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Abstract
APE1 is an essential gene involved in DNA damage repair, the redox regulation of transcriptional factors (TFs) and RNA 
processing. APE1 overexpression is common in cancers and correlates with poor patient survival. Stress granules (SGs) are 
phase-separated cytoplasmic assemblies that cells form in response to environmental stresses. Precise regulation of SGs is 
pivotal to cell survival, whereas their dysregulation is increasingly linked to diseases. Whether APE1 engages in modulating 
SG dynamics is worthy of investigation. In this study, we demonstrate that APE1 colocalizes with SGs and promotes their 
formation. Through phosphoproteome profiling, we discover that APE1 significantly alters the phosphorylation landscape of 
ovarian cancer cells, particularly the phosphoprofile of SG proteins. Notably, APE1 promotes the phosphorylation of Y-Box 
binding protein 1 (YBX1) at S174 and S176, leading to enhanced SG formation and cell survival. Moreover, expression of 
the phosphomutant YBX1 S174/176E mimicking hyperphosphorylation in APE1-knockdown cells recovered the impaired 
SG formation. These findings shed light on the functional importance of APE1 in SG regulation and highlight the importance 
of YBX1 phosphorylation in SG dynamics.

Keywords  APE1 · Stress granule · Phase separation · YBX1 · Phosphorylation

Introduction

Cancer cells are constantly under threat from both inter-
cellular and extracellular stress ranging from endogenous 
reactive oxygen species (ROS) to therapeutic drugs. Cells 
developed an intricate network of defense mechanisms to 
combat adverse conditions. These adaptations become even 
more elaborate and diversified in cancer cells to guarantee 
cell survival under the hostile tumor microenvironment 
and the lethal chemicals. Ovarian cancer (OC) is a highly 
fatal disease and ranks as the second leading cause of death 
among gynecological cancers [1]. Anti-cancer drugs such 
as platinum analogues, the most active therapeutic agents 
against OC, induce a massive production of ROS that leads 
to oxidative stress (OS), causing oxidative DNA damage and 
apoptosis [2]. To cope with OS, cancer cells adapt through 
mechanisms such as SG formation. To this day, platinum 
resistance remains the biggest challenge in OC treatment 
[3], whereas SGs are found to facilitate chemoresistance 
acquisition [4, 5].

SGs are a class of ribonucleoprotein (RNP) granules that 
form non-membrane bound cellular compartments through 
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phase separation [6]. The formation of SGs is an essen-
tial stress-coping mechanism that protects cells from both 
endogenous and exogeneous stress, including anti-cancer 
drugs. Oxidative stress is a common inducer of SGs, where 
ROS, such as H2O2, is routinely used to induce SG forma-
tion [7]. The primary function of SGs is to inhibit general 
translation, suppressing most housekeeping genes to allow 
efficient and selective production of stress response factors 
[8]. Therefore, the precise regulation of SGs is vital for cell 
survival [9]. Phosphorylation is the most extensively studied 
posttranslational modifications (PTMs) that actively modu-
lates SG dynamics [10–12]. For example, phosphorylation 
of eukaryotic initiation factor 2α (eIF2α) at Ser51 (S51) is 
crucial for SG formation under multiple types of stress [13, 
14]. Conversely, phosphorylation of tristetraprolin (TTP) 
prevents its recruitment to SGs and regulates the interaction 
between SGs and processing bodies (PBs) [15]. Moreover, 
the phosphorylation of growth factor receptor-bound protein 
7 (Grb7) accelerates the disassembly of heat shock-induced 
SGs [16], while phosphorylation of the SG-nucleating pro-
tein SH3-domain-binding protein 1 (G3BP1) at serine 149 
(S149) impairs its ability for SG induction [17, 18]. In addi-
tion, YBX1, a strong RNA-binding protein (RBP), is also 
found to participate in SG regulation. YBX1 binds to and 
translationally activates the 5′ untranslated region (UTR) 
of G3BP1 mRNAs to promote SG assembly [19]. What’s 
more, YBX1 is observed in SGs in U2OS cells [19] and 
zebrafish cells [20]. Whether phosphorylation of YBX1 is 
engaged in SG regulation is unknown.

Further, YBX1 has been shown to interact with acetylated 
APE1 to enhance the expression of multidrug resistance 1 
(MDR1) [21] to facilitate drug resistance. APE1, a multi-
functional protein, is frequently overexpressed in OC and 
other cancer types [22, 23]. APE1 overexpression is associ-
ated with poor patient survival as it contributes to cancer 
progression by promoting cancer cell proliferation, migra-
tion, and chemoresistance [10, 24–30]. Functionally, APE1 
participates in base excision repair (BER) and nucleotide 
excision repair (NER) to repair damaged DNA [31]. Moreo-
ver, APE1 activates TFs such as activator protein 1 (AP-1), 
nuclear factor kappa B (NF-κB), hypoxia-inducible factor 
1 (HIF-1), and cAMP response element-binding protein 1 
(Creb1) to facilitate cell proliferation and cell survival under 
stress [32–34]. Recent findings also reported roles of APE1 
in RNA metabolism such as miRNA processing [35]. How-
ever, whether APE1 exerts other regulatory roles to foster 
chemoresistance is unknown. Interestingly, several studies 
have suggested the involvement of APE1 in PI3K/AKT/
mTOR signaling pathway [36], ERK1/2 signaling pathway 
[37] and MAPK signaling pathway [38, 39]. Despite our 
unpublished work and other studies demonstrating a hand-
ful of proteins or protein kinases whose phosphorylation 
is under the regulation of APE1, no research has evaluated 

how APE1 influences the cellular phophoproteome and more 
importantly, interrogated whether APE1 engages in stress 
response via modulating SGs. To investigate whether and 
how APE1 enhances cell survival through phosphorylation 
would expand our understanding of the functional role of 
APE1.

In this study, we discover that APE1 significantly alters 
the phospho-landscape of ovarian cancer cells, particularly 
the phosphoprofile of SG proteins to enhance SG formation 
and the redox function of APE1 is mainly responsible for 
SG regulation. Mechanistically, APE1 may facilitate dual 
phosphorylation of YBX1 at S174 and S176 via modulation 
of phosphatase PPP1R12A and kinase PLK1 to enhance SG 
assembly and cell survival. Our research reveals the active 
presence of APE1 in SGs and underscores the significant 
role of APE1 in SG regulation. These findings open the 
possibility for targeting APE1 as a therapeutic strategy for 
cancer and other SG-related diseases.

Methods and materials

Patients and tissue samples

A total of 25 patients were included in this study who were 
operated on for OC between 2018 and 2023 in the Cancer 
Center of Daping Hospital. Each ovarian tumor was histo-
logically confirmed by a pathologist of Daping Hospital. 
Patients undergoing surgery were consecutively included in 
the patient cohort. According to the progression-free sur-
vival (PFS), OC patients who received cisplatin chemother-
apy were divided into the cisplatin sensitive group (n = 13, 
PFS > 12 months) and the cisplatin resistant group (n = 12, 
PFS ≤ 6 months). The study was performed following the 
regulations of the ethics committee of Daping Hospital.

Immunohistochemistry and scoring

Sections from paraffin-embedded tissues were deparaffi-
nized by xylene and rehydrated through an ethanol series. 
For antigen retrieval, the slides were autoclaved in 1 mM 
EDTA buffer. Sections were then pre-incubated in PBS twice 
and incubated overnight at 4 °C with anti-APE1 antibody 
(Abcam). The sections were rinsed with PBS twice and 
incubated with its associated horseradish peroxidase (HRP)-
conjugated secondary antibody for 30 min at room tempera-
ture (RT). Sections were rinsed with PBS and developed 
with diaminobenzidine (DAB) substrate, and counterstained 
with hematoxylin for nuclear staining. Positive staining was 
detected as a brown color.

A "quickscore" method for immunohistochemical semi-
quantification was used to evaluate the expression level of 
APE1 [40]. Briefly, the proportion of cells with positive 
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staining was termed category A where A was assigned 
scores from 1 to 6 (A = 1 (0–4%); 2 (5–19%); 3 (20–39%); 
4 (40–59%); 5 (60–79%); 6 (80–100%)). Category B repre-
sents intensity of the staining, where B ranges from 0 to 3 
(0 (negative); 1 (weak); 2 (moderate); 3 (strong)). The final 
score was calculated by multiplying A by B (ranging from 
0 to 18). The average score of 4 images for each case was 
obtained for statistical analysis.

