shows that m®A modification does not affect the binding

between Y14 and INCRINA HIM =3 oottt 60

Appendix 6 EMSA shows that m®A modification does not affect Y14 and RNA

DINAING ..t 62

S (<) () 1L PR 63

viii

doi:10.6342/NTU202502570



Introduction

DNA repair is activated to maintain genome integrity

Deoxyribonucleic acid (DNA) encodes essential genetic information for replication,

transcription, and inheritance; however, its integrity is constantly threatened by

endogenous factors such as reactive oxygen species (ROS), replication stress, and

hydrolysis, as well as exogenous insults including ultraviolet (UV) light, ionizing

radiation, and chemotherapeutics [1, 2]. DNA lesions include single-strand breaks (SSBs),

double-strand breaks (DSBs), base modifications, and inter-strand crosslinks. Among

them, DSBs are the most lethal type due to their potential to induce genome instability or

cell death [3]. To preserve genome stability, cells activate DNA damage response (DDR),

which includes DNA repair [4], DNA damage tolerance pathways [5], cell cycle

checkpoints [6, 7], transcriptional regulations [8], and others [9], with DNA damage

repair playing a central role in maintaining genome integrity.

In mammals, DSBs are primarily repaired by homologous recombination (HR) and

non-homologous end joining (NHEJ). HR relies on sister chromatids during late S/G2

phases, while NHEJ functions across the cell cycle by directly ligating DNA ends. The

choice between these pathways depends on cell cycle phase, DNA end features, and
1
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chromatin structure [10]. Upon DSBs, poly(ADP-ribose) polymerase-1 (PARP-1) rapidly
detects DNA ends and synthesizes poly(ADP-ribose) (PAR) chains to remodel chromatin
and recruit repair proteins [11-13]. In canonical NHEJ, Ku70/80 heterodimers bind DNA
ends and scaffold the recruitment of DNA-dependent protein kinase catalytic subunit
(DNA-PKcs), which phosphorylates downstream substrates like Artemis, a 5’ to 3’
endonuclease, to process incompatible ends. DNA ligase IV (Lig4), with X-ray repair
cross-complementing protein 4 (XRCC4) and XRCC4-like factor (XLF), then completes

end ligation [14].

Beyond canonical enzymatic pathways, DNA repair research has expanded to
encompass nuclear biophysics and transcriptional regulation. Notably, liquid-liquid phase
separation (LLPS) has emerged as a mechanism by which repair proteins such as FUS,
53BP1, or MRNIP form membraneless condensates at damage sites, enhancing spatial
organization and facilitating repair efficiency [15, 16]. DSBs also trigger the synthesis of
damage-induced long non-coding RNAs (dilncRNAs), which act as scaffolds to recruit
repair factors and, in some cases, promote their phase separation into dynamic
compartments [17-19]. In addition, DDR rapidly activates RNA modifications, including

N6-methyladenosine (m°A), which is deposited at DNA breaks and is required for the
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recruitment of repair proteins such as polymerase « [20, 21]. These RNA-guided and

biophysical mechanisms offer emerging insights into how cells may organize repair

processes in space and time, with LLPS increasingly recognized as a potential regulatory

principle during DSB repair.

Liquid-liquid phase separation enables dynamic biochemical organization

Cells typically compartmentalize biochemical reactions using phospholipid bilayers,

forming energy-consuming organelles [22]. In contrast, membrane-less organelles

(MLOs) such as nucleoli, stress granules, and P bodies, achieve spatial organization

through LLPS, a rapid and energy-efficient mechanism [23, 24]. Upon stimulation,

macromolecules condense into liquid-like droplets that assemble biomolecules at specific

loci, selectively enrich components, and package or isolate molecules to regulate diverse

cellular processes [19, 25, 26].

To understand how LLPS enables dynamic compartmentalization, it is essential to

explore its driving forces. Physically, increased biomolecular concentrations reduce

system entropy, inducing phase separation into coexisting dense and dilute regions [27,

28]. Biochemically, scaffold proteins drive LLPS typically through two types of

multivalent interactions. One involves conventional intermolecular contacts, such as

doi:10.6342/NTU202502570



protein-protein and protein-RNA interactions, while the other relies on weak, transient,
multivalent forces between intrinsically disordered regions (IDRs) or low-complexity
domains (LCDs) of proteins, including n-m stacking, electrostatic interactions, cation-w
contacts, and hydrophobic effects [29]. These interactions guide the selective recruitment
of client molecules into condensates, which display hallmark features such as fusion and
fission, spherical shape, fluidity, and sensitivity to ionic strength, pH, or temperature [27,

28].

Regulatory mechanisms such as post-translational modifications (PTMs) and ionic
microenvironments further fine-tune LLPS in DDR [30]. For example, PARylation by
PARPI initiates condensate formation, while PARG removes the PAR chains to dissolve
them [31]. Phosphorylation of scaffold proteins, like Tau by MARK?2, enhances LLPS but
may drive irreversible aggregation under chronic stress [32]. Additionally, ionic
microenvironments fine-tune condensate properties. Divalent cations such as Zn>" act as
structural regulators, facilitating TIA-1 phase separation through metal coordination that
promotes multimerization and RNA binding, thus enabling incorporation into stress

granules while preventing aberrant aggregation [33, 34].
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The role of liquid-liquid phase separation in DNA damage repair

Recent studies have revealed that LLPS contributes to various biological processes,

including DNA damage repair [35], mRNA transcription [36-38], genome organization

[39], immune response [40], and neuronal synaptic signaling [41]. During DDR, LLPS

facilitates the rapid assembly of repair condensates at DSB sites, concentrating DNA

repair factors to enhance repair efficiency [15, 42]. Unlike classical repair foci, these

condensates exhibit liquid-like features such as fusion, dynamic protein exchange, and

recapitulation in vitro that generally participate in every stage throughout DDR. Strikingly,

approximately 10% of DDR-related proteins contain highly disordered regions (predictor

of natural disordered regions (PONDR) score > 0.7), suggesting phase separation is a

common regulatory feature in the repair machinery [43].

During the DSB sensing phase, LLPS drives the recruitment of PAR-associated

proteins like FUS to damage sites, promoting Ku70/80 loading and YH2A.X cluster

formation [31, 44]. In signal transduction, LLPS condensates facilitate MRN complex

accumulation via MRNIP droplets and promote ATM activation [43], while SUMOylated

RNF168 undergoes phase separation that limits its accessibility to DSB sites, thereby

fine-tuning signal propagation [45]. As repair progresses, the formation of 53BPI
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condensates is essential for coordinating DSB resolution and cell cycle checkpoint control

[46, 47]. Moreover, non-POU domain-containing octamer-binding (NONO) droplets help

define repair pathway preference by recruiting DNA-PK and nuclear EGFR, driving

NHEJ [48].

Various damage-associated signals dynamically regulate how DNA repair proteins

undergo phase separation at chromatin. For instance, dilncRNA promotes the

condensation of 53BP1 and forms DNA—RNA hybrids that enhance HR [19]. PARylation

of FUS by PARP1 induces phase separation at DSB sites, creating compartments enriched

in repair machinery [49]. Chromatin modifications such as phosphorylation,

ubiquitination, and methylation are recognized by functional domains on 53BP1, thereby

promoting its phase separation at DNA damage sites [50]. Aberrant PTMs in LLPS-prone

proteins have also been associated with disease pathogenesis [51].

Nucleic acids modulate liquid-liquid phase separation behavior

In addition to PTMs, environmental cues, and molecular interactions, nucleic acids

contribute significantly to the regulation of LLPS. Several MLOs rely on RNA—protein

interactions to mediate cellular functions, including P bodies for RNA storage [52], Cajal

bodies for RNA processing and assembly [53], and paraspeckles for transcriptional
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control via sequestration of regulatory RNAs and proteins [54]. Extending beyond RNA

metabolism, LLPS also governs chromatin organization. Heterochromatin protein 1a

(HPla), a key factor in chromatin condensation, centromere integrity, and

heterochromatin formation, undergoes LLPS through oligomerization [55-57]. HPla

selectively co-phase separates with nucleosomes and H3K9me3-marked DNA to form

transcriptionally repressive compartments, which dynamically dissolve during mitosis

[58, 59].

Nucleic acids influence LLPS behavior through multiple parameters, including their

concentration, sequence, structure, and stoichiometric ratios with proteins. For instance,

RNA enhances FUS condensate formation at moderate concentrations but disrupts it

when exceeding a threshold [60]. Similar concentration-sensitive behaviors are observed

in p53 upon DNA or RNA binding [61, 62]. Enhancer sequences containing transcription

factor binding sites for MED1 and OCT4 can trigger droplet formation at a low

concentration, while higher enhancer density promotes larger transcriptional condensates

[63]. Notably, Neatl IncRNA enhances FUS LLPS despite high total nuclear RNA levels,

whereas other tRNA or RNA suppress it, highlighting the sequence-selective role of RNA

in LLPS regulation [64].
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Most nucleic acids lack defined tertiary structures, giving them intrinsic flexibility

similar to protein IDRs and allowing participation in LLPS via weak multivalent

interactions. The higher flexibility of nucleic acids makes them easier to undergo LLPS.

This flexibility is reflected in sequence-dependent physical properties; for example,

poly(T)-ssDNA and AT-rich dsDNA are softer and more capable of supporting droplet

formation under high-salt conditions than poly(A)-ssDNA or GC-rich dsDNA [65]. In

contrast, structured RNAs such as G-quadruplexes (G4) promote LLPS through defined

interactions with themselves or partner proteins, including Ded1p and FUS [51, 66, 67].

In certain cases, nucleic acids induce subcompartmentalization within condensates,

forming either dense cores or hollow vesicle-like structures. For example, polyA-RNA

and the deadenylase CNOT7 segregate into distinct phases within FMRP-ACPRIN1

condensates, a spatial arrangement that may enhance the efficiency of RNA deadenylation

[68]. Additionally, hollow condensates can arise when RNA is added at an imbalanced

ratio with proteins. RPM, a positively charged and arginine-rich protein, forms a dense

shell and hollow vesicle interiors when mixed with a higher RNA molar ratio [69]. These

structures remain liquid and respond to external stimuli, reflecting their dynamic nature

[68, 69]. Furthermore, nucleic acids can be linked to pathological phase transitions; for
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instance, RNA prevents FUS droplets from solidifying [60], while G4-containing

r(CGG)99 RNA accelerates FMRpolyG aggregation, a process that can be reversed by

G4-binding molecules such as PpIX [70]. Different nucleic acids modulate condensate

properties in a system-dependent and structure-specific manner.

Multifunctional RNA processing factor Y14 participates in DNA damage repair

and undergoes liquid-liquid phase separation

Y14, encoded by the RBMS8A gene, is a conserved RNA processing factor containing

an RNA recognition motif (RRM). As a core component of the exon junction complex

(EJC), Y14 facilitates mRNA surveillance via the nonsense-mediated decay (NMD)

pathway and enhances translation efficiency [71]. Beyond its canonical roles, Y14 also

modulates alternative splicing of apoptosis-related genes, producing isoforms with

divergent effects on cell fate [72, 73]. In vitro, SRSF protein kinase 1 (SRPK1)

phosphorylates Y14 at a conserved RS repeat in its C-terminal region, a motif essential

for protein interaction and localization [74].

Functional analyses have revealed that Y14 is essential for cell fate determination.

Its depletion induced cell death, G2/M cell-cycle arrest, and apoptosis accumulation [75].

Mouse genetic studies further demonstrate its necessary role in cortical development [76,
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77]. Knockdown of Y14 leads to aberrant splicing and dysregulation of key regulatory

factors such as p53 and p21, both of which are crucial for maintaining genomic integrity

[75]. In megakaryocytes, Y14 loss activates the p53-p21 axis, resulting in impaired

differentiation and reduced platelet production under genotoxic stress [78].

Recent studies indicate that Y14 directly interacts with DDR factors and contributes

to efficient NHEJ repair. In contrast, overexpression of a non-phosphorylatable mutant,

Y14-SA, reduces the repair efficiency and prevents its accumulation at DSB sites,

underscoring the importance of Y14 phosphorylation in DNA repair [79]. Our previous

study also identified HOTAIRM1 as a Y 14-associated IncRNA that functions in NHEJ

repair and acts as a scaffold bridging Y14 to the NHEJ complex [80]. Structurally, Y14

contains two charged-enriched modular IDRs at its N- and C-terminal domains, enabling

its salt-sensitive phase separation. We previously demonstrated that Y 14 undergoes LLPS,

and in vitro co-condensates with HOTAIRMI through electrostatic interactions,

particularly via its arginine-rich domain [81]. This RNA-dependent condensation

provides a potential mechanism by which Y14 and HOTAIRM1 contribute to the assembly

of DNA repair-related condensates.

10
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Aims

Phosphorylation of Y14 is known to be essential for its accumulation at DSB sites

and the promotion of efficient DNA damage repair. Although Y14 has been shown to

undergo LLPS, it remains unclear whether the phosphorylated form also forms

condensates or contributes to LLPS-mediated DNA repair. This study aims to characterize

the LLPS behavior of phosphorylated Y 14 and examine its interactions with nucleic acids.

11
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Results

SRPK1 phosphorylates Y14 in cells

Previous studies demonstrated that Y14 participates in DNA double-strand break
(DSB) repair [79] [79, 80]. We previously reported that Y14 exists primarily in a
phosphorylated form in cells, and that serine/arginine-rich splicing factor protein kinase-
1 (SRPK1) phosphorylates its C-terminal RS dipeptides at Ser166 and Ser168 in vitro
([82], Fig. 1A). Moreover, deletion of the C-terminal region of Y14 (Y 14-AC) or the non-
phosphorylatable Y14 mutant (Y14-SA) impaired DSB repair efficiency [79, 81]. Our
recent data further demonstrate that both Y14-AC and Y 14-SA fail to localize to laser-
induced DNA damage sites. The Ku heterodimer interacts more strongly with
phosphorylated Y14 than with its non-phosphorylated form [79]. In addition, Y14
recruitment to DNA damage sites was abolished not only by SRPK1 inhibition but also
upon treatment with PARP, ATM, ATR, or DNA-PK inhibitors. These findings suggest

that Y14 phosphorylation is critical for its recruitment to DSB sites and efficient repair.

To investigate whether Y14 is a substrate of DNA damage response (DDR) kinases,

we performed in vitro kinase assays and analyzed phosphorylation using Phos-tag SDS-

12
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PAGE, which retards the mobility of phosphorylated proteins. Both ATM and DNA-PK

induced a clear mobility shift of recombinant Y14 (Appendix 1A, lanes 3 and 4),

comparable to SRPK1-phosphorylated Y 14 used as a positive control (Appendix 1A, lane

2), indicating that all three kinases phosphorylate Y14 in vitro. Mass spectrometry

analysis identified an RSRS-containing phosphopeptide with one or two mass shifts of

~79.97 Da, consistent with mono- or di-phosphorylation. Fragment ion spectra confirmed

phosphorylation at Ser166 and Ser168 (Appendix 1B). Although mass shifts were directly

visualized only for SRPK1-phosphorylated Y14 (Appendix 1B), peptide-spectrum match

(PSM) counts indicated robust modification at the same sites by DNA-PK and ATM as

well (Appendix 1C), suggesting that all three kinases can target the C-terminal RSRS

motif in vitro.

Although all tested kinases phosphorylated Y14 in the in vitro kinase assay, mass

spectrometry revealed additional phosphorylation events outside the RS dipeptides,

including modifications on tyrosine, serine, and threonine residues. These modifications

likely resulted from using excess kinase and a single substrate in vitro. To assess whether

SRPK1 or DDR kinases are responsible for Y14 phosphorylation in vivo, we treated

U20S cells with selective kinase inhibitors and analyzed endogenous Y14 by Phos-tag

13
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SDS-PAGE. Inhibition of SRPK1 using SRPIN340 caused a marked mobility shift
indicative of Y14 dephosphorylation, comparable to that observed with alkaline
phosphatase treatment (negative control) (Fig. 1B, lanes 1, 2, and 6). This
dephosphorylation is consistent with our observation that Y14 fails to localize to DNA
damage sites upon SRPIN340 treatment. In contrast, treatment with ATM (KU55933),
DNA-PK (NU7441), or ATR (VE-821) inhibitors did not alter Y14 mobility on Phos-tag
gels (Fig. 1B, lanes 3-5), despite these treatments abolishing Y 14 recruitment to damage
sites. Although inhibition of these DDR factors disrupted Y14 localization to DNA
damage sites, treatment with these inhibitors did not lead to detectable Y14
dephosphorylation. These observations suggest that Y14 phosphorylation may be

regulated by factors other than these DDR kinases.

Mg?* promotes phospho-Y14 to undergo LLPS

Several DDR factors, including 53BP1 [35], FUS [80], MDC1 [83], and MRNIP
[84], are known to accumulate at DSB sites in a spatiotemporally coordinated manner to
form phase-separated condensates. Structural prediction of Y14 revealed a modular,
electrostatically charged architecture, with intrinsically disordered regions (IDRs) at both

the N- and C-termini [81], a feature commonly associated with LLPS potential.

14
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Consistent with this, our previous study showed that recombinant S- and His-tagged Y14

undergoes reversible LLPS in vitro, forming dynamic, liquid-like droplets correlating

with its role in DSB repair [81]. Furthermore, Y14 localization at laser-induced DSB

stripes was abolished following treatment with 1,6-hexanediol (1,6-HD), a hydrophobic

alcohol widely used to disrupt weak intermolecular interactions within phase-separated

condensates [85], suggesting that Y14 engages in LLPS at DSB sites.

To further understand how Y14 may function in DSB repair via LLPS, we re-

evaluated the phase behavior of its phosphorylated form, as Y14 is predominantly

phosphorylated in cells. We first expressed and purified non-tagged Y14 by generating a

6xHis—GB1-TEV-Y 14 fusion construct. The recombinant protein was purified using

nickel NTA affinity chromatography, followed by fast protein liquid chromatography

(FPLC) to eliminate potential nucleotide contaminants. TEV protease digestion was used

to remove the fusion tag, yielding non-tagged Y 14 (Appendix 2). In vitro phosphorylation

of purified Y14 was then carried out using SRPK1, and phosphorylation was confirmed

via Phos-tag gel electrophoresis (Fig. 2A).

We characterized the LLPS behavior of phosphor-Y14 (hereafter termed pY14)

using microscopy, turbidity measurements, and sedimentation assays to assess phase

15
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separation, along with fluorescence recovery after photobleaching (FRAP) to evaluate
droplet fluidity (Fig. 2B). Our previous results showed that while unmodified Y 14 readily
formed spherical droplets at pH (~7.2), pY 14 failed to form droplets at any tested pH
(Appendix 3A). Y 14 contains duplicated RS dipeptides, a feature shared with SR proteins,
which are splicing regulators characterized by varying numbers of RS motifs [86]. Given
that phosphorylated RS domains in SR proteins can be precipitated by magnesium ions

[87], we examined whether magnesium influences the phase separation of pY 14.

Although pY 14 formed only a few droplets in the presence of Mg?* alone at pH7.2
(Appendix 3B), the addition of 3% polyethylene glycol (PEG), a crowding agent known
to promote LLPS in vitro [88], substantially enhanced droplet formation. This
enhancement was Mg?*-concentration-dependent, as shown by microscopy (Fig. 2C) and
turbidity assays (Fig. 2D). In contrast, treatment with EDTA abolished droplet formation,
resulting in smaller droplets and reduced OD349 signals (Appendix 3C), highlighting Mg**

as a key factor in pY14 LLPS.

To further characterize pY 14 droplet formation, we performed a sedimentation assay
(Fig. 2B and Methods). Since no visible pellet was observed after centrifugation, LLPS

samples were analyzed by separating into top and bottom fractions. To validate the assay’s

16
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ability to distinguish phase-separating behavior, we tested full-length Y14 (Y 14-FL) and
the previously reported non-phase-separating mutant Y14-AC [81] as positive and
negative controls, respectively. SDS-PAGE analysis showed that Y 14-FL was enriched in
the lower fraction under droplet-forming conditions, whereas Y 14-AC remained evenly
distributed across both fractions (Fig. 2E), supporting the reliability of our approach. We
then applied the same assay to pY14. In the presence of Mg?* alone, pY14 exhibited
minimal sedimentation (Appendix 3D), with signal detected in both upper and lower
fractions, consistent with limited droplet formation observed by microscopy (Appendix
3B). In contrast, the addition of 3% PEG markedly enhanced pY 14 sedimentation in a

Mg**-dependent manner (Fig. 2F).

FRPA analysis confirmed that pY 14 droplets formed in the presence of Mg?* and
PEG exhibit fluidity, similar to Y14 droplets (Fig. 2G). Notably, Y14 droplets formed
under the same conditions showed reduced fluidity (Appendix 3E), as discussed in the
following section. Together, these in vitro results demonstrate that Mg?* facilitates LLPS
of phosphorylated Y14. Supporting this notion in cells, we found that Y14 failed to
localize at laser-induced DNA damage stripes upon EDTA treatment, which chelates

intracellular Mg*". This suggests that Mg?" is also required for Y14 condensate formation
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at DSB sites, possibly enabling its function in DNA repair.

NHEJ factors engage charged IDRs to partition into Y14-driven condensates

Phase-separating biomolecules often serve as scaffolds that promote condensate
formation and selectively enrich client molecules [89]. Y14 has been reported to interact
with Ku70/80 and is essential for their recruitment to DSB sites [79]. Our previous
findings indicated that EDTA treatment significantly disrupts Ku70/80 accumulation at
DSBs, suggesting that Ku heterodimers may participate in Y 14-mediated LLPS. To test
this hypothesis, we examined whether pY 14 forms condensates that recruit Ku70/80 in
vitro. Under Mg**/PEG conditions, Alexa Fluor 488—labeled Ku70/80 was observed to
partition into pY14 droplets (Fig. 3A). In addition, our colleague found that this
partitioning was abolished when Mg?* was chelated by EDTA, which also disrupted pY 14

droplet formation.

Building on our earlier observation that Y14 harbors charged IDRs and undergoes
LLPS via electrostatic interactions [81], as well as Appendix 4A and B, we investigated
potential client specificity. We analyzed the IDRs of DDR proteins using MobiDB

(https://mobidb.org/) and evaluated charge  properties via CIDER

(https://pappulab.wustl.edu/CIDER/). A substantial number of DDR factors were found
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to contain charged IDRs (Appendix 4A), including NHEJ factors (such as Ku70/80,

DNA-PK, Artemis, and XRCC4), DDR mediators (such as PARP and 53BP1), and DSB

sensors (such as components of the MRN complex). Fraction of charged residues (FCR)

analysis indicates most IDRs showed notable charge enrichment (Appendix 4A; f+, f-,

and FCR), with several displaying modular charge distribution patterns (Appendix 4B).

Both Ku70 and Ku80 possess two distinct charged IDRs. Considering their unique charge

profiles, we asked whether the Ku heterodimer could co-phase separate into pY14

condensates via electrostatic interactions. Based on net charge per residue (NCPR)

analysis [90], the Ku70-2 IDR exhibits a slightly positive net charge (NCPR = 0.037),

distinguishing it from the other Ku70 and Ku80 IDRs, which are all negatively charged.

To address this, we synthesized TAMRA-labeled peptides corresponding to Ku70 IDRs,

one with a net weak positive charge and one with a net negative charge (Appendix 4C,

top and middle). For comparison, we included a peptide from the DDR factor Artemis,

which possesses an IDR with minimal net charge (Appendix 4C, top and middle).

Partitioning assays performed by our colleague revealed that only the negatively

charged Ku70-2 peptide efficiently incorporated into pY14 droplets (Appendix 4C,

bottom). Consistent with this, far-western blotting indicated that Ku70-2 bound more
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robustly to immobilized pY14 than the other IDR peptides (Fig. 3B and C). These

observations reinforce our previous conclusion that the positive residues of Y14

contribute more substantially than its negative ones to driving LLPS [81]. This further

supports our earlier proposition that the modular structure of Y14, characterized by

alternating charges and a mildly negative net charge per residue (NCPR = -0.034),

facilitates heterotypic LLPS with Ku70 via electrostatic interactions. Together, these data

suggest that Y14 promotes the recruitment of NHEJ factors into repair condensates

through charge-mediated interactions.

Nucleic acid partitioning into pY14 droplets

Previous studies have shown that Y 14-associated IncRNA HOTAIRM1 localizes at

DNA damage sites and facilitates the recruitment of NHEJ factors by bridging Y14 and

Ku70/80 [80]. Consistently, depletion of HOTAIRM] leads to delayed recruitment of

Ku70/80 to DSB sites and attenuated DNA repair efficiency [80]. Recently, using an

RNA-binding deficient mutant Y14-W73V, we found that Y14 failed to localize at DSB

sites, suggesting that its recruitment is RNA-dependent. Moreover, knockdown of

HOTAIRM1 substantially impaired Y14 accumulation at DSB sites, indicating that Y14

localization is HOTAIRM I-dependent.
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We previously reported that RNA can co-phase separate with Y14 [81], but it
remains unclear whether this also applies to phosphorylated Y14. To test this, we
examined whether RNA molecules partition into pY14 droplets under Mg?*/PEG
conditions. Both full-length IncRNA HOTAIRM1 (1,044 nt) and a synthetic short RNA
(U25, 25 nt) readily partitioned into pY 14 droplets (Fig. 4A), consistent with prior Y14
LLPS behavior [81]. Furthermore, Cy5-labeled HOTAIRM]I co-partitioned with pY14
and Alexa Fluor 488-labeled Ku70/80 into the same droplets (Fig. 4B), forming
composite ribonucleoprotein condensates. This observation is consistent with our
previous findings that IncRNA HOTAIRM1 facilitates the recruitment of NHEJ factors to
DNA damage sites by acting as a molecular bridge between Y 14 and DNA repair proteins

[80].

To further explore how Y 14 forms condensates at DSB sites, we synthesized a short
Cy3-labeled double-stranded DNA (dsDNA, 70 bp) to mimic broken DNA ends. This
dsDNA is partitioned into pY 14 droplets (Fig. 4A), suggesting that pY 14 directly interacts

with DNA damage sites and potentially encapsulates broken DNA ends.

Interestingly, both dsDNA and IncRNA HOTAIRMI formed ring-like fluorescent

structures along the periphery of pY 14 droplets (Fig. 4A, enlarged frames), with the ring
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of HOTAIRM1 appearing less pronounced than that of dsDNA. This prompted time-
resolved confocal imaging to investigate the incorporation dynamics of nucleic acids into
condensates. Over time, U25 rapidly and uniformly diffused into the droplet interior,
while both HOTAIRMI and dsDNA initially accumulated at the periphery before
gradually penetrating inward (Fig. 4C). Notably, HOTAIRM1 exhibited a more persistent

peripheral localization compared to dsDNA.

Upon co-incubation with dsDNA, the short RNA U25 readily entered the pY14
droplets, whereas HOTAIRM 1 predominantly remained at the droplet periphery, forming
a distinct ring-like pattern (Fig. 4D). We speculated that molecular charge density and
structural complexity dictate spatial partitioning within pY 14 condensates, with smaller
and less negatively charged RNAs accessing the droplet interior more rapidly than larger

or highly charged species.

Y14 does not distinguish RNA m°A modifications

Recent studies have revealed the importance of m°A modification in regulating DNA
repair and maintaining genome integrity during the DNA damage response [20, 91] (X1).
Using photo-crosslinking-assisted m®A-sequencing (PA-m®A-seq), we previously

identified an m®A modification site at A827 in HOTAIRM] that conforms to the RRACH
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consensus motif [92] and is induced upon DNA damage. m®A-RIP experiments further
validated that HOTAIRM1 undergoes m°A modification following DSB induction.
Moreover, knockdown of the m°A writer METTL3 significantly reduced Y14
accumulation at DSB sites, suggesting that m®A-modified RNAs are involved in DSB
repair. As both m®A readers/writers and m®A-modified RNAs have been implicated in
promoting liquid—liquid phase separation (LLPS) [84, 93, 94], we investigated whether

m®A-modified HOTAIRMI could affect Y14 binding.

To address this, we in vitro transcribed the third fragment of HOTAIRM 1, which has
previously been shown to have strong Y14 binding affinity, with varying m°®A levels and
radiolabeled it using [a-*?P] UTP (Appendix 5A and B). Electrophoretic mobility shift
assay (EMSA) analysis revealed that m®A modification did not significantly enhance
Y 14-RNA binding (Appendix 5C), although a slight increase in binding affinity was

observed based on Kd values (Appendix 5D).

To further confirm the interaction between m®A-modified RNA and Y14, we in vitro
transcribed short RNA oligonucleotides containing varying numbers of m°A
modifications and labeled them at the 5° end using [y->*P] ATP (Appendix 6A-C). Unlike

the longer 270-nt HOTAIRM fragment used previously, these synthetic RNAs minimized
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potential confounding factors such as RNA secondary structure and length, allowing us
to isolate the contribution of m®A number. EMSA analysis and quantitative binding results
showed that m®A modification did not enhance the binding affinity between RNA and
Y14 (Appendix 6D and E). This is likely due to the absence of a YTH domain in Y14
[95], which is commonly required for specific m®A recognition. Therefore, the interaction
between Y14 and HOTAIRM!] is likely mediated solely by its RNA recognition motif
(RRM), and the role of m®A in DSB repair may not involve direct modulation of Y14 and
RNA affinity. Instead, m®A-modified HOTAIRMI may contribute to the DNA damage
response through alternative mechanisms, such as facilitating Y14-associated phase

separation or recruiting other m°A reader proteins, possibilities that remain to be clarified.

Y14 interacts with PAR

As a primary DNA damage sensor, PARP1 rapidly detects DNA strand breaks and
becomes activated through local structural rearrangements, catalyzing the synthesis of
poly(ADP-ribose) (PAR) chains at damage sites. These PAR polymers serve as dynamic
scaffolds that recruit RNA-binding proteins and DNA repair factors, facilitating the

formation of repair condensates and orchestrating chromatin remodeling [96-100].

Depletion of Y14 or chelation of divalent cations by EDTA-AM reduced the
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accumulation of core NHEJ factors, such as Ku70, DNA-PK, LIG4, and XLF, at laser-

induced DSB sites, while without altering PAR polymer localization. Furthermore,

pharmacological inhibition of PARP1 with Olaparib abolished Y14 recruitment,

indicating that PAR synthesis precedes Y 14 localization to DSBs.

Because phosphorylation at the C-terminal arginine/serine (RS) dipeptide of Y14 is

essential for its downstream functions in condensate formation and DSB repair, we next

investigated whether its initial recruitment via PAR is contingent upon this modification.

To address this, we performed an in vitro PAR-binding assay comparing

unphosphorylated and phosphorylated forms of recombinant Y14. Using biotin-labeled

PAR as bait, we performed pull-down assays with recombinant Y14 proteins and found

that Y14, but not phosphorylated Y14, interacts more with biotin-PAR (Fig. 5A). Y14 -

AC completely abolishes its affinity with PAR (Fig. 5A), consistent with the loss of DNA

damage localization observed for both Y14-AC and the phosphorylation-deficient mutant

Y 14-SA. Notably, the C-terminal region of Y 14 harbors an arginine/serine (RS) dipeptide

repeat, previously identified as a phosphorylation target [82], suggesting its dual role in

PAR interaction and post-translational regulation.
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Discussion

Biomolecular condensates formed via LLPS are increasingly recognized as
functional organizers in DNA repair. In this study, we explored the role of Mg*" in
promoting phosphorylated Y14 to undergo LLPS, and tried to characterize its co-phase

separation with nucleic acids.

The effects of DDR kinases on Y14 phosphorylation are indirect.

Phosphorylation of the C-terminal RS dipeptides is essential for Y 14 localization at
DSB sites, as shown by Y14-SA and Y14-AC. Given that Y14 remains predominantly
phosphorylated regardless of DNA damage [81], it is likely phosphorylated constitutively
by SRPK1. Although inhibition of ATM, ATR, or DNA-PK abrogates Y 14 accumulation
at damage sites, our colleague found that it does not affect Y14 phosphorylation or the
localization of SRPK 1, which remains present in both the nucleus and cytoplasm. While
most phosphorylation events in DNA repair pathways are governed by DDR kinases [101-
103], our findings suggest that DDR signaling influences Y14 recruitment through
indirect or downstream mechanisms, rather than by regulating its phosphorylation status

directly.
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pY14 droplets exhibit greater stability than Y14 under Mg?*/PEG conditions.

Treatment with EDTA disrupted pY14 droplet formation and abolished the
localization of Y14 and other core NHEJ factors at DSB sites. FRAP analysis revealed
that pY 14 droplets formed under Mg**/PEG conditions were less perturbed than Y14
droplets formed in the absence of Mg?"/PEG, despite displaying comparable fluidity.
Notably, Y14 droplets under the same Mg?*/PEG conditions condensed into very small
structures with extremely low mobility. These findings suggest that the cellular

environment may preferentially support phosphorylated Y14 condensate formation.

Previous studies have demonstrated that chromatin rearrangement during mitosis
can trigger ATP hydrolysis and lead to a transient rise in free Mg?" levels [104]. Maeshima,
K., et al. reported intracellular free Mg** concentrations of approximately 1 mM;
combined with the additional release of Mg** (~1 mM) during ATP consumption in
mitosis, this ionic environment is enough for condensation of highly negatively charged
chromatin. Although the dynamics of Mg?* in the context of DNA damage remain
unexplored, Mg** may play a comparable role in promoting pY14-driven phase
separation during DNA damage. This raises the possibility that chromatin remodeling

during DNA damage could likewise be influenced by transient Mg?* fluctuations,
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warranting further investigation. Interestingly, divalent cations have been reported to
stabilize protein condensates [33, 105]. For example, Zn?>" promotes TIA-I
multimerization and phase separation for recruitment to stress granules in response to
cellular stress [34]. Zn>" also strongly induces tau protein LLPS, forming dynamic
droplets even at low protein concentrations [106]. Together, these suggest that divalent
cations, including Mg?" and Zn**, broadly contribute to condensate regulation across
distinct cellular contexts. In our study, Mg®" plays a key role in facilitating LLPS of
phosphorylated Y14 during DNA repair; however, whether other divalent cations

contribute to pY 14 condensate formation remains to be investigated.

pY14 co-phase separates with RNA and NHEJ factors via electrostatic interactions.

As shown in Fig. 3 and 4, RNAs and NHEJ factors co-condense with pY 14 primarily
through electrostatic complementarity. In Fig. 4C, IncRNA HOTAIRM 1 and short dsDNA
initially accumulated at the droplet periphery before gradually diffusing into the interior,
whereas the short RNA U25 promptly and uniformly entered the condensates. (Fig. 4C).
These patterns likely reflect how RNA length, net charge, and structural complexity
influence their partitioning into mildly negatively charged pY14 droplets (NCPR =

—0.034). Less negatively charged molecules like U25 may diffuse into the droplet more
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readily, while highly charged or structured nucleic acids, such as HOTAIRM 1 and dsDNA,

may be transiently excluded from the interior.

Co-incubation experiments revealed distinct spatial arrangements (Fig. 4D). With

HOTAIRMI and dsDNA, HOTAIRM]I remained peripheral while dsDNA entered the

droplet core, forming a layered structure. In contrast, when dsDNA was added with U25,

the dsDNA stayed outside while U25 diffused inward (Fig. 4D). These contrasting

dynamics may be because the RNA molecular features, particularly charge and size, can

influence the spatial organization of nucleic acids within condensates [107].

Additionally, previous data demonstrated that HOTAIRM1 is not transcriptionally

upregulated following DNA damage, but instead translocates into the nucleus upon DSBs

[80]. Knockdown of HOTAIRM1 not only delayed Ku70/80 accumulation at DSB sites

but also compromised the efficiency of NHEJ repair [80]. While the peripheral

localization of HOTAIRM1I within pY 14 condensates cannot be definitively linked to a

functional role, its spatial positioning suggests a potential for interface-specific

interactions, such as facilitating the recruitment of repair factors. Similar peripheral

accumulation has been observed in other phase-separated systems, including IncRNA

NEATI in paraspeckles [108] and RNA-binding proteins at nucleolar boundaries [109],
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where interface positioning supports spatial compartmentalization. These parallels
suggest that HOTAIRMI1 may act as a molecular guide at condensate interfaces,
contributing to the localized coordination of DNA repair proteins. Further studies are

needed to validate this potential role and clarify its mechanistic involvement.

Limitations of the study

For the sedimentation assay following traditional methods [110-114], although
droplets were microscopically observed, no visible pellet was formed after centrifugation.
Despite similar protein concentrations (20 uM) and droplet sizes (~3—5 um), as reported
in some of these references, sedimentation was not detected, indicating that factors
beyond size or concentration may impede pellet formation. As an alternative, we adopted
a fractionation strategy based on earlier reports [82, 115], in which LLPS samples were
separated into upper and lower phases. While this approach diverges from conventional

sedimentation protocols, it effectively separates condensate-enriched fractions.
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Materials and methods

Cell culture and drug treatment

U20S cells were cultured in McCoy’s 5SA medium (Thermo Fisher Scientific)

supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, and 50 pg/mL

penicillin-streptomycin, and maintained at 37 °C with 5% CO.. For inhibitor treatment,

cells were treated with 10 uM KU55933 (ATM inhibitor, Tocris), 10 uM NU7441 (DNA-

PK inhibitor, Tocris), or 10 uM VE-821 (ATR inhibitor, Sigma-Aldrich) for 1 hour, or

with 10 uM SRPIN340 (SRPK1 inhibitor, MedChemExpress) for 48 hours.

Phos-tag gel analysis

For the detection of phosphorylated Y 14, recombinant protein was denatured in Laemmli

buffer (65 mM Tris, pH 6.8; 2% SDS; 10% glycerol; 5% 2-mercaptoethanol; 0.005%

bromophenol blue) at 95 °C for 5 minutes, and resolved on a 12% SDS-polyacrylamide

gel supplemented with 50 uM Phos-tag acrylamide AAL-107 (NARD Institute) and

100 uM MnCl,. Electrophoresis was performed at a constant current of 25 mA per gel.

Gels were stained using ToolStart Blue Staining Reagent (BIOTOOLS) to visualize

protein bands.
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For samples treated with DDR kinase inhibitors, cell lysates were washed with TBS and

solubilized in Laemmli buffer. Proteins were resolved on a 10% SDS-PAGE gel

containing 35 uM Phos-tag acrylamide AAL-107 and 70 uM ZnCl, in Tris-MOPS

running buffer (0.1 M Tris-base, 0.1 M MOPS, pH 7.8; 0.1% SDS; 5 mM NaHSO:3).

Electrophoresis was conducted at 15 mA per gel for approximately 2.5 hours. Before

transfer, gels were washed three times for 10 minutes in transfer buffer containing 25 mM

Tris-base, 192 mM glycine, and 1 mM EDTA, followed by a single rinse in transfer buffer

lacking EDTA. Proteins were transferred to pre-activated PVDF membranes using wet

transfer in buffer containing 25 mM Tris-base, 192 mM glycine, and 10% methanol at

20V for 18 hours. Membranes were blocked with 5% skim milk in TBST and probed

with Y 14-specific antibodies.

Protein purification of non-tagged Y14

The pET-GB1-Y 14 plasmid was transformed into E. coli strain BL21 (DE3). Bacteria

were grown at 37°C till ODgoo reached 0.6. Recombinant protein expression was induced

by 1 mM isopropyl -d-1-thiogalactopyranoside (IPTG) at 25°C overnight. Bacteria were

collected and cell pellet was resuspended in a buffer containing 50 mM Tris-HCl (pH 8.0),

750 mM NaCl, and 5% glycerol, and lysed using an N-2 NanoLyzer. The lysate was
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centrifuged at 12,000 x g for 30 minutes at 4°C. The supernatant was applied to a Ni-

NTA resin column (GE Healthcare) and eluted with the above buffer containing 200 mM

imidazole. The eluate was then dialyzed against a buffer containing 20 mM phosphate

(pH 7) and 50 mM KCl, and subsequently loaded onto a HiPrep Heparin FF 16/10 column

(GE Healthcare). The column was washed with a buffer containing 20 mM phosphate (pH

7) and 20 mM KCI. Elution was performed using a linear KCl gradient from 20 mM to 1

M in buffer. GB1-Y 14 was eluted at approximately 0.55 M KCIl. The eluate was dialyzed

against a buffer containing 50 mM HEPES (pH 8), 100 mM KCl, and 1 mM DTT, and

then treated with TEV protease overnight at 4°C. Ni-NTA affinity chromatography was

used to remove the fusion tags. The flow-through was buffer-exchanged to a storage

buffer containing 50 mM HEPES (pH 8) and 300 mM KCI. Purified recombinant Y14

was concentrated using an Amicon Ultra-15 device (Merck Millipore) and stored at -80°C.

In vitro phosphorylation of recombinant Y14

To study the effect of phosphorylated Y14 on phase separation, non-tagged recombinant

Y14 and SRPK1 (MyBioSource) were mixed with a ratio of 60:1 (protein : kinase) by

weight in kinase buffer containing 20 mM HEPES, pH7.9, 50 mM KCl, 2 mM MgCl,

and 2 mM ATP at 30°C for 4 hr and let stand at RT for 1 hr. The phosphorylated Y 14 was
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then changed to Y14 storage buffer (50 mM HEPES, 300 mM KCI, pH 8) and removed

free ATP by PD SpinTrapTM G-25 (Cytiva) according to the manufacturer’s instructions.

Mass Spectrometry

The in vitro phosphorylated recombinant Y14 was digested with Lys-C (1:20) using an

in-solution digestion approach. After digestion, the samples were relatively quantified by

LC-MS/MS, which was performed on a nanoACQUITY UPLC system (Waters, USA)

coupled with an Orbitrap Exploris 480™ Hybrid Mass Spectrometer (Thermo Scientific,

USA). MS raw files were processed using the built-in Sequest HT search engine and

searched against the Human reference proteome (Uniprot, Taxonomy 9606, accessed June

12, 2024) in Proteome Discoverer (v.3.1., Thermo Fisher Scientific).

Liquid-liquid phase separation assay

Recombinant Y14 (in general 20 uM at final) was added to a buffer containing 20 mM

HEPES (pH 7.2) and 50 mM KCl, followed by incubation at room temperature for 20

minutes to allow droplet formation. For LLPS of phosphor-Y14 (pY 14), MgCL (2.5 mM

at the final concentration) and polyethylene glycol (PEG6000, 3% at the final

concentration) were added alone or together to the protein samples. For heterotypic phase
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separation assays, pY 14 was co-incubated with 0.5 uM Alexa Fluor 488-labeled Ku70/80,

0.2 uM Cy5-labeled HOTAIRM1I or U25 RNA, or 0.2 uM Cy5-labeled dsDNA to assess

condensate formation. Droplets were visualized on cover glasses for 30 minutes at 25 °C

using Leica microscopy.

Blunt-end dsDNA was prepared by annealing the following oligonucleotides:

5°-
GAT/iCy3/CCTGTCACGTGCTAGACTACTGGTCAACTCCATCAAGTAAGATG
CAGATACTTAACGGCTCACAGAG-3

5°-
CTCTGTGAGCCGTTAAGTATCTGCATCTTACTTGATGGAGTTGACCAGTAGT
CTAGCACGTGACAGGATCCT-3"

Sedimentation assay

To evaluate condensate formation, 20 pl of Y14, Y14-AC, and pY14 at 20 uM was
incubated at room temperature for 30 min to allow droplet formation. Samples were then
centrifuged at 16,000 g for 45 min. After centrifugation, the upper and lower 10 pl

fractions were collected and analyzed by SDS-PAGE.

Turbidity assay

To evaluate droplet formation, 10 ul of LLPS samples were incubated at room

temperature for 30 minutes and subsequently assessed for turbidity by measuring optical
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density (OD) at 340 nm using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific). A buffer containing 20 mM HEPES (pH 7.2) and 50 mM KCI was used as the

blank control.

Fluorescence recovery after photobleaching (FRAP)

FRAP measurements were conducted on an inverted confocal microscope (LSM 780, Carl
Zeiss) using a 100x1.4 oil-immersion objective (Plan-Apochromat DIC M27). 0.5 uM of
Alexa Fluor 488-labeled Y14 or pY 14 was combined with 20 uM of unlabeled protein in
LLPS buffer containing Mg** and PEG, followed by incubation in confocal dishes (SPL
Life Sciences) at room temperature for 30 min. Droplets ranging from 7-30 pm? were
selected, and photobleaching was applied to a defined ROI (1.22 pum?, <20% of the
droplet area) using a 488 nm laser at full intensity. Time-lapse acquisition was performed
at 10-sec intervals over 200 sec. A minimum of five droplets across three independent
experiments were analyzed. Fluorescence recovery dynamics were quantified with ZEN

(Black Edition) software, and normalized recovery was calculated using the formula:

Ibleach(t)_lb

, Where Ipleach, Inon-bleach, and Ip represent fluorescence intensities within the
Inon—bleach(t)_lb

bleached and reference regions, respectively, and I, denotes background signal.
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Far Western

Recombinant pY 14 protein (2 pg) was separated on a 12% native polyacrylamide gel

using a running buffer composed of 25 mM Tris-HCI and 100 mM glycine (pH 8.9),

followed by transfer onto a nitrocellulose membrane (Amersham™, GE Healthcare).

After staining the membrane with Ponceau S, the region corresponding to pY 14 was

excised and blocked in TBST supplemented with 5% BSA (100 mM Tris-base, pH 7.6,

154 mM NaCl, 0.1% Tween-20) for 30 minutes at room temperature. The membrane was

subsequently washed and incubated with 30 or 60 ng of TAMRA-labeled IDR peptides

diluted in 1 ml of HEPES buffer (20 mM HEPES, 50 mM KCI, pH7.2) at room

temperature for 30 minutes. After three washes with TBS (100 mM Tris-HCI, pH 7.6,

154 mM NaCl), fluorescence signals were captured using the Alexa Fluor 555 channel on

the iBright™ FL1500 Imaging System. Signal quantification was performed with ImageJ

by selecting equal-sized regions of interest (ROI) across membranes.

PAR binding assay

To examine interactions between poly(ADP-ribose) and Y 14 proteins, biotin-conjugated

PAR polymer (R&D Systems) was incubated with 1 uM recombinant Y14, pY 14, and
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Y 14-AC. Reactions were carried out in NETN buffer (50 mM Tris-HCI, pH 8.0;

100 mM NaCl; 0.5 mM EDTA; 0.5% NP-40) supplemented with protease inhibitors
(Roche) for 2 hours at room temperature. Complexes were captured using magnetic
streptavidin beads (Thermo Fisher Scientific), washed, and analyzed by immunoblotting
with antibodies targeting Y 14. To assess enrichment levels, 5% of each input sample

was loaded as a reference control.\

In vitro transcription

As previously described [81], the pGEM-T vector encoding the HOTAIRM1 fragment
(396631 nt) was linearized with Notl (New England Biolabs), followed by phenol-
chloroform extraction (PCA) and ethanol precipitation. The linearized DNA was used as
a template for in vitro transcription with T7 RNA Polymerase (Promega) at 37 °C for 2
hours. The transcription reaction contained 500 uM CTP and GTP, 100 uM UTP, 0.3 pM
[0->2P] UTP (3000 Ci/mmol, PK-BLU507H, PerkinElmer), and a total of 500 pM of ATP
and m°ATP (N-1013, TriLink biotechnologies) at the indicated ratios. After the
transcription, RQ1 (M6101, Promega) was added at 37 °C for 15 min to remove the DNA
template. Unincorporated isotopes were removed using MicroSpin G-25 columns (GE

Healthcare) by centrifugation at 3000 rpm according to the manufacturer’s instructions.
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The specific radioactivity of transcribed HM1-3 was approximately 2.4 X 10° cpm/pg,
and the transcript was analyzed on a 6% RNA sequencing gel and used for subsequent

assays.

For in vitro transcription of m6A oligos, oligos listed in Table 1 were first annealed with
the T7 promoter to synthesize the hybridized templates. The oligo and T7 promoter
mixture in the transcription buffer (P1181, Promega) was heated at 95°C for 2 min and
then gradually cooled by decreasing 8°C every 5 min to a final 25°C. The hybridized
templates (0.7 pug) were used for in vitro transcription with T7 RNA Polymerase (Promega)
at 37 °C for 4 hours, each reaction contains 0.4 mM m6ATP, 2 mM UTP, 1| mM GTP and
CTP. RQI was further treated to digest the hybridized templates and followed by PCA
extraction and ethanol precipitation. For end-labeling of the transcripts, the y-phosphate
of RNAs was removed by 5 pl of alkaline phosphatase (Merck, 11097075001) treatment
for every 100 pmol of RNA at 50 °C for 1 hr, followed by PCA extraction. The purified
RNA was then end-labeled with [y-*P] ATP (6000 Ci/mmol, PK-BLU502Z, PerkinElmer)
by T4 polynucleotide kinase (T4 PNK, M0201S, New England Biolabs) in the T4 PNK
reaction buffer, incubated at 37 °C for 1 hr. The free nucleotides, including [y-**P] ATP,

were removed by MicroSpin G-25 columns according to the manufacturer’s instructions.
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The specific radioactivity of transcribed oligo was approximately 2.7 X 107 cpm/pg,
and the transcript was analyzed on a 6% RNA sequencing gel and used for subsequent

assays.

Electrophoretic Mobility Shift Assay (EMSA)

Radiolabeled RNA probes, including *?P-labeled HOTAIRM] fragment 3 (148-183 fM)
and 3?P-labeled m°®A oligonucleotides (112-174 fM), were incubated with indicated
concentration of recombinant Y14 protein in binding buffer containing 50 mM HEPES
(pH 7.0), 150 mM NaCl, 1 mM DTT, 10% glycerol, and 0.5 mg/mL BSA. The reactions
were carried out on ice for 20 minutes. After incubation, samples were mixed with loading
dye (0.01% xylene cyanol and 0.01% bromophenol blue) and resolved on 4% (for
HOTAIRMI fragment 3, 1044 nt) or 8% (for °A oligos) native polyacrylamide gels using
Tris-Borate-EDTA buffer. Gels were then vacuum-dried and visualized with a Typhoon
phosphorimager (GE Healthcare). Signal intensities were quantified using ImageQuant
TL software (GE Healthcare), and dissociation constants (Kd) were derived from the

probe concentrations at which 50% of RNA was bound by Y14.
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Fig. 1 SRPK1 phosphorylates Y14 in vivo

(A) Schematic representation illustrating the phosphorylation sites within the RS
dipeptides of Y14. (B) U20S cells were either mock-treated (lanes 1 and 6) or treated
with SRPIN340 (SRPK1 inhibitor, lane 2), KU55933 (ATM inhibitor, lane 3), NU7441
(DNA-PK inhibitor, lane 4), or VE821 (ATR inhibitor, lane 5). For mock lysates, alkaline
phosphatase (AP) treatment was applied in lane 6 to confirm phosphorylation-dependent
mobility shift. Cell lysates were resolved on Zn>*-Phos-tag SDS-PAGE and

immunoblotted with a Y14 antibody.
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Fig. 2 Mg?* promotes LLPS of pY14
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(A) In vitro kinase assay for Y 14 phosphorylation. Y 14 was phosphorylated by SRPK1,
followed by buffer exchange for protein storage using size exclusion chromatography.
The resulting protein was then subjected to the LLPS assay. (B) LLPS assay was
performed prior to subsequent analyses, including microscopy imaging, turbidity
measurement, sedimentation assay, and fluorescence recovery after photobleaching
(FRAP) assay. (C) Representative images showing pY 14 droplet formation under varying
Mg?* concentrations in the presence of 3% PEG. Scale bar: 10 um. (D) Statistical analysis
of the turbidity assay. Optical density at 340 nm (ODs340) was measured following pY 14
droplet formation in the presence of 3% PEG under the indicated Mg>" concentrations
(mean = SD; n=3). (E) Sedimentation assay comparing the phase separation ability of

full-length Y14 (Y14-FL) and C-terminal deletion Y14-DC under titrated Mg**
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concentrations. Phase-separated droplets were centrifuged, and the upper and lower
fractions were collected for SDS-PAGE analysis and quantification. Proteins were stained
with Coomassie Blue. The schematic structures of Y14-FL and Y14-DC are shown.
Representative images showing droplet formation of Y14-FL and Y 14-DC. Scale bar: 10
um. (F) Sedimentation assay of pY14 in the presence of PEG under titrated Mg?*
concentrations. (G) Fluorescence recovery kinetics of Y14 and pY14 (Mg*'/PEG)
droplets analyzed by FRAP assay. The fluorescence images depict recovery following
photobleaching, while quantitative analysis illustrates the recovery dynamics over time.
Scale bar: 5 um. Panels C, E (LLPS assay), and G were reproduced from Hsin-Hong

Yeh'’s results.
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Fig. 3 Analysis of the interaction between pY14 and IDR peptides using

Far Western blot

(A) Representative DIC and fluorescence images showed the co-phase separation of

Alexa Fluor 488-labeled Ku70/80 with pY 14. Scale bar: 10 pm. Reproduced from Hsin-

Hong Yeh’s result. (B) Schematic workflow of Far Western analysis. Recombinant pY 14

was resolved by native PAGE, transferred to a nitrocellulose (NC) membrane, and

incubated with 30 or 60 ng of TAMRA-Iabeled IDR peptides. Interaction was detected

via the Alexa555 fluorescence channel. (C) Quantification of TAMRA fluorescence

intensity from four independent experiments (mean + SD; N=4). Ponceau S staining

confirmed equal protein loading.
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Fig. 4 Co-phase separation of nucleic acids with pY14

(A) Cy5-labeled HOTAIRMI and U25 (red), or Cy3-labeled dsDNA (green), were co-
incubated with pY14 in the presence of Mg®>" and PEG. Representative DIC and

fluorescence images illustrate nucleic acid enrichment within pY 14 droplets. Magnified
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views are shown in the insets. Scale bar: 10 um. (B) Co-phase separation of Cy5-

HOTAIRM]I and Alexa Fluor 488-labeled Ku70/80 with pY14. Fluorescence signals

reveal co-localization within condensates. Scale bar: 10 pm. (C) Time-lapse confocal

microscopy monitoring droplet formation over 0—50 minutes for individual nucleic acids

(Cy5-HOTAIRM1, Cy5-U25, or Cy3-dsDNA) co-incubated with pY14. (D) Partitioning

dynamics of Cy5-HOTAIRMI1 or Cy5-U25 into pY14 droplets in the presence of Cy3-

dsDNA, assessed over the same 50-minute time window by confocal imaging. Scale bar

in (A, C, and D): 5 pm.
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Fig. 5 Y14 interacts with PAR

(A) PAR binding assay using 1 uM of recombinant Y 14, pY 14, or Y 14-AC incubated with
1 uM of biotin-labelled PAR, followed by pull-down by streptavidin. Reproduced from
Tzu-Wei Chung’s result. (B) Model of Mg?" promoted pY 14-driven phase separation.
IncRNA HORAIRM1 and NHEJ factors Ku70/80 co-phase separated with pY 14. On the

other hand, positively charged IDR peptides portioned into pY 14 droplets more efficiently.
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SRPK1 ATM | DNA-PK
Annotated Sequence Modifications PSM

[KIRRGGRRRSRSPDRRRR.[-] |  1xPhospho [S] 30 8 83

[K RRGGRRRSRSPDRRRR [-] [58(1235;‘;‘?{’&0100)] 64 8 60

Appendix 1 In vitro phosphorylation of Y14

(A) In vitro phosphorylation of pY14 by recombinant SRPK1, ATM and DNA-PK.
Phosphorylated Y14 was analyzed using Mn**-Phos-tag SDS-PAGE and stained with
Coomassie Blue. (B) Annotated sequences and modification sites of pY14-derived
peptides identified by mass spectrometry. The table presents two peptides with distinct
phosphorylation patterns. [K] denotes the Lys-C enzymatic cleavage site. Peptide-
spectrum matches (PSMs) were filtered at 1% FDR to ensure identification reliability. (C)
Mass spectra of the two phosphorylated peptides in (B), showing either one (up) or two

(down) 79.96 Da shifts, corresponding to phospho-serine modifications.
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Appendix 2 Non-tagged recombinant Y14 purification

(A) Procedure for non-tagged recombinant Y14 purification: Competent BL21 cells
expressing His-GB1-Y14 were lysed and loaded onto a Ni-NTA column, followed by

elution with 200 mM imidazole (B). The His-tagged Y 14 was fractionated by fast protein
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liquid chromatography (FPLC) (C), and the His-tag was cleaved using TEV protease (D).

The resulting non-tagged Y 14 was purified by an additional Ni-NTA chromatography step,

eluted with 10-30 mM imidazole (E), then dialyzed in storage buffer and concentrated.

53

doi:10.6342/NTU202502570



6.2 7.2 8.2
SRR .

+PEG

2.0
3
Q 1.5] -
O 1.0
>
% 0.5|
‘V_ L ok e T .
> - -
o T o 7 &
& N
P g
pY14

* Y14

Time after bleaching (s) = Y14 (PEG/Mg?")

Y14

PEG/Mg2*
Y14

Pre 0 10 50 100 200

Relative fluorescence intensity
o
w
1

o
o

T T 1
100 150 200
Time after bleach (sec)

o
o
o

54

doi:10.6342/NTU202502570



Appendix 3 Mg?* promotes LLPS of pY14

(A) Representative images of Y14 and pY14 droplet formation under varying pH
conditions. (Scale bar: 10 pum.) (B) Representative images showing pY14 droplet
formation under varying Mg** concentrations in the absence of 3% PEG. (Scale bar: 10
um.) (C) Representative images showing turbidity assay measuring phase separation of
pY 14 following sequential addition of PEG, Mg**, and EDTA. Optical density at 340 nm
(OD340) was recorded to assess turbidity changes. (Scale bar: 10 pm.) (D) Sedimentation
assay of pY14 in the absence of PEG under titrated Mg?" concentrations. (E)
Fluorescence recovery kinetics of Y14 droplets analyzed by FRAP assay in the presence
or absence of Mg?*'/PEG. The fluorescence images depict recovery following
photobleaching, while quantitative analysis illustrates the recovery dynamics over time.
(Scale bar: 5 pm.) Except for panel D, all panels were reproduced from Hsin-Hong Yeh’s

results.
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Appendix 4 Electrostatic interaction drives Ku70 partitioning into

pY14 condensates

(A) Bioinformatic analysis of DDR factors containing charged intrinsically disordered
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regions (IDRs), including fraction of charged residues (FCR), fractions of positively (f*)
and negatively (f") charged residues, and net charge per residue (NCPR). (B) Distribution
of NCPR values across the charged IDRs of DDR factors. (C) Top: Schematic diagrams
showing IDRs and peptide design for Ku70 and Artemis. Middle: Amino acid sequences
and corresponding NCPR values of Ku70-1, Ku70-2, and Artemis peptides (table
provided by Chiu-Lun Shen; manuscript under revision). Bottom: Partition coefficient
analysis and NCPR plot illustrating differential partitioning behaviors of Ku70-1
(negatively charged), Ku70-2 (net positive charge), and Artemis (containing only a single
basic residue). 2 uM of TAMR A-labeled peptides were co-incubated with 20 uM of pY 14
in the presence of Mg?" and PEG. Phase separation was visualized using laser-scanning
confocal microscopy. (Scale bar: 10 um.) Panel C was reproduced from Hsin-Hong Yeh’s

result.
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Appendix 5 EMSA shows that m°A modification does not affect the

binding between Y14 and IncRNA HM1-3

(A) The plasmid pGEMT-HM1-3 was linearized with Notl. (B) In vitro transcription of
HM1-3 with indicated ATP:m°ATP ratios, performed without isotope labeling (left) and
with [0->2P] UTP labeling (right). (C) Electrophoretic mobility shift assay (EMSA) was
conducted using increasing amounts (0—-80 pmol) of purified Y14 protein and
differentially m®A-modified HM1-3: 154 fmol of unmodified HM1-3, 183 fmol of HMI1-
3 with a 19:1 ATP:m®ATP ratio, and 148 fmol with a 4:1 ratio. (D) Binding fractions were

quantified (n=3), and dissociation constants (Kd) were calculated.
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Appendix 6 EMSA shows that m°A modification does not affect Y14

and RNA binding

(A) Annealing of T7 promoter and m°A oligos (Listed in B). (C) In vitro transcription of
m®A oligos with m®ATP instead of ATP, followed by alkaline phosphatase treatment and
[v-*P] ATP end-labeling. (D) Electrophoretic mobility shift assay (EMSA) was conducted
using increasing amounts (0—80 pmol) of purified Y14 protein and differentially m°A-
modified oligos: 174 fmol of m°A0, 112 fmol of m®Al, and 123 fmol of m°A3. (E)

Binding fractions were quantified (n=3), and dissociation constants (Kd) were calculated.
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