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by accelerating nuclear EGFR-induced  
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Abstract: Radioresistance is one of the main causes of cancer treatment failure, which leads to relapse and inferior 
survival outcome of cancer patients. Liquid-liquid phase separation (LLPS) of proteins is known to be involved in 
various biological processes, whereas its role in the regulation of radiosensitivity remains largely unknown. In this 
study, we characterized NONO, an RNA/DNA binding protein with LLPS capacity, as an essential regulator of tumor 
radioresistance. In vitro assay showed that NONO involved in DNA repair via non-homologous end joining (NHEJ) 
manner. NONO knockout significantly reduced DNA damage repair and sensitized tumor cells to irradiation in vitro 
and in vivo. NONO overexpression was correlated with an inferior survival outcome in cancer patients. Mechanically, 
NONO was associated with nuclear EGFR (nEGFR). Both irradiation and EGF treatment induced nEGFR accumula-
tion, thereby increased the association between NONO and nEGFR. However, NONO was not a substrate of EGFR 
kinase. Furthermore, NONO promoted DNA damage-induced DNA-PK phosphorylation at T2609 by enhancing the 
interaction between EGFR and DNA-PK. Importantly, NONO protein formed high concentration LLPS droplets in vitro, 
and recruited EGFR and DNA-PK. Disruption of NONO droplets with LLPS inhibitor significantly reduced the interac-
tion between EGFR and DNA-PK, and suppressed DNA damage-induced phosphorylation of T2609-DNA-PK. Taken 
together, LLPS of NONO recruits nuclear EGFR and DNA-PK and enhances their interaction, further increases DNA 
damage-activated pT2609-DNA-PK and promotes NHEJ-mediated DNA repair, finally leads to tumor radioresistance. 
NONO phase separation-mediated radioresistance may serve as a novel molecular target to sensitize tumor cell to 
radiotherapy.
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Introduction

As one of the major cancer treatment strate-
gies, radiotherapy is widely used in most of 
solid tumor treatment [1, 2]. Radioresistance is 
the major cause of cancer treatment failure, 
whose underlying mechanism is mainly as- 
cribed to high capacity of tumor cell to repair 

the irradiation induced DNA damage [3]. In the-
ory, radiation kills cancer cells by producing a 
large amount of cytotoxic double strand DNA 
breaks (DSBs), and cells with accelerating DNA 
repair capacity will survive from radiotherapy 
[4]. Once DSBs occur, several canonical path-
ways are activated to arrest the cell prolifera-
tion and repair the damaged DNA [5]. DSBs are 
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mainly repaired by non-homologous end joining 
(NHEJ) and homologous repair (HR) pathways 
[5-7]. Taking NHEJ for example, radiation in- 
duced DSBs triggers KU protein heterodimer 
(ku70/80), which further recruits DNA prote- 
in kinase (DNA-PKcs). Thereafter, XLF-XRCC4-
DNA Ligase IV complex is loaded to and ligates 
the DNA ends [8, 9]. Besides to these canoni- 
cal pathways, some non-canonical mechanism 
had been confirmed to be an important com-
plement to repair the radiation induced DSBs 
[10]. For example, we and others all found th- 
at membrane EGFR nuclear translocation was 
one of reasons of tumor cell radioresistance 
and a cause of Cetuximab resistance [11, 12]. 

Recently, liquid-liquid phase separation (LLPS) 
or condensation has been reported to be an 
important mechanism underlying the formation 
of membraneless bodies, such as nucleoli in 
cells [13, 14]. When undergo LLPS, a part of 
protein solution condenses into a dense phase 
which often resembles liquid droplets, and  
the remaining solution forms a dilute phase 
[15]. The driving force of LLPS is the weak mul-
tivalent interaction of multiple folded domains 
or intrinsically disordered regions [16]. Addi- 
tionally, some RNAs have been found to drive 
LLPS (e.g., long noncoding RNA NEAT1 driving 
the formation of paraspeckle) [17], which pro-
vides a source of multivalency in the protein-
RNA interaction. Accumulating evidences show 
that LLPS participates in various biological pro-
cess, including DNA damage repair [18, 19]. 

The non-POU domain containing octamer-bind-
ing (NONO), an RNA and DNA binding protein, is 
a member of the Drosophila behavior human 
splicing (DBHS) family [20, 21]. NONO multi-
functionally participates in various biological 
processes, including DNA repair, RNA splicing 
[22], RNA silencing [23], transcriptional regula-
tion [20] and nuclear mRNA retention [24]. 
Even NONO has been characterized to partici-
pate in DNA repair pathway for decades, the 
underlying mechanism is still unclear. NONO 
was firstly reported to increase the infinity of 
several DNA repair factors, such as ku70, to 
DNA [25]. Further, SFPQ was identified to form 
heterodimer with NONO and enhanced NHEJ 
via in vitro assay [26]. Recently, NONO was 
found to be recruited to damaged DNA ends  
by poly (ADP-Ribose) (PAR), a post-translational 
modification catalyzed by PARP1 at DNA dam-

age sites [27], and complexed with XLF to pro-
mote sequence-independent pairing of DNA 
substrates in NHEJ [28]. Moreover, NONO and 
other members of DBHS family, including SFPQ 
and PSPC1, strongly bind to NEAT1 to form 
paraspeckle, a membraneless bodies driving 
by LLPS [29]. However, whether NONO phase 
separation participates in DNA damage repair 
remains unclear.

Here, our findings show that NONO phase se- 
paration contributes to radiation-induced DNA 
damage repair. Upon irradiation, membrane 
EGFR translocates to nucleus, where NONO 
condensates recruit nuclear EGFR (nEGFR) and 
DNA-PK, following enhance the phosphoryla-
tion of DNA-PK at T2609 and accelerate the 
DNA repair of tumor cells, consequently induce 
radioresistance.

Materials and methods

Cell lines and tissue specimens

A431 cells were cultured in RPMI 1640 medi-
um (Gibco, ThermoFisher Scientific, Waltham, 
Massachusetts, USA). HEK293T, MDA-MB-231 
and U2OS cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco). All 
culture medium was supplemented with 10% 
(vol/vol) fetal bovine serum (FBS, Gibco). NONO 
knocked-out HeLa (HeLa-KO), MDA-MB-231 
(MDA-MB-231-KO) and U2OS (U2OS-KO) cells 
were generated using CRISPR/cas9 tools, and 
the sequences of small guide RNA (sgRNA) 
were 5’-GAGTAATAAAACTTTTAACT-3’.

All of the clinical samples were obtained from 
the Tissue Bank of the Sixth Affiliated Hospital 
of Sun Yat-sen University, and approved by 
Human Medical Ethics Committee of Sun Yat-
sen University. Clinicopathological parameters 
and follow-up information were retrieved from 
the Follow-up Database of the Sixth Affiliated 
Hospital of Sun Yat-sen University.

Plasmid constructs

The expression vector pCDH-myc-EGFR and 
pCDH-Flag-NONO were produced by respec- 
tively inserting C-terminal myc-tagged EGFR or 
Flag-tagged NONO sequence into pCDH-CMV-
MCS-EF1-copGFP (pCDH, System Biosciences, 
Palo Alto, CA, USA), which contains a copGFP 
expression cassette.
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To create different domains of Flag-NONO ex- 
pression constructs (RRM1, RRM12, 12S, 2NC, 
NC and CC), pCDH-Flag-NONO was used as a 
template to perform deletion mutation (SMK-
101, TOYOBO, Kita-ku, Osaka, Japan). 

Using the pCDH-Flag-NONO expression vector 
as a template, all 5-tyrosine mutated NONO 
expression vector pCDH-Flag-NONO-5YF were 
developed by performing site-directed muta-
genesis (SMK-101, TOYOBO) and verified by 
DNA sequencing.

The plasmids expressing myc-tagged extracel-
lular or intracellular domain of EGFR (myc-ECD, 
myc-ICD) were described previously [30].

Fractions of cytoplasmic and nuclear proteins

Cells were washed three times with ice-cold 
PBS, scrapped in 1 mL Cyto-lysis buffer (10 
mM Hepes-NaOH, pH 7.9, 10 mM KCl, 1.5 mM 
MgCl2, and 0.5 mM beta-mercaptoethanol) 
supplemented with protease inhibitor (04631- 
32001, Roche, Basel, Switzerland) and phos-
phatase inhibitor (04906837001, Roche), and 
incubated on ice for 15 minutes, followed by 
addition of 5 μl 10% NP-40. After kept on ice for 
2 minutes, cell lysate was centrifuged at 16000 
g, 4°C for 10 minutes and the supernatant 
(cytoplasmic extract) was collected. The pellet 
was washed with ice-cold PBS, resuspended in 
100 μl Nucl-lysis buffer (10 mM Tris-HCl, pH 
7.6, 420 mM NaCl, 0.5% NP-40, and 1 mM DTT, 
1 mM PMSF, 2 mM MgCl2 plus protease inhibi-
tor and phosphatase inhibitor), and incubated 
on ice for 20 minutes with 2-3 vortex. The 
nuclear extract was collected after centrifuga-
tion at 16000 g, 4°C for 15 minutes. 

Immunoprecipitation

Cells were lysed in 1 mL ice-cold IP-lysis buffer 
(25 mM Tris-HCl at pH 7.4, 150 mM NaCl, 1 mM 
EDTA, 1% NP-40, 5% glycerol) supplemented 
with protease inhibitor and phosphatase inhibi-
tor at 4°C for 30 minutes. After centrifugation 
at 16000 g, 4°C for 10 minutes, the superna-
tant was collected for the following steps. For 
CoIP assay of Flag-tagged proteins, cell lysates 
were mixed with Anti-FLAG® M2 Magnetic 
Beads (M8823, Sigma-Aldrich, St. Louis, Miss- 
ouri, USA) at 4°C for 2 hours. For CoIP assay, 
cell lysates were incubated with antibodies or 
IgG and gently rotated at 4°C for 4 hours, fol-

lowed by adding of Dynabeads G (Invitrogen, 
ThermoFisher Scientific) and incubating at 4°C 
for another 2 hours with gentle rotation. Beads 
were washed 4-5 times with IP-lysis buffer and 
IP products were eluted with 50-100 ul 100 
mM glycine (pH 3.5). 

Real-time quantitative polymerase chain reac-
tion (qPCR)

qPCR assays were performed to evaluate the 
RNA levels. Total RNA was extracted using 
TRIzol reagent (Invitrogen) and reverse-tran-
scribed using ReverTra Ace® qPCR RT Master 
Mix with gDNA Remover (FSQ-301, TOYOBO, 
Tokoyo, Japan). qPCR was performed on a 
LightCycler 480 (Roche Diagnostics, Germany) 
using SYBR® Green Realtime PCR Master Mix 
(QPK-201, TOYOBO). The cycle threshold (Ct) 
values differed by less than 0.5 between  
duplicate wells. The relative expression levels 
of the target genes were normalized to that of 
internal control genes, which yielded a 2-ΔCt 
value. U6 was used as the reference genes. 
The primer sequences: NONO-F: TATGGAAAG- 
GCAGGCGAAGT; NONO-R: TGGCATATTGTCCAG- 
CTCCA; U6-F: CGGCAGCACATATAC; U6-R: TTCA- 
CGAATTTGCGTGTCAT; HuR-F: GCAGAGAGAGCG- 
ATCAACAC; HuR-R: GCCCAAACCGAGAGAACATG.

Western blotting and antibodies

Western blotting was used to evaluate protein 
level as described previously [31]. The primary 
antibodies used in western blotting: anti-GAP-
DH (60004-1-Ig, Proteintech, Rosemont, IL, 
USA), anti-NONO (cat. 611279, BD Bioscience, 
Franklin Lakes, NJ, USA), anti-EGFR (A11351, 
ABclonal, Wuhan, China), anti-p-EGFR (3777S, 
Cell signaling technology, Danvers, MA, USA), 
anti-Flag (ab49763, abcam, Cambridge, MA, 
USA), anti-myc (ab1326, abcam), 4G10 (05-
321, Merck Millipore), anti-DNA-PK (A1419, 
ABclonal), anti-p-DNAPK (T2609) (AP0434, 
ABclonal), anti-LaminA+C (ab108595, abcam), 
anti-α-Tubulin (66031-1-Ig, Proteintech).

Immunofluorescence

After indicating treatment, cells seeded on gla- 
ss coverslips were fixed with 4% paraformalde-
hyde for 15 minutes at room temperature, 
blocked with blocking buffer (1×PBS containing 
5% goat serum and 0.3% Triton X-100) for 1 
hour and incubated with primary antibodies for 
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2 hours at room temperature. After 3 times of 
washes with 1×PBS, cells were incubated with 
secondary antibody tagged with Alexa Fluor 
488 or 555 (4408S, 4413S, Cell signaling 
technology) for 1 hour at room temperature. 
After twice washes with PBS, cells were stain- 
ed with DAPI (D9542, Sigma-Aldrich) for 5 min-
utes. Slides were mounted in ProLong™ Dia- 
mond Antifade Mountant (P36965, Invitrogen). 
Primary antibodies used in Immunofluores- 
cence including: anti-NONO (cat. 611279, BD 
Bioscience), anti-EGFR (A11351, ABclonal).

Duolink proximal ligation assay

Cells were fixed, blocked and incubated with 
primary antibodies as described in Immuno- 
fluorescence. Then, slides were washed gently 
with 1×PBS for three times and incubated with 
Duolink® In Situ PLA® Probe Anti-Rabbit MINUS 
(DUO92005, Sigma-Aldrich) and Duolink® In 
Situ PLA® Probe Anti-Mouse PLUS (DUO92001, 
Sigma-Aldrich) at 37°C for 1 hour. Then Duo- 
link® In Situ Detection Reagents was used to 
perform the following ligation and amplification 
according to the instructions. After twice wash-
es with PBS, the slides were stained with DAPI 
and mounted in ProLong™ Diamond Antifade 
Mountant. Images were captured by confocal 
microscopy (LSM880, Zeiss, Thornwood, NY, 
USA).

In vitro NHEJ assay

Restriction enzyme BamHI (R3136S, New 
England Biolabs, Beverly, MA, USA) was used  
to linearize pCSCMV-tdTomato plasmid to gen-
erate a non-homologous ends DNA fragment, 
followed by separation with a 0.8% agarose gel 
and purification using a DNA gel extraction kit 
(D2500, Omega Bio-tek, Norcross, GA, USA). 
The linearized pCSCMV-tdTomato plasmid was 
used as the substrate for the following end-join 
assay. Nuclear protein of U2OS cells was frac-
tionated as described above. Linearized plas-
mid was incubated with different amount of 
nuclear protein in 20 μl NHEJ buffer (20 mM 
Hepes-KOH at pH 7.5, 80 mM KCl, 10 mM 
MgCl2, 1 mM ATP, 1 mM DTT and 1 mM dNTP 
mix) at 30°C for 30 minutes, terminated by  
the addition of 2 μl 0.5 M EDTA, 2 μl 0.5%  
sodium dodecylsulfate and 1 μl 10 mg/mL of 
Proteinase K and incubated at 37°C for 30  
minutes. The DNA products were separated by 
gel electrophoresis.

Phos-tag-SDS-PAGE

Proteins were extracted with a RIPA buffer with-
out EDTA (150 mM NaCl, 50 mM Tris-HCl pH 
7.4, 1% NP-40, 0.25% Na-deoxycholate) and 
treated with/without Alkaline phosphatase 
(D7027, Beyotime, Shanghai, China) at 37°C  
for 30 minutes. Then, proteins were separated 
in 8% SDS-PAGE containing 20 μM Phos-tag-
conjugated acrylamide (F4002, Ape×Bio, Hou- 
ston, USA) and 20 μM MnCl2. The detection  
of proteins was performed as described in 
Western blotting and antibodies. 

Live-cell imaging

Cells were seeded on glass plates and trans-
fected with NONO-GFP plasmid for 36 hours 
before imaging. Cells were imaged using LSM- 
880 confocal microscope (Zeiss). ZEN black 
edition software was used for acquisition and 
ZEN Lite software were used to process raw 
images.

Protein expression and purification

pGEX-6P-1-NONO-GFP (N-terminal GST tag) or 
pGEX-6P-1-GFP were transformed into E.coli 
strain BL21 (DE3) cells for expression. Cultures 
were grown to an OD600 of 0.6 and then induced 
with 0.1 mM IPTG (R0393, Invitrogen), followed 
by growth at 16°C overnight. The next day, ce- 
lls were pelleted by centrifugation at 4000 g, 
4°C for 10 minutes, resuspended in 1×PBS and 
lysed with brief sonication. After centrifugation 
at 10000 g, 4°C for 10 minutes, the superna-
tant was subjected to the purification of NONO-
GFP or GFP proteins using GST-tag protein puri-
fication kit (P2262, Beyotime) according to the 
manufactured protocol.

In vitro droplets formation

GFP or NONO-GFP proteins were diluted to 10 
μM in buffers with a final concentration of 150 
mM NaCl and 20 mM Tris-HCl (pH=7.4) and 
then incubated at 25°C for 10 minutes. The 
protein mix was subjected to glass slide and 
then images were captured by fluorescence 
microscope (Zeiss).

Droplets pelleting

The whole cell lysate used below was extract- 
ed from U2OS cells with RIPA buffer. NONO-GFP 
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or GFP proteins were co-incubated with U2OS 
whole cell extract at indicated concentration 
for 20 minutes at room temperature in buffers 
with a final concentration of 150 mM NaCl and 
20 mM Tris-HCl (pH=7.4). Droplets fractions 
were obtained after centrifugation at 10,000 g 
for 10 minutes and then eluted by boiling in 
SDS sample buffer (2% SDS, 10 mM EDTA, 10% 
glycerol, 0.1% bromophenol blue, 50 mM Tris-
HCl, pH=6.8). The supernatant was kept, fol-
lowed by western blotting analysis with the 
droplet fractions.

Colony formation assay

Four thousand HCT116 or U2OS cells were 
seeded in 6-well plates. Twelve hours later, 
NU7441 (1 μM) was added for one hour before 
treated with indicated dose of irradiation. After 
irradiation, cells were cultured with or without 
NU7441 for another 24 hours, then cultured 
with drug-free medium for 8 days. Cells were 
washed with 1×PBS followed by fixing with 
methanol for 15 minutes at room temperature. 
Colonies were stained with 0.1% crystal violet 
staining solution for 15 minutes at room tem-
perature. After washing, colonies were imaged 
and analyzed with Image J.

Statistical analysis

Un-paired t test was used to compare the dif-
ference between two groups. The data were 
shown in graphs as the mean ± standard error 
of the mean (SEM). Experiments were repeat- 
ed independently for three times. P < 0.05 was 
considered statistically significant. All statisti-
cal tests were two-sided and were performed 
using GraphPad Prism (GraphPad Software 
Inc., San Diego, CA, USA).

Results

NONO is essential for DNA damage repair and 
radio-resistance of tumor cells

To investigate the role of NONO in tumor radio-
resistance, NONO knocked out (NONO-KO) cell 
lines (Figure 1A) were generated and exposed 
to radiation before colony formation assay. In 
agreement with the previous report [28], com-
pared with wildtype tumor cells, NONO-KO cells 
formed fewer colony after irradiation (Figure 
1B), indicating that NONO knockout sensitized 

tumor cells to radiation. Moreover, xenograft 
was conducted to evaluate the impact of NONO 
on radioresistance in vivo. Similar to in vitro 
findings, the xenografts derived from NONO-KO 
MC38 cells were more sensitive to radiothera-
py than that from WT cells (Figure 1C). As 
known, aberrant DNA repair capacity leads to 
tumor cell radioresistance. We then examined 
whether NONO enhanced radioresistance by 
accelerating DNA repair. In vitro non-homolo-
gous end joining assay showed that NHEJ 
capacity was largely reduced in NONO-KO cells 
(Figure 1D). Furthermore, the analysis with the 
cancer genome atlas (TCGA) database showed 
that NONO was highly expressed in breast can-
cer tissues and NONO expression was corre-
lated with cancer patient survival outcome 
(Figure 1E, 1F). Consistently, the examination 
of NONO expression in colorectal cancer (CRC) 
tissues suggested that NONO was upregulated 
in CRC tissues and high expression of NONO 
was correlated with the radioresistance of CRC 
(Figure 1G, 1H). It has been reported that RNA-
binding protein HuR upregulates NONO protein 
via binding to the 5’ untranslated region of 
NONO mRNA [32]. We found that both NONO 
and HuR was upregulated in CRC tissues 
(Figures 1G, S1A), and their expressions were 
positively correlated (Figure S1B), suggesting 
that the increase of NONO expression in CRC 
may be resulted from the dysregulation of HuR.

NONO interacts with EGFR

In our previous study, the interactome of EGFR 
was investigated by LC-MS and NONO was 
found to be one of EGFR binding partners [33]. 
Additionally, nuclear EGFR (nEGFR) have been 
involved in DNA repair through post-transcrip-
tional regulation of its substrates [30, 34] and 
the analysis of TCGA data showed that NONO-
correlated genes were enriched in EGFR path-
way (Figure S2A). We then asked if NONO-
enhanced DNA repair was mediated by binding 
to EGFR. Firstly, myc tagged EGFR (myc-EGFR) 
and Flag tagged NONO (Flag-NONO) were trans-
fected into HEK293T cells before coimmuno-
precipitation (coIP) assay using anti-Flag or 
anti-myc antibodies. Flag-NONO was detected 
in anti-myc antibody-immunoprecipitates, and 
vice versa, myc-EGFR was detected in anti- 
Flag antibody-immunoprecipitates (Figure 2A). 
Besides, NONO and EGFR was also detected in 
the immunoprecipitates of endogenous NONO 
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and EGFR protein with anti-NONO or EGFR anti-
bodies (Figures 2B, 2C, S2B), indicating that 
NONO was associated with EGFR in cells. To 
visualize the in situ subcellular interaction 
between nEGFR and NONO, a Duolink proximity 
ligation assay was performed. As shown, the 
interaction between NONO and EGFR was de- 
tected in nucleus (Figure 2D). Furthermore, a 
series of truncation mutates of NONO or EGFR 
was generated and coIP assay was employed to 
mapping domains responsible for their interac-
tion. Results showed that NONO bound with 
intracellular domain of EGFR (Figure 2E), and 
the RRM1 domain of NONO was essential for 
its interaction with EGFR (Figure 2F). 

IR and EGF induce the association between 
NONO and EGFR

To further examine whether NONO interacts 
with EGFR in cytoplasm or nucleus, the nuclear 
or cytoplasmic proteins were fractionated and 
subjected to coIP assay. Consistent with pre- 
vious reports, NONO was only presented in 
nuclear fraction, and absent in cytoplasmic 
fraction, whereas EGFR mainly localized in cy- 
toplasmic fraction (Figure 3A, left panel). CoIP 
assay with nuclear fraction showed that NONO 
was associated with nEGFR (Figure 3A, right 
panel; Figure S3A). Significantly, the interac- 
tion between NONO and EGFR was remarkably 

Figure 1. NONO is essential for DNA repair and radioresistance of tumor cells. A. NONO was knocked out in HeLa, 
MDA-MB-231 and U2OS cells. B. NONO depletion sensitized tumor cells to irradiation. C. NONO-KO cells-derived 
xenograft was more sensitive to irradiation than that from wildtype cells. Ten days after MC38 cell injection, mice 
were treated with radiotherapy (RT). D. NONO knockout inhibited NHEJ in in vitro NHEJ assay. NP, nuclear protein 
extracted from U2OS cells. E, F. NONO was overexpressed in breast cancer (BC) tissues, and high level of NONO 
was correlated with poor prognosis of breast cancer patients in TCGA data. G. NONO was upregulated in colorectal 
cancer (CRC). The mRNA level of NONO was analyzed in 49 paired CRC and normal (N) tissues using qPCR. H. NONO 
was highly expressed in radioresistant CRC tissues. The protein level of NONO was examined in CRC tissues with 
IHC. **, P < 0.01; ***, P < 0.001.
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increased upon EGF or irradiation stimulation, 
but was abrogated by AG1478 (Figures 3B, 
S3B, S3C), a small compound inhibitor of EG- 
FR. Furthermore, EGF-induced association bet- 
ween NONO and nuclear EGFR was confirmed 
by Duolink PLA (Figure 3C) and immunofluores-
cence assay (Figures 3D, S2D). These findings 
suggest that irradiation-induced internalization 
of EGFR enhanced the interaction between 
NONO and nuclear EGFR.

NONO is not phosphorylated by EGFR

Nuclear EGFR is a well-known tyrosine kinase 
that induces the phosphorylation of a various 
of substrates in nucleus. We next explore whe- 
ther NONO is one of the nuclear EGFR sub-
strates. Consistent with other reports, we found 
that anti-phosphotyrosine antibody specially 
recognized NONO protein, even all 5 tyrosines 
of NONO (Y97, Y158, Y265, Y267, and Y471) 

Figure 2. NONO interacts with EGFR. (A) CoIP assay with myc-EGFR and Flag-NONO transfected HEK293T cells. (B, 
C) CoIP of endogenous NONO or EGFR protein in U2OS cells. (D) The association of NONO and EGFR was verified 
with Duolink PLA assay. Antibodies, anti-NONO and anti-EGFR antibodies. (E) NONO interacted with the intracellular 
domain of EGFR. (F) EGFR bound to RRM1 domain of NONO. For (A, E, F), 36 hours after transfection with indicated 
plasmid, HEK293T cells were collected and subjected to CoIP assay.
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were mutated (Figure 4A), thereby the phos-
phorylation of NONO tyrosine residues could 
not be analyzed via this method. Phos-tag is a 
novel phosphate-binding tag, which could trap 
phosphorylated proteins and reduce their mi- 
gration velocity, thereby separates phosphory-
lated and non-phosphorylated proteins in Phos-
tag-SDS-PAGE. We then employed Phos-tag-
SDS-PAGE to analyze the phosphorylation of 
NONO. A shift band of NONO was detected in 
control cell lysate, but not detected in phospha-
tase-treated cell lysate (Figure 4B, 4C), indicat-
ing that a small fraction of NONO was phos-
phorylated in cells. However, EGF or irradiation 
had no impact on the phosphorylation of NONO 

(p-NONO) (Figures 4B, 4C, S4). Interestingly, 
p-NONO was also detected in all 5 tyrosine-
mutated NONO (Figure 4D), indicating that 
p-NONO was not phosphorylated at tyrosine 
residues. Together, these data suggest that 
NONO is not the substrate of tyrosine kinase 
EGFR.

NONO promotes the EGFR-induced DNA-PK 
activation by enhancing their interaction

nEGFR was reported to interact with and en- 
hance the phosphorylation of DNA-PK [35], a 
nuclear protein serine/threonine kinase that is 
essential for NHEJ-mediated DSB repair. Con- 

Figure 3. IR and EGF induce the association between NONO and EGFR. (A) The cytoplasmic and nuclear proteins 
were fractionated from U2OS cells (left panel) and subjected to CoIP assay with anti-NONO antibody (right panel). (B) 
EGF treatment enhances the interaction of NONO and EGFR in U2OS cell line. After EGF (10 ng/ml) treatment, CoIP 
assay was conducted with anti-NONO antibody. (C, D) EGF-induced association of NONO and EGFR was confirmed 
with Duolink PLA (C) and IF assay (D).
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sistently, inhibition of DNA-PK phosphorylation 
with NU7441 significantly sensitized tumor ce- 
lls to radiation (Figure S5A-C). We then investi-
gated whether NONO was involved in DNA-PK 
activation via binding to EGFR. As shown in 
Figure 5A, 5B, NONO-KO largely reduced the 
radiation-induced phosphorylation of DNA-PK 
at T2609, which photocopied the treatment of 
AG1478. Most importantly, NONO-KO reduc- 
ed the radiation-induced interaction between 
nuclear EGFR and DNA-PK (Figure 5C), indicat-
ing that NONO may enhance the activation of 
DNA-PK by increasing the association between 
nuclear EGFR and DNA-PK.

LLPS of NONO recruits EGFR and DNA-PK and 
promotes their interaction

LLPS of NONO is essential for the formation of 
paraspeckle [23, 36], which is involved in DNA 
damage response. Protein droplets that derived 

from LLPS could recruit other factors to provi- 
de individual place for biological process. We 
therefore proposed that NONO formed dro- 
plets may recruit EGFR and DNA-PK to enhan- 
ce their interaction. Same to previous report, 
NONO-GFP formed liquid-like droplets and sh- 
owed LLPS-like rate of FRAP in nucleus (Figure 
6A). Besides, NONO droplets could be disrupt-
ed by 1,6-Hexanediol (Figure 6B), a compound 
known to disrupt liquid-like condensates by dis-
ruption of hydrophobic interactions. Further- 
more, purified NONO protein could form LLPS  
in vitro (Figure 6C). After incubating with cell 
lysate, NONO droplets were separated by cen-
trifugation and subjected to Western blotting 
analysis. As expected, NONO droplets recruited 
EGFR and DNA-PK in a dose-dependent man-
ner (Figure 6D). Furthermore, 1,6-Hexanediol, 
a compound known to disrupt liquid-like con-
densates, significantly reduced the radiation-
induced EGFR/NONO as well as EGFR/DNA-PK 

Figure 4. NONO is not phosphorylated by EGFR. (A) anti-phospho-tyrosine antibody (4G10) non-specifically bound to 
NONO. (B, C) EGF treatment (B) or irradiation (C) had no impact on the phosphorylation of NONO. LE: Long exposure. 
SE: Short exposure. (D) all of 5-tyrosine sites mutation had no impact on the phosphorylation of NONO. For (A-D), 
HEK293T cells were transfected with myc-EGFR and Flag-NONO plasmid for 36 hours before treated with IR (10 Gy) 
or EGF (10 ng/ml) for indicated times. For (B-D), the phosphorylated NONO was analyzed using Phos-tag-SDS-PAGE.
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complex (Figure 6E, 6F), and inhibited the 
phosphorylation of DNA-PK at T2609 (Figure 
6G).

Taken together, NONO phase separation re- 
cruits nuclear EGFR and DNA-PK, enhances 
their interaction and increases the level of 
pT2609-DNA-PK, thereby promotes NHEJ-me- 
diated DSB repair.

Discussion

Although NONO is well known to condense  
with other factors to form paraspeckles [23, 
36], the functions of NONO condensation in 
DNA repair and radioresistance remains to be 
disclosed. In this study, we identified NONO as 
a key regulator of NHEJ and tumor radioresis-
tance. During the irradiation-induced DDR, 
NONO condensates recruit DNA-PK and nEGFR, 
which is activated and translocated into nucle-
us, to enhance the interaction between EGFR 
and DNA-PK, thereby increases the autoph- 
osphorylation of DNA-PK at T2609, promotes 
NHEJ-based DNA repair and induces tumor 
radioresistance (Figure 7). 

In the last decade, LLPS of proteins has been 
disclosed as an important mechanism underly-
ing the formation and functions of membrane-
less organelles [16, 37], e.g. nucleolus or para-
speckles. LncRNA NEAT1 functions as a scaf-
fold to enrich the proteins of DBSH family, 

including NONO, SFPQ and PSPC1, to form 
paraspeckles [23, 36]. NONO and NEAT1 are 
essential for paraspeckle formation, as silenc-
ing either of them would disrupt the structure  
of paraspeckles [28]. Paraspeckles are report-
ed to regulate gene expression by A-I editing, 
mRNA nuclear retention and microRNA pro-
cessing [38]. However, its roles in DNA damage 
repair are still unclear. Our data showed that 
LLPS of NONO recruited EGFR and DNA-PK and 
promoted their interaction and the autophos-
phorylation of DNA-PK. Inhibition of NONO 
LLPS with 1,6-Hexanediol significantly reduced 
the interaction between nEGFR and DNA-PK, 
and suppressed DNA-PK phosphorylation and 
DNA repair. In lines with our results, it has  
been shown that depletion of NEAT1, which is 
required for paraspeckle formation, reduced 
the genome stability and sensitized tumor ce- 
lls to chemotherapy [39]. Therefore, LLPS plays 
a pivotal role in paraspeckles assembly and 
related DNA repair pathway.

As a tyrosine kinase, nuclear EGFR is well-
known to bind and phosphorylate many sub-
strates in nucleus, such as histone H4 [30] and 
Ago2 [40]. Although NONO was associated with 
nEGFR in nucleus, we concluded that NONO 
was not phosphorylated by EGFR according to 
the following evidences: firstly, EGF stimulation 
or irradiation had no impact on the phosphory-
lation level of NONO; secondly, mutation of all 5 

Figure 5. NONO promotes the EGFR-induced DNAPK activation by enhancing their interaction. (A) EGFR inhibitor 
AG1478 treatment inhibited IR-induced phosphorylation of DNAPK at T2609. (B) NONO depletion inhibited radia-
tion-induced DNA-PK phosphorylation. (C) NONO knockout suppressed the radiation-induced association of EGFR 
and DNA-PK. For (A-C), the cytoplasmic and nuclear proteins were fractionated from U2OS cells.
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tyrosine in NONO to phenylalanine also had no 
influence on NONO phosphorylation. In agree-
ment with our results, Ahn R. Lee, et al. report-
ed that NONO was not phosphorylated at tyro-
sine [41]. However, a shifted band was observ- 
ed in the analysis of NONO using Phos-tag-
SDS-PAGE, indicating that a small fraction of 

NONO was phosphorylated at the residues of 
other amino acids, rather than tyrosine.

The association between nuclear EGFR and 
DNA-PK has been reported by several studies, 
and their interaction increases the phosphory-
lation of DNA-PK, which is essential for DSB 

Figure 6. LLPS of NONO promotes the association of EGFR and NONO. (A) FRAP of NONO-GFP droplets in vivo. (B) 
1,6-Hexanediol disrupted NONO-GFP droplets. 5% 1,6-Hexanediol in complete medium was added at 0 second and 
removed at 30 seconds. (C) purified NONO-GFP protein formed LLPS in vitro. RNA extracted from HEK293T cells 
were added to a concentration of 200 ng/ul. (D) NONO droplets recruit EGFR and DNA-PK. The nuclear protein was 
fractionated from U2OS cells. (E, F) confirm the impact of 1,6-Hexanediol on EGFR/NONO and EGFR/DNA-PK com-
plex via Duolink PLA assay. (G) 1,6-Hexanediol suppressed IR-induced autophosphorylation of DNA-PK at T2609. 
For (E-G), 2% 1,6-Hex was added after irradiation and cells were cultured for 15 (E, F) or 30 minutes. ***, P < 0.001.
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repair pathway of NHEJ [42, 43]. In line with 
these reports, we found that radiation or EGF 
stimulated EGFR translocation to nucleus fol-
lowed by interacting with DNA-PK and increas-
ing its phosphorylation. However, the underly-
ing mechanism of recruiting and harboring 
nuclear EGFR and DNA-PK during NHEJ based 
DNA repair remained unclear. Here, we uncov-
ered a novel mechanism of NONO promoting 
DNA repair and enhancing radioresistance: 
LLPS of NONO formed a liquid droplet, creating 
a favorable niche to facilitate the accumulation 
of EGFR and DNA-PK at DSB end. Consistent 
with the role of EGFR in tumor radiosensitivity, 
EGFR was significantly down-regulated in radia-
tion-induced enteritis tissues (Figure S6), sug-
gesting that the dysregulation of EGFR may 
also sensitize normal colon cells to radiothera-
py and lead to radiation-induced enteritis.

Targeting DNA repair axis has been reported  
to be a promising strategy for cancer therapy, 
e.g., PARP inhibitors are effective in germline 
BRCA1/2 mutated ovarian and breast cancer 
[44-47]. Besides PARP inhibitors, inhibitors of 
several other factors in DNA repair pathways 

Taken together, NONO phase separation re- 
cruits DNA-PK and nuclear EGFR, which facili-
tates the interaction between EGFR and DNA-
PK, thereby increases the phosphorylation of 
DNA-PK at T2609. Importantly, targeting this 
molecular pathway by LLPS inhibitor would sup-
press NHEJ approach-based DNA repair and 
sensitize tumor cells to radiation.
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Figure 7. Model of NONO condensates promote DNA repair and radiore-
sistance via acceleration of EGFR-mediated DNA-PK activation. During the 
irradiation-induced DDR, NONO condensates recruit DNA-PK and nEGFR, 
which is activated and translocated into nucleus, to enhance the interaction 
between EGFR and DNA-PK, thereby increases the autophosphorylation of 
DNA-PK at T2609, promotes NHEJ-mediated DNA repair and induces tumor 
radioresistance.

have entered clinical trials 
[48], including inhibitors of 
ATM, ATR [49] and DNA-PK 
[50]. We and others all found 
that NONO overexpression 
would promote DNA repair 
and enhance radioresistance. 
Besides, radiotherapy-induc- 
ed DNA damage would upre- 
gulate LncRNA NEAT1 and 
increase the formation of pa- 
raspeckle, leading to the en- 
hancement of DNA repair and 
radioresistance. Indeed, tar-
geting NONO or NEAT1 would 
sensitize the tumor cells to 
irradiation in vitro. However, it 
is difficult to target NONO and 
paraspeckle with small com-
pound inhibitors. Here, using 
an alternative way of target- 
ing LLPS by its inhibitor 1.6- 
hexanediol, we found that 
NONO enhanced radioresis-
tance, mediated by nuclear 
EGRF and DNA-PK, was abro-
gated, providing a novel ap- 
proach to restore the tumor 
cell radiosensitivity. 
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Figure S1. HuR was upregulated in CRC tissues and its level was correlated with NONO expression. A. HuR mRNA 
level of CRC tissue was examined with qPCR. B. HuR mRNA level was positively correlated with NONO mRNA level 
in CRC tissues. *, P < 0.05.

Figure S2. Association of NONO and EGFR. A. NONO-correlated genes were enriched in EGFR pathway. B. The as-
sociation of NONO and EGFR in A549 cells were investigated using CoIP assay.



NONO phase separation promotes tumor radioresistance

2	

Figure S3. NONO and nEGFR are associated in nucleus. (A) the cytoplasmic and nuclear proteins were fractionated 
from A549 cells and subjected to CoIP assay with anti-NONO and anti-EGFR antibodies. (B, C) EGF treatment (B) and 
irradiation (C) enhance the interaction of NONO and EGFR. After EGF (10 ng/mL) or irradiation (20 Gy) treatment, 
CoIP assay was conducted with anti-EGFR antibody. (D) EGF treatment enhances the association of NONO and EGFR 
in nucleus. IF assay was conducted with anti-EGFR and anti-NONO antibodies in MDA-MB-468 and A431 cell lines.

Figure S4. Phosphorylated NONO was detected in NONO re-expressing NONO-KO cells. HEK 293T cells were trans-
fected with indicated plasmid and treated with EGF before Phos-tag-SDS-PAGE analysis.
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Figure S5. NU7441 sensitized tumor cells to radiation. A. NU7441 reduced the radiation-induced p-DNA-PK-T2609 
in U2OS cells. B, C. NU7441 sensitized HCT116 and U2OS cells to radiotherapy. **, P < 0.01; ***, P < 0.001.

Figure S6. EGFR was down-regulated in radiation-induced enteritis tissues. The expression of EGFR protein in RE or 
adjacent normal tissues from RE patients, as well as normal colon tissues from CRC patients without radiotherapy, 
were examined with IHC assay.