Plasmids construction and site‑directed 
mutagenesis

cDNA of APE1 and YBX1 were amplified via reverse tran-
scription by polymerase chain reaction (PCR) from total 
mRNA extracted from 293 T cells. The Kozak sequence 
or 3×FLAG-tag is added to the N-terminal of APE1. The 
3×FLAG-tag is added to the N-terminal of YBX1. Kozak-
APE1 was cloned into a pCDH-CMV lentiviral vector while 
3×Flag-APE1 or 3×Flag-YBX1 was constructed into a 
pcDNA 3.1 vector. For the knockdown of APE1, the sgRNA 
was designed using CHOPCHOP (http://​chopc​hop.​cbu.​uib.​
no/). DNA oligos were synthesized and ligated into the len-
tiCRISPR v2 plasmid (Addgene). Mutations of YBX1 at 
S174 and S176 and mutations of APE1 at C65S and E96A 
were generated using the QuickChange II XL site-directed 
mutagenesis kit following the protocol of the manufacturer 
(Agilent Technologies). For in vitro phase separation assay, 
6×His-mEGFP-YBX1 was constructed into a pET-28a plas-
mid. For live cell imaging, mEGFP-YBX1 was constructed 
in MigR1 plasmid. All sequences and mutations were con-
firmed by sequencing.

Cell culture and construction of stable cell lines

SKOV3 and A2780 cells were cultivated in DMEM medium 
(Gibco) supplemented with 100 μg/ml penicillin, 100 μg/ml 
streptomycin (Gibco), and 10% fetal calf serum (FBS, Excel 
Bio). 293 T cells were cultivated in RPMI 1640 medium 
(Gibco), supplemented with 100 μg/ml penicillin, 100 μg/
ml streptomycin, and 10% FBS. Cell lines were maintained 
at 37 °C in a humidified incubator with 5% CO2. To gen-
erate stable cell lines, the lentiviral plasmid pCDH-CMV 
containing Kozak-APE1 and lenti-CRISPR v2 plasmid con-
taining sgRNA along with other packaging plasmids were 
transfected into 293 T cells to produce viruses. Viruses were 
collected 48–72 h post transfection and concentrated using 
Lenti-X Concentrator (Takara). SKOV3 and A2780 cells 
were infected with viruses and further selected with 1 μg/ml 
or 2 μg/ml of puromycin, as the lentiviral vector constructs 
harbor the puromycin resistance gene. Protein expression is 
confirmed by MS and WB analysis.

Proliferation assay

For the proliferation assay, 1000 cells were seeded in a 
96-well plate and cultured for 0, 24 h, 48 h and 72 h. Cell 
viability was assessed by adding 10 μl of cell-counting solu-
tion (CCK-8, Beyotime) to each well and incubating for 2 h. 
The absorbance was measured at 490 nm with a microplate 
reader (BioRad).

Transwell assay

For the transwell assay, 5000 cells in 400 μl of serum-free 
medium were seeded into the transwell chambers with 8-μm 
pores (Corning) in a 24-well plate. The lower chambers were 
filled with 0.5 ml of DMEM supplemented with 10% FBS. 
Cells were cultured for 24 h before fixation with 4% para-
formaldehyde (Beyotime) and stained with crystal violet 
solution (Beyotime). Images were taken using an inverted 
light microscopy (Leica).

Cell viability assay

To assess cell viability after drug treatment, cells were 
seeded in 96-well plates at 5000 cells/well overnight 
and treated with varying concentrations of MMS (Sigma 
Aldrich), cisplatin (Beyotime) or H2O2 (Sigma Aldrich) for 
18 h, 24 h, and 12 h respectively. Cell viability was deter-
mined using CCK-8 (Beyoime) following the manufacturer’s 
instructions. The absorbance was measured by a microplate 
reader (BioRad) at 490-nm wavelength. Cell viability was 
calculated as the percentage of staining intensity in treated 
groups relative to control. Four replicates were averaged for 
each treatment.

Subcellular fractionation

Subcellular fractionation was conducted following the pro-
tocol by Viacheslav et al. with minor modifications [41]. 
Briefly, cells were harvested by trypsinization and collected 
by centrifugation at 1500 rpm at 4 °C for 4 min. Cell pellet 
was washed with ice-cold PBS and resuspended in ice-cold 
hypotonic buffer (20 mM Tris–HCl, pH 7.4, 10 mM KCl, 2 
mM MgCl2, 1 mM EGTA, 0.5 mM DTT, 0.5 mM PMSF) 
and incubate on ice for 3 min. NP-40 was added (0.1%) to 
lyse cells. The sample was incubated on ice for 3 min and 
centrifuged at 1000 rpm at 4 °C for 5 min to separate the 
nuclei and cytoplasm. Nuclei were resuspended in an iso-
tonic buffer (20 mM Tris–HCl, pH 7.4, 150 mM KCl, 2 mM 
MgCl2, 1 mM EGTA, 0.5 mM DTT, 0.5 mM PMSF, 0.2% 
NP-40) and incubate on ice for 10 min followed by centrifu-
gation at 1000 rpm at 4 °C for 3 min (nuclear fraction). To 
collect the cytoplasmic fraction, the supernatant was centri-
fuged at 15,000 rpm at 4 °C for 3 min to pellet debris. The 
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supernatant was collected (cytoplasmic fraction). The purity 
of each fraction was assessed by WB against the cytoplasmic 
marker GAPDH and nuclear marker Histone H3.

Western blotting

To analyze protein by WB, cells were lysed in lysis buffer 
(Beyotime) supplemented with protease inhibitor (Pro-
mega) on ice for 30 min, followed by brief sonication. After 
clarification by centrifugation, protein quantification of 
the supernatant was measured by BCA assay (Beyotime). 
Equal amounts of total protein were loaded onto the SDS-
PAGE gel for protein separation and transferred to a 22 μm 
PVDF membrane (Beyotime). The membrane was blocked 
with 5% nonfat milk for 1 h at RT and blotted with primary 
antibodies overnight at 4 °C. After washing the membrane 
5 times for 5 min, the membrane was incubated with HRP-
conjugated secondary antibodies. Chemiluminescence was 
detected with the ECL reagents (Solarbio) on X-ray films. 
The following primary antibodies were used: anti-APE1 
(1:1000; Santa Cruz Biotechnology), anti-Actin (1:5000; 
Proteintech), anti-Flag-tag (1:1000; GeneScript), anti-YBX1 
(1:1000; Cell Signaling Technology), anti-phosphoserine 
(1:1000; Abcam), anti-phospho-eIF2α (1:1000; Cell Sign-
aling Technology), anti-eIF2α (1:1000; Cell Signaling 
Technology), anti-G3BP1 (1:2000; Proteintech), anti-PLK1 
(1:1000, Proteintech) and anti-PPP1R12A (1:1000, Protein-
tech) antibodies.

SG induction and immunofluorescence analysis

Cells were grown on coverslips overnight and treated with 
0.5 mM H2O2 (Sigma-Aldrich) for 3 h or 250 μM cisplatin 
(Beyotime) for 4 h to induce SGs. After rinsing with PBS, 
cells were fixed in 4% paraformaldehyde for 8 min at RT, 
rinsed by PBS for three times, followed by incubation in 
0.2% Triton X-100 for 8 min at RT and rinsed for three times 
with PBS. The coverslips were then blocked by 2% BSA for 
1 h at RT and incubated with primary antibodies at 4 °C 
overnight. Primary antibodies used: anti-G3BP1 (1:200; 
Proteintech), anti-p-eIF2α (1:100; Cell Signaling Technol-
ogy), anti-YBX1 (1:100; Cell Signaling Technology), anti-
APE1 (1:100; Santa Cruz Biotechnology) and anti-Flag-tag 
(1:100; GeneScript). After rinsing with PBS, coverslips were 
incubated with Alexa Fluor 488-conjuaged secondary anti-
body (1:100; Thermo Fisher) or Alexa Fluor 674-conjugated 
secondary antibody (1:100; YiSheng) at RT for 1 h. Cover-
slips were then rinsed with PBS for three times and rinsed 
with ddH2O, dried and mounted in Prolong Glass Antifade 
Mountant (with Hoechst 33342; Invitrogen). Images were 
captured using a Nikon fluorescent microscope and analyzed 
by Image J software. Cells containing more than 2 SG foci 
were counted as SG-containing cells [42].

Co‑immunoprecipitation assay

Cells cultured in 10-cm plates of 95% confluency were 
lysed in co-immunoprecipitