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Abstract 

 

Y14 is a multifunctional RNA processing factor that plays an essential role in 

RNA metabolism and also participates in non-homologous end joining (NHEJ)- 

mediated repair of DNA double-strand breaks (DSBs). Our recent study has 

uncovered a long non-coding RNA (lncRNA) HOTAIRM1 that mediates the 

interaction between Y14 and the NHEJ factors. In this study, I first examined the 

molecular interaction between Y14 and RNA, in particular, HOTAIRM1. RNA 

electrophoretic mobility shift assay (REMSA) revealed that Y14 bound to multiple 

regions of HOTAIRM1. Our recent study also revealed that Y14 has the capability to 

undergo liquid-liquid phase separation (LLPS), and can co-phase-separate with 

HOTAIRM1. Therefore, I evaluated whether RNA structure or modification affects 

the LLPS properties of Y14. Moreover, since DNA damage induced m6A modification 

of HOTAIRM1, I also evaluated whether RNA methylation also affects the LLPS of 

Y14. My apparent data revealed that methylation enhanced Y14 LLPS. Since LLPS 

may involve electrostatic interactions of intrinsically disordered domains, I evaluated 

whether specific charge patterns can modulate a protein’s LLPS capacity. The multi- 

functionality of Y14 and its biochemical properties make it a valuable target for further 

research in understanding its role in RNA metabolism and DSB repair. 
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Introduction 

 

1. Liquid-liquid phase separation 

 

Eukaryotic cells are very densely packed with proteins and RNAs, making it 

challenging to regulate various biochemical reactions happening in close spatial 

proximity. Thus, efficient spatiotemporal organization of proteins and RNAs is vital to 

ensure appropriate cell function, resulting in the formation of membrane-bound and 

membrane-less organelles. Membrane-less organelles, also known as biomolecular 

condensates, are capable of selective concentration or exclusion of specific molecules to 

maintain biological function (Espinosa et al., 2020). Examples of known membrane-less 

organelles include the P bodies, stress granules, and Cajal bodies. 

Biomolecular condensate formation results from liquid-liquid phase separation, a 

thermodynamic process that pushes multicomponent cellular mixtures into distinct phases 

of differing concentrations, leading to separated coexisting microenvironments (Espinosa 

et al., 2020). LLPS is generally driven by weak multivalent interactions such as 

electrostatic interactions or π–π interactions between intrinsically disordered regions 

(IDRs) or low complexity domains (LCDs) of proteins (Fung et al., 2018; Alberti et al., 

2019). Furthermore, IDRs have been observed to phase separate on their own and even 

recruit other IDRs and proteins to create dynamic assemblies (Lin et al., 2015). Short- 

length amino acid motifs, like the charged residues Arginine/Lysine (R/K), IDRs, and 

LCDs, are found to follow a molecular grammar that modulates the phase separation 

properties of a protein (Wang et al., 2018). In addition, crowding of the microenvironment 

has also been shown to influence LLPS, although the exact mechanisms remain to be 

understood (André& Spruijt, 2020). 

LLPS can be distinguished into three phases: nucleation, growth (either by 

coalescence or inclusion), and coarsening (Hyman et al., 2014). Nucleation can occur 
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spontaneously via a random fluctuation of protein concentrations or induced by a specific 

incident, such as DNA damage. During growth, more components are concentrated in the 

condensate, causing it to be increasingly viscous. Finally, smaller droplets coalesce to 

form larger condensates, resulting in an increase in nucleated foci and a decrease in 

volume. In the absence of a membrane, the boundary of the condensates supports a 

flexible exchange of molecules between distinct phases, regulating biochemical reactions 

while still being constrained spatially (Banani et al., 2017). The flexible exchange of 

molecules allows the condensate formation to be reversible, so the cell can quickly turn 

on and off specific intracellular functions for highly efficient cell signaling. However, 

condensates can also undergo further irreversible transitions under certain conditions, 

leading to the formation of hydrogels or protein aggregations such as amyloid-like fibers 

(Alberti et al., 2019). 

LLPS can be modulated by RNA in various ways. RNA can lower the 

concentration threshold for LLPS, and RNA has also been found to influence the size and 

morphology of condensates (Lin et al., 2015; Navarro et al., 2019). Furthermore, RNA 

structure can also influence LLPS (Langdon et al., 2018). Highly structured long non- 

coding RNAs (lncRNAs) like Neat1 (nuclear paraspeckle assembly transcript 1) can act 

as a scaffold to promote the nucleation of biological condensates even in LLPS-inhibiting 

conditions (Maharana et al., 2018). In addition, RNA is also capable of phase separation 

in isolated events, suggesting that RNA can promote LLPS via RNA-protein and RNA- 

RNA interactions (Van Treeck et al., 2018). Recent studies have also shown the emerging 

role of N6-methyladenosine (m6A) modification of RNA in LLPS (Wang et al., 2020; 

Lee et al., 2022). Methylation can affect the properties and structure of RNA, leading to 

changes in RNA-protein and RNA-RNA interactions and thus modulating LLPS. 
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2. Phase separation regulates DNA damage repair 

 

Living organisms have developed highly efficient mechanisms for dealing with 

intrinsic and exogenous sources of DNA damage. This is because the failure to properly 

repair DNA damage at the cellular level can have serious consequences, such as genomic 

instability, apoptosis, or senescence, which can significantly compromise the organism's 

survival ability. 

DNA damage is repaired through different mechanisms depending on the type and 

severity of the damage. For example, mismatch repair (MMR) machinery can recognize 

and repair base misincorporation or deletion during DNA synthesis and replication. In 

contrast, nucleotide excision repair (NER) machinery can identify and replace abnormal 

bases with normal ones. Base excision repair (BER) removes single nucleotides to correct 

small base lesions. For double-strand breaks (DSBs), cells exploit non-homologous end- 

joining (NHEJ) or homologous recombination (HR), in part upon the cell cycle stage 

(Ciccia & Elledge, 2010). 

In 2006, Bekker-Jensen et al. observed that compartmentalization of DDR factors 

would occur in the nucleus after DSB, a phenomenon we now define as the DNA repair 

foci  (Bekker-Jensen  et  al.,  2006).  DNA  repair  foci  can  create  the  optimum 

microenvironment for ensuring a precise and efficient repair at the DNA damage site. 

Furthermore, DNA repair foci are also highly dynamic and capable of assembly and 

disassembly within a short time frame, allowing for the recycling of all the various repair 

proteins needed for DDR (Lisby et al., 2004). Previous reports have also implicated the 

contribution of RNA binding proteins (RBPs) to initiating phase separation at DNA 

damage sites to kickstart the DDR mechanisms (D'Alessandro & d'Adda di Fagagna, 

2017). 
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Recent studies suggest that DNA damage response involves LLPS. In 2017, 

researchers discovered a rapid increase of poly(ADP)-ribosylation (PAR), a type of post- 

translational modification, at the DNA damage sites (Ray Chaudhuri & Nussenzweig, 

2017). DSBs will induce the recruitment of PARP1, a PAR polymerase, which will add 

the negatively charged PAR to proteins and thus attract the positive LCD of DDR factors 

such as FUS and induce LLPS. Another well-researched example is the FUS protein, an 

RNA processing factor that has also been implicated in DNA repair. FUS possesses an 

LCD with prion-like properties that easily promote LLPS even in the absence of RNA, 

giving rise to aggregates and amyloid-like fibrils associated with neurodegenerative 

diseases such as amyotrophic lateral sclerosis (ALS) and frontotemporal lobar 

degeneration (FTLD) (Sukhanova et al., 2020). FUS is also recruited to the DNA damage 

foci to interact with DDR signaling and repair cascade (Levone et al., 2021). 

3. Role of RNA and RNA processing factors in DNA damage repair 

 

RNA participates in various cellular processes, such as gene expression, 

translation, and epigenetic regulation. For DSB repair, while proteins are the primary 

players, RNA also plays a critical role in DDR and DNA repair (Hawley et al., 2017). 

When DSBs occur, the MRN complex recruits RNA Polymerase II to the damage site and 

triggers the formation of damage-induced lncRNAs (dilncRNAs). These dilncRNAs are 

subsequently processed by DROSHA/DICER to form DNA damage response RNA 

(DDRNAs) that will form hybrids with nascent dilncRNAs to recruit DDR factors to the 

damage site (Michelini et al., 2017). dilncRNAs can also pair with resected DNA ends in 

S/G2-phase cells to recruit HR factors (Whelan et al., 2018). In addition, lncRNAs can 

also interact with BRCA1 and other DDR factors to mediate DDR (Sharma et al., 2015; 

Haemmig et al., 2020). 
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Accumulating evidence has also revealed that RNA processing factors play a 

pivotal role in regulating DNA damage response, either by regulating the mRNAs coding 

for DNA repair proteins or by directly interacting with the DNA repair proteins (Meng et 

al., 2020). For example, RBM14 is an RBP associated with transcription and RNA 

splicing. It can also interact with PARP1 to join the PARP-dependent DSB repair process 

(Kai, 2016). RNA splicing factors such as THRAP3 and BCLAF1 can also contribute to 

DDR by regulating the splicing and export of genes related to the HR repair pathway 

(Vohhodina et al., 2017). 

4. Y14 is an RNA processing factor involved in DNA damage repair 

 

Y14 protein (RBM8A) is an RNA processing factor, mostly known for its role as 

a core factor of the exon junction complex (EJC). While associated with the regulation of 

post-transcriptional mRNA, the EJC is best known for its function in nonsense-mediated 

mRNA decay by recognizing and degrading mRNAs with premature stop codons (Boehm 

& Gehrig, 2016). Y14 also contributes to other essential cellular functions as well, 

including the modulation of mitotic cell-cycle RNA splicing (Fukumura et al., 2016), 

regulation of apoptotic regulators (Michelle et al., 2012), and DNA damage repair (Lu et 

al., 2017; Chuang et al., 2019). 

In particular, Y14 is crucial in maintaining genome stability through various 

pathways. Through its role as an EJC factor, Y14 helps to regulate the expression of 

several DDR factors for repairing DNA damage and preventing R-loops from 

accumulating during transcription. In addition, Y14, but not other EJC factors, can 

directly participate in double-strand break (DSB) repair by RNA-dependent interactions 

with Ku and other DDR factors (Chuang et al., 2019). Moreover, HOTAIRM1 has also 

been identified via immunoprecipitation-RNA-seq as a lncRNA that mediates the Y14 

and NHEJ complex interaction. HOTAIRM1 accumulates at DSBs and is essential for the 
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efficient recruitment of NHEJ and nonsense-mediated decay (NMD) factors such as 

Upf1/SMG6 to DSBs and subsequent DSB repair (Chuang et al., 2023). HOTAIRM1 

promotes the LLPS of Y14, further cementing its role in the Y14-mediated DNA damage 

repair pathway (Yu et al., 2023). However, the exact mechanism of how RNA can 

mediate this process remains to be investigated. 
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Results 

 

RNA Binding of Recombinant Human Y14 Protein 

 

Previous research has already implicated the role of Y14 in the DNA damage 

repair pathway, likely due to its association with the lncRNA HOTAIRM1 (Chuang et al., 

2019; Chuang et al., 2023). To further understand the interaction between Y14 and 

HOTAIRM1, we first expressed recombinant wild-type Y14 in E. coli. We also generated 

two other Y14 mutants, namely the WV mutant, which has been previously identified to 

have a decreased RNA binding capacity (Chuang et al., 2016), and the ∆C mutant, which 

has been found to disrupt LLPS formation (Yu et al., 2023). The proteins were dual- 

tagged with an S peptide on the N-terminus to increase protein solubilization and a 

polyhistidine (His) tag on the C-terminus for easy purification. The recombinant S-Y14- 

His was then purified using Ni Sepharose 6 Fast Flow medium. Purified protein was 

detected via SDS-PAGE as a band around 25 kDa (Appendix 1). The recombinant protein 

is then used to evaluate its RNA-binding properties. 

We then generated five HOTAIRM1 fragments and labeled them with 32P for 

electrophoretic mobility shift assay (EMSA). The Y14-HOTAIRM1 complex migrated 

slower than the free RNA probes. As shown in Fig 1., a shift was detected upon an 

increasing concentration of recombinant protein. The result shows that wild-type S-Y14- 

His bound to all HOTAIRM1 fragments but had a higher binding affinity to the HM1-4 

fragment (Fig 1A). The ∆C mutant showed a slightly higher binding affinity to all five 

HOTAIRM1 fragments than the wild-type (Fig 1B), while the WV mutant did not bind as 

expected (Fig 1C). Due to the removal of its positively charged C terminus, the protein is 

less prone to undergo LLPS. 

We also evaluated the binding of Y14 to RNA homopolymers. The shift was not 

as noticeable as the HOTAIRM1 fragments; however, a similar trend can be observed. 
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Both wild-type and ∆C mutant bound to the U25 fragment, with the ∆C mutant showing a 

higher binding affinity, while the WV mutant showed no binding (Fig 1D). 

Recent research has revealed the role of N6-methyladenosine (m6A) in the 

regulation of DNA repair and genome integrity for DNA damage response (Qu et al., 

2021). Using photo-crosslinking-assisted m6A sequencing (PA-m6A-seq) (Chen et al., 

2015), we identified A827 as an m6A site likely induced by DNA damage. Therefore, we 

wanted to investigate if RNA methylation can affect RNA binding. Thus, we generated a 

methylated (HM1-m6A) and non-methylated (HM1-A) RNA oligo mimicking the m6A 

site on HOTAIRM1 and performed EMSA. Similar to previous results, both WT and ∆C 

mutant bound to the RNA oligos, with ∆C mutant showing a higher binding affinity (Fig 

1E). Unlike previous results, however, the WV mutant bound to RNA oligos. In addition, 

all three S-Y14-His proteins had a higher binding affinity to HM1-m6A oligo than HM1- 

A oligo. We hypothesized that this is due to a potential secondary structure formation in 

that area that might affect its binding affinity to the protein, which is then exacerbated 

with the presence of an m6A. Taken together, we concluded that while Y14 has a non- 

specific binding affinity with RNA, it had a stronger binding affinity with specific RNA 

sequences or structures. 

Characterization of Y14 LLPS 

 

In our previous research, we have already observed that Y14 can form condensates 

independently (Yu et al., 2023). We also observed droplet formation of S-Y14-His (20 

μM) in buffers ranging from pH 6 to 7.5 using a differential interference contrast (DIC) 

microscope and recorded similar results. S-Y14-His will form spherical condensates after 

2 hours of incubation (Fig 2A). The condensate number and size decreased gradually as 

pH increased. 
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To avoid any interference caused by the dual tags on our recombinant proteins, 

we generated a non-tagged recombinant Y14 protein. We engineered a fusion containing 

GB1, 6xHis tag, and a TEV protease recognition site. Non-tagged Y14 was purified 

according to the procedure (Appendix 2C), which Hsin-Hong Yeh kindly gifted. We then 

compared the droplet formation ability of S-Y14-His and non-tagged Y14 using the in 

vitro LLPS assay. As seen in Fig 2B-D., both recombinant S-Y14-His and Y14 proteins 

are able to form condensates, with Y14 proteins forming bigger condensates compared to 

S-Y14-His proteins. 

Next, we evaluated the droplet formation of increasing amounts of Y14. The size 

of the condensates formed increases as the protein concentration increases but will lose 

its ability to undergo LLPS at high protein concentrations (Fig 2E). At high 

concentrations (80 μM), Y14 immediately formed very small condensates upon 

placement on the coverslip but formed solid aggregates after 5 minutes. Y14 is also 

capable of forming large multiphase condensates. However, it is unable to maintain them 

for long, as the smaller condensates are highly mobile and have a tendency to merge if 

close enough (Fig 2F). 

Different RNAs modulate Y14 LLPS differently 

 

RNA can modulate the LLPS ability of Y14 (Yu et al., 2023). We next 

investigated how different types of RNA modulate Y14 LLPS. We prepared four 

different types of RNA: Cy5-labeled ssRNA (A25), Cy5-labeled dsRNA (U25+A25), m
6A 

oligo, and non-m6A oligo, and compared Y14 droplet formation in the presence of RNA. 

Similar to the above result, Cy5-labeled ssRNA and dsRNA co-phase separated with 

S-Y14-His droplets. ssRNA had no significant effect on S-Y14-His droplet formation 

(Fig 3A). In contrast, the addition of dsRNA resulted in a decrease in droplet number 

but an increase in average droplet size. 
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However, the addition of HM1-m6A and HM1-A oligo resulted in a significant 

decrease in the average size of droplets (Fig 3B). However, despite the decrease in 

average size, the relative coverage rate of droplets formed after the addition of HM1- 

m6A oligo showed no significant difference from the control. 

Then, we repeated the same experiment using non-tagged Y14 and titrated the 

RNA concentrations. As seen in Fig 4AB, the addition of RNA up to 0.1 μM had no 

significant effects on Y14 LLPS ability. Higher concentrations of dsRNA inhibited LLPS 

formation, while HM1-m6A RNA oligo resulted in a dramatic increase in both condensate 

size and coverage rate. Conversely, ssRNA and HM1-A RNA oligo only caused a slight 

increase in coverage rate. 

RNA Methylation promotes Y14 LLPS 

 

As one of the most prevalent mRNA modifications, m6A is involved in various 

biological functions. Notably, the YTH family of proteins (YTHDFs) bind m6A. YTHDF 

proteins can phase separate in vitro, whereas m6A RNA can enhance LLPS of YTHDF 

proteins (Wang et al., 2020). Y14 does not have a YTH domain, but its LLPS was 

promoted by HM1-m6A RNA oligo. Therefore, we wondered whether m6A generally 

enhances Y14 LLPS. We generated four different unstructured oligos with varying 

numbers of m6A in repeated sequences: m6A0, m6A1, m6A3, and m6A5. To visualize a 

more pronounced change in droplet formation, we performed in vitro phase separation 

assay at pH 7.12, resulting in smaller droplet formation compared to pH 7 (Fig 2D). 

As shown in Fig 5, 0.2 μM RNA has no significant difference in condensate 

formation, regardless of the number of m6A, consistent with previous results. However, 

increasing the concentration of RNA up to 1.6 uM revealed significant changes. 1.6 uM 

of 0 m6A had an inhibitory effect on Y14 LLPS, similar to unspecific RNA A25 oligo 

(results not shown). The result revealed that m6A caused a notable increase in the 
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coverage rate, i.e., increasing amounts of m6A led to higher relative coverage. Specifically, 

m6A3 and m6A5 oligos further increased the coverage rate of droplets. Unexpectedly, a 

single m6A-containing HM1 yielded higher relative coverage than m6A3 and m6A5 oligos. 

Although m6A enhanced Y14 phase separation, excess numbers of m6A had no further 

effects on LLPS. Nevertheless, our result showed that m6A RNA promotes the LLPS of 

a non-YTH protein. 

Bioinformatics analysis of charged IDRs in RNA processing and DNA repair factors 

 

Since charged IDRs significantly contribute to the LLPS of Y14, we attempted to 

assess whether other known LLPS proteins and DNA repair factors also contain charged 

IDRs. We first identified proteins that can undergo LLPS from LLPSDB v1.0 (Li et al., 

2020), a well-curated database of proteins involved with LLPS. We then filtered these 

proteins through the Classification of Intrinsically Disordered Ensemble Regions (CIDER) 

(Holehouse et al., 2017), which analyzes a range of physicochemical properties of 

intrinsically disordered proteins (IDPs). We were particularly interested in the diagram 

of states, a predictive analysis that uses the fractions of positively and negatively charged 

residues to divide IDP sequences into five different conformational classes. These 

different conformational classes can predict the ability of IDP/IDRs to fold into three- 

dimensional structures, which can affect their ability to undergo LLPS. Proteins in 

Regions 1 and 2 possess a lower fraction of charged residue and, thus, a lower net charge 

per residue (NCPR), so these IDP sequences generally lend themselves to a tighter 

conformation. However, proteins in Region 3 have a higher fraction of charged residues 

and, thus, a higher NCPR value, which allows for a more open conformation. On the other 

hand, proteins in Regions 4 and 5 are sequences that are very positively or negatively 

charged in general. 
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We identified 20 human proteins that can undergo LLPS and compared these 

proteins to Y14 using CIDER (Fig 6A-B). Most proteins fell under Regions 1 and 2, while 

only a few fell under Region 3, including Y14. Other proteins in Region 3 include HP1a, 

HP1b, and hNPM1, which are all well-characterized LLPS proteins. To analyze whether 

the structure suggested by the diagram of states would play a role in governing LLPS 

ability, we then identified other proteins with well-characterized LLPS abilities and 

compared them with Y14 (Fig 6C). The two extensively-studied LLPS proteins, FUS and 

G3BP1, are predicted to be in Regions 1 and 2. While the predicted open structure could 

not explain why Y14 can undergo LLPS, we hypothesized it could explain why Y14 can 

bind to RNA with no sequence. On a similar note, previous research has shown that 

NPM1, a known LLPS protein in Region 3, can bind to DNA and RNA with no sequence 

specificity (Hingorani et al., 2000). Hence, we were interested in whether a protein’s 

ability to recognize and bind with RNA could affect its LLPS ability. We identified all 

the RRM-containing proteins with IDRs from various online databases, including 

MobiDB, PhasePro, Disprot, LLPSDB, and IUPred2, and analyzed the IDRs using 

CIDER (Fig 6D-E). However, as expected, the majority of IDRs were located in Regions 

1 and 2 on the diagram of state. We hypothesized that protein function might play a role 

in determining a protein’s position on the diagram of states and the optimal conditions 

for its LLPS. 

Thus, we wanted to know if proteins with other domains could have a different 

distribution on the diagram of state. While most domains tend to have a larger share of 

proteins falling under Regions 1 and 2, some domains have a different distribution (Fig 

6F). The IDRs of proteins with SAP, PWI, and DEAD domains tend to be distributed to 

Region 3 more than other protein domains, most likely due to its function. SAP proteins 

are associated with transcription, DNA repair, or RNA processing. PWI proteins are 
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associated with splicing, while DEAD proteins are associated with RNA metabolism. 

The function of these proteins requires binding to various non-specific RNA, which can 

be helped due to their more open conformation. Meanwhile, KH domains tend to have a 

larger share of proteins in Regions 1 and 2, as KH proteins tend to bind to specific DNA 

or RNA. Thus, having a tighter conformation can help to increase binding specificity. 

However, as a whole, a large majority (70%) of IDRs are located in Regions 1 and 2. 

Previous research has uncovered the HOTAIRM1-mediated DSB repair, 

including the recruitment of Y14 and other NHEJ factors to the DNA damage site. The 

ability of Y14 to phase separate is also thought to help facilitate the recruitment and 

increase the efficiency of damage repair. Hence, we wanted to find out whether other 

NHEJ proteins can affect the LLPS ability of Y14. We identified 23 NHEJ-related 

proteins and their 41 IDRs through literature research and the DisProt database and 

analyzed them through CIDER (Fig 6G, Table 2). In particular, we focused on Ku70, a 

key player in the NHEJ pathway that can bind to Y14. Ku70 has two IDRs, one with an 

overall negative charge and the other with a mixture of positively and negatively charged 

blocks (Fig 6H). We generated these two peptides and performed a phase separation assay 

with Y14 (data not shown). Both Ku70 peptides co-phase separated with Y14 and affected 

the LLPS ability of Y14. We hypothesized that proteins that can co-phase separate with 

Y14 may have charged IDRs, i.e., in region 3 (or 4/5) of the state diagram, to facilitate 

electrostatic interaction. 
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Discussion 

 

LLPS is a dynamic process driven by weak, reversible interactions between 

proteins and/or nucleic acids, resulting in the formation of distinct liquid-phase 

compartments within the cell. In this study, we characterized the RNA binding ability of 

Y14 and its effect on phase separation. Y14 has been shown to undergo LLPS, and its 

RNA binding ability significantly affects this process. Y14 can form phase-separated 

droplets independently of RNA. Consistent with our previous research, both the wild- 

type and WV mutant of Y14 are able to form droplets, but only Y14 WT is able to co- 

condensate with RNA. As has been observed from our previous research and for other 

known LLPS proteins such as FUS (Maharana et al., 2018), low RNA:protein ratios can 

promote LLPS, while high RNA:protein ratios will inhibit LLPS. Moreover, experimental 

evidence shows that RNA modifications or structures, can promote and stabilize the 

formation of these condensates. In conclusion, this study implies that RNA can modulate 

LLPS based on its structure. 

The methylation of adenosine in RNA has long been implicated in the regulation 

of RNA metabolism. However, it was not until recently that m6A was implied in the 

context of DNA damage repair by regulating the accumulation of R-loops (DNA:RNA 

hybrids formed due to DNA damage) (Abakir et al., 2019). Y14 has been shown to have 

a higher binding affinity to methylated RNA. This interaction is believed to play a role in 

enhancing the specificity and efficiency of recruitment and localization of Y14 to DNA 

damage sites. The recognition of methylated RNA by Y14 may enhance their multivalent 

interactions with the protein, leading to the formation of larger and more stable protein- 

RNA condensates. These condensates can then facilitate the spatiotemporal regulation of 

repair factors and enable more precise control over the repair process. 
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Charge segregation is essential for LLPS. Our previous research has revealed that 

charge segregation within Y14, influenced by its unique distribution of charged residues, 

plays a significant role in LLPS behavior. However, factors such as post-translational 

modifications or interactions with other biomolecules can influence this charge 

segregation. Our results (data not shown) indicate that the addition of charged peptides 

may cause the disruption of charge segregation and alter the balance of attractive and 

repulsive forces in Y14, thus impacting its LLPS behavior. However, proteins with 

charged IDRs can reinforce the attractive interactions and facilitate the assembly of Y14 

condensates. Further experiments are required to understand the interplay between charge 

segregation, electrostatic interactions, and LLPS in Y14, which can provide valuable 

insights into the underlying mechanisms of cellular processes involving Y14 in the 

context of DNA repair. 

The interplay between Y14, RNA, and LLPS offers a fascinating perspective on 

the intricate molecular mechanisms underlying DNA damage repair. Further research in 

this field can contribute to our understanding of RNA-mediated processes and provide 

deeper insight into the spatial organization of cellular components and the translocation 

of RNA concerning DNA damage repair. 
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Experimental procedures 

 

Protein expression and purification 

 

Both wild-type and mutant S-Y14-His were overexpressed in E. coli strain BL21 (DE3). 

Transformed bacteria were grown at 37°C in Luria broth (LB) containing kanamycin. At 

OD600 0.4–0.6, 1 mM isopropyl β-d-1-thio-galactopyranoside (IPTG) was added. 

Bacteria were subsequently shifted to 15°C for 12 –16 h. Cell pellets were harvested and 

resuspended with the resuspension buffer (0.5 M NaCl, 20 mM Tris- HCl, pH 7.9) and 

sonicated, followed by centrifugation at 13,000 rpm for 30 min at 4°C. The supernatant 

was passed over a Ni Sepharose 6 Fast Flow medium (GE Healthcare), washed with the 

resuspension buffer containing 60 mM imidazole, and eluted with the same buffer 

containing 500 mM imidazole. Purified Y14 was dialyzed against the storage buffer (50 

mM KCl, 20 mM HEPES pH 7.9, 20% glycerol) and stored at −80°C. Proteins were 

analyzed on SDS-poly-acrylamide gel electrophoresis followed by TOOLStart Blue 

(BIOTOOLS) staining. Nucleic acid contamination was evaluated on a Nanodrop. 

 
 

Fluorescent labeling of proteins 

 

Wild-type and mutant S-Y14-His and Y14 were labeled using Alexa Fluor 488 C5 

Maleimide (Thermo Fisher Scientific) according to the manufacturer’s instructions. For 

visualization, the unlabeled proteins were mixed with the labeled protein with a ratio of 

100:1 unless otherwise stated. 

 
 

Preparation of RNA probes 

 

For in vitro transcription, the pGEM vectors, each encoding a HOTAIRM1 fragment, was 

linearized with NotI (for Sp6 transcription) or SacII (for T7 transcription) (New England 

Lab) and used as a template. Radiolabeled HOTAIRM1 fragments were synthesized using 
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T7 or Sp6 RNA polymerase (Promega) according to the manufacturer’s instructions. In 

brief, each transcription reaction contained 0.5 mM ATP, CTP and GTP, 0.1 mM UTP, 

and 3.3 μM 

of α32P-UTP (3000 Ci/mmol, 10 mCi/ml, PerkinElmer). RNA was gel purified through 

a 14% polyacrylamide gel containing 7 M urea. The length of HOTAIRM1 fragments 

containing the flanking linker regions ranged from 214 to 289 nt. The specific 

radioactivity was 3 × 106 cpm/μg. 

 
For end-labeling, RNA oligos are incubated with T4 PNK (New England Lab), 10x kinase 

buffer, and 9.9 μM of 32P-ATP (3000 Ci/mmol, 10 mCi/ml, PerkinElmer) for 1 hour. 

According to the manufacturer's instructions, 0-5 m6A oligos were first treated with 

alkaline phosphatase (Roche). Free nucleotides are removed using a microspin G-25 

column (GE Healthcare). The specific radioactivity was 3 × 106 cpm/μg. 

 
Electrophoretic mobility shift assay (EMSA) 

 

For EMSA, 5×10 4 cpm of (0.78-6.25nM) 32P-labeled RNA oligos or (17–26 nM) 32P- 

labeled HOTAIRM1 fragment was incubated with Y14 in a buffer containing 50 mM 

HEPES (pH 7.0), 150 mM NaCl, 1 mM DTT, 10% glycerol, 0.5 mg/mL BSA on ice for 

20 min. The reaction was mixed with the loading dye containing 2M KCl, 1M Tris (pH 

7.6), 50% glycerol, 0.01% xylene cyanol, and 0.01% bromophenol blue before being 

separated by electrophoresis on a 4-10% polyacrylamide gel in Tris-Borate-EDTA buffer. 

Gels were vacuum-dried and imaged on a Typhoon scanner (GE Healthcare). 

Quantification of radiolabeled RNA was performed using ImageQuantTL software (GE 

Healthcare). The Kd value was determined from the concentration of which 50% of the 

probes were bound. 
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In-vitro transcription of methylated oligos 

 

0-5 m6A DNA oligos are first annealed to a T7 oligo to create a hybridized template. 

According to the manufacturer's instructions, methylated oligos were synthesized using 

T7 RNA polymerase (Promega). Each transcription reaction contained 0.1mM GTP, 

0.1mM CTP, 0.1mM UTP, and 0.05mM m6ATP. RNA was gel-purified through a 6% 

polyacrylamide gel containing 8 M urea. Purified RNA was loaded onto a 8% TBE- 

polyacrylamide gel, electrophoresed, and stained with GelRed. The length of methylated 

oligos was 42 nt. 

 

Phase separation assay 

 

Recombinant S-Y14-His proteins were mixed with buffers containing 20 mM 

MES/HEPES at different pHs. Recombinant non-tagged Y14 proteins were diluted in a 

storage buffer containing 50 mM HEPES and 300 mM KCl (pH 8.0) before being mixed 

with a buffer containing 20 mM HEPES (pH 6.7). 

 

For protein/RNA co-condensation analysis, proteins and RNA were mixed before dilution 

into the LLPS reaction buffer. After dilution, samples were incubated for 2 hrs at room 

temperature and then placed onto the coverslip for visualization using a Leica microscope 

(DMI6000B) with a 100× oil objective under the differential interference contrast (DIC) 

or fluorescence mode (Cy5 or FITC/GFP). Representative images were captured after 5 

or 10 minutes for S-Y14-His and Y14 proteins, respectively, unless otherwise stated. 
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Table 1: RNA used in this study (5’ → 3’) 

 

HM1-1 

(1-217) 

GAAUACUCAAGCUAGGCCGCACUAGUGAUUAAAAGUUUGC 

CGGCUUCCGCAGUGAUGGAUCACCGUUUUAGUGGCAUUUAA 

AUCCCCGGCGCUCCGCCGUCUAGGUGACGCGCAGUCGCCCCC 

CCAGGCAGCCUAGGCGGCGGCAGCUGCUGCGGCGACUGCAAA 

GGCCGAUUUGGAGUGCUGGAGCGAAGAAGAGCAAAAGCUGC 

GUUCUACGUCAACAGCCGACUCCGCUGCCCGCCCCGCCAGGC 

CAAUCCCGCGG 

HM1-2 

(221-395) 

GAAUACUCAAGCUAGGCCGCACUAGUGAUUGGGAGGUGGG 

GCUGGGAGGCGUCCCCCGCUCCCGCCCCCUCCCCACCGUUCA 

AUGAAAGAUGAACUGGCGAGAGGACGAAUCGCAUCCAGGAG 

CUGCGCAGCCCUGGCCGCUGCCGGGACGCCCUGCUCCGCGCU 

GAGCUUGGGGCCAGAAACCAGCCAUAGUCCCCACACUCCAAU 

CCCGCGG 

HM1-3 

(396-631) 

GGGCGAAUUGGGGAUUGCCGCCGCAGCUGAGAUUUAGCGG 

AGGAAGGGGCGAGGGAAGGUAGGGAGCAAACCUAUGAAGAA 

ACAUCGCGUUGUCAUUGGAACUUCCAAGCCUUUGCUGUUAA 

GAGCCAGGUUCUUAAAUCAACCCGCCCCACACACAUGUUGCU 

UACAUGCUGCGUUUUCUCACGGUCUGUUUUGCCUGAACCCA 

UCAACAGCUGGGAGAUUAAUCAACCACACUGAAAAUGUGGA 

GGGAUUAAUCACUAGUGCGGCCGC 

HM1-4 

(632-882) 

GAAUACUCAAGCUACCGCACUAGUGAUUUAUGGGGGAGGG 

GGUUGAAAUGUGGGUGUUUGAAACAAAAGUGUAUAAACAAA 

UGAAUUGUUGAUAACUUAGUUAUUGACCUGGAGACUGGUAG 

CUUAUUAAAGAAACUCCGUGUUACUCAUUCCUGGAGUUGGG 
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 GGUUUCUGUAGGCACUUUAUUUCUCCACUUUCAAGAGCUUG 

GGCUUGGCCCAAAUCUUAGACUGUCCAAUUCUGCCUCUAUU 

ACCAAUUUAAAUCUAUGGCUUGAACCUGUGCACUAAUCCCG 

CGG 

HM1-5 

(882-1044) 

GGGCGAAUUGGGCCCUGAAAAUCAAAUCCUUUAAAAAGAA 

AGAGGAGAAUAAGAAGCAAAAAAGAAAGAAAAAACACUUAU 

UAGAAGCCCUAGUCAUUUUUUGGCUUUCUGUUUUGUUGCUG 

UCCAUUGAAGACUUUGAACAUGCCGCCUUAAUAAAUGUAUU 

AAAAUUGAAAAAAGAGCGGCCGC 

HM1-m6A CCCAAAUUUAGm6ACUGUCCAAUUCU 

HM1-A CCCAAAUUUAGACUGUCCAAUUCU 

m6A5 UUCm6AGGUUUUCm6AGGUUUUCm6AGGUUUUCm6AGGUUUUC 

 

m6AGGUU 

m6A3 UUCm6AGGUUUUCUGGUUUUCm6AGGUUUUCUGGUUUUCm6A 

 

GGUU 

m6A1 UUCUGGUUUUCUGGUUUUCm6AGGUUUUCUGGUUUUCUGGU 

 

U 

m6A0 UUCUGGUUUUCUGGUUUUCUGGUUUUCUGGUUUUCUGGUU 

 

(Restriction enzyme sites are underlined while m6A and transcription sites are shown in 

bold) 
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Fig 1. RNA binding of Recombinant Human Y14 Protein. 

 

EMSA shows all 5 HOTAIRM1 (HM1) fragments bind to S-Y14-His WT and ∆C mutant, 

but not to WV mutant. Increasing concentration of recombinant S-Y14-His (A) wild-type, 

(B) ∆C mutant and (C) WV mutant was incubated with 32P-labeled HM1-1 (19 nM), 

HM1-2 (22 nM), HM1-3 (18 nM), HM1-4 (nM), and HM1-5 (26 nM) fragments. (D) 

EMSA shows U25 oligo binds S-Y14-His WT and ∆C mutant, but not WV mutant. 

Increasing concentration of recombinant S-Y14-His wild-type, ∆ C mutant and WV 

mutant was incubated with 0.78 nM of 32P-labeled U25 oligo. (E) EMSA shows HM1- 

m6A oligo binds better to all S-Y14-His proteins compared to HM1-A oligo. An 

increasing concentration of recombinant S-Y14-His WT was incubated with 6.25 nM of 

32P-labeled HM1-m6A and HM1-A oligo, respectively. 

 

Percentage of RNA probes shifted is shown graphically. (N = 2) 
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Fig 2. Characterization of Y14 LLPS. 

 

(A) DIC images of phase separation of S-Y14-His WT (20𝜇M) in four different pH 

level buffers. The representative images (200x200 pixels) show droplets after 2h of 

incubation. A mixture of ALEXA Fluor 488-conjugated (0.2 𝜇M) and unlabeled wild- 

type Y14 (20𝜇M) was incubated in a (B) pH 7 and (C) pH 7.12 buffer. (D) A mixture of 

ALEXA Fluor 488-conjugated (0.2 𝜇M) and unlabeled Y14 WV mutant (20𝜇M) was 

incubated in a pH 7.12 buffer. (E) A mixture of ALEXA Fluor 488-conjugated and 

increasing concentrations of unlabeled wild-type Y14 at the molar ratio of 1:100 was 

incubated in a pH 7 buffer. (G) DIC images showing the droplets formation of wild-type 

Y14 over a time period to show the disappearance of multiphase droplets. 

 
 

The representative images show condensates after 2h of incubation. 
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Fig 3. Different RNA modulates S-Y14-His LLPS differently. 

 

(A) A mixture of ALEXA Fluor 488-conjugated (0.2 𝜇M) and unlabeled 

 

S-Y14-His WT (20 𝜇M) was mock-incubated or incubated with 0.2 𝜇M of ssRNA U25 

or dsRNA (U25+A25) in a pH 6.5 buffer. (B) A mixture of ALEXA Fluor 488- 

conjugated (0.2 𝜇M) and unlabeled S-Y14-His WT (20 𝜇M) was mock-incubated or 

incubated with 0.2 𝜇M of HM1-m6A oligo or HM1-A oligo in a pH 6.5 buffer. 

 

Mean size and relative coverage rate of the condensates are shown in the dot graph. The 

representative images (200x200 pixels) show condensates after 2h of incubation. Bar, 5 

μm. (N = 3, p-value <0.0001) 
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Fig 4. Different RNA modulates Y14 LLPS differently. 

 

(A) A mixture of ALEXA Fluor 488-conjugated (0.2 𝜇M) and unlabeled Y14 WT (20 

 

𝜇M) was mock-incubated or incubated with 0.2 𝜇M of ssRNA A25 or dsRNA (U25+A25) 

in a pH 7 buffer. (B) A mixture of ALEXA Fluor 488-conjugated (0.2 𝜇M) and 

unlabeled Y14 WT (20 𝜇M) was mock-incubated or incubated with increasing 

concentrations of HM1-A or HM1-m6A oligo in a pH 7 buffer. 

 

Mean size and relative coverage rate of the condensates are shown in the dot graph. The 

representative images (1004x1002 pixels) show condensates after 2h of incubation. Bar, 

25 μm. (N = 3) 
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Fig 5. RNA Methylation promotes Y14 LLPS. 

 

(A) A mixture of ALEXA Fluor 488-conjugated (0.2 𝜇M) and unlabeled Y14 WT (20 

 

𝜇M) was mock-incubated or incubated with 1.6 𝜇M of m6A0, m6A1, m6A3, and m6A5 

oligo at pH 7.12 buffer. The representative images show condensates after 2h of 

incubation. Bar, 25 μm. Inset shows magnified images (200x200 pixels) of a selected 

area. Mean size (B) and relative coverage rate (C) of the droplets are shown in the dot 

graph. 
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Fig 6. Bioinformatics analysis of charged IDRs in RNA processing and DNA repair 

factors. 

(A) Identification of the proteins that have LLPS properties from the LLPSDB database. 

 

(B) Diagram shows the charge states of known LLPS proteins. (C) Diagram of the charge 

states of Y14 and disease-associated LLPS proteins. (D) Identification of RRM- 

containing IDRs and their (E) charge states. (F) Diagram of the charge state distribution 

of LLPS proteins with various domains. (G) Identification of NHEJ-related proteins and 

the (H) NCPR distribution of Y14 and Ku70 IDRs. NPCR represents Net Charge Per 

Residue. 
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Appendix 1. Illustration showing recombinant S-Y14-His and non-tagged Y14, and 

domains of wild-type and mutant (WV and ∆C) Y14. 
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Appendix 2. Diagram showing Y14 purification process and results. 

 

(A) Illustration depicting S-Y14-His purification steps and (B) SDS PAGE results 

showing S-Y14-His purification results. (C) Illustration depicting Y14 purification steps. 

(D) SDS PAGE results showing purified recombinant Y14 WT (left) and S-Y14-His WT, 

WV, and ∆C mutant (right) proteins. Protein bands were stained with ToolStart Blue 

Staining Reagent. 
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Appendix 3. Diagram showing lncRNA HOTAIRM1. 

 

(A) HOTAIRM1 fragments, (B) its structure, and (C) methylation site. 



doi:10.6342/NTU202302064
45  

 
 

 

 

Appendix 4. RNA materials used in experiments. 

 

6% Urea-polyacrylamide gel electrophoresis after PAGE GelRed stain showing (A) RNA 

fragments and (B) in vitro transcription of methylated fragments. (C) Dot blot assay for 

the screening of methylation of m6A oligo and non-m6A oligo. 
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Appendix 5. Saturation binding curve of HM1-4 fragment to S-Y14-His. 

 

(A) EMSA binding analysis of 10 nM HM1 fragment 632-882 with increasing 

concentrations of recombinant S-Y14-His WT. (B) The percentage of HM1 fragments 

bound at each protein concentration is shown graphically. Kd is estimated via a saturation 

binding curve. 
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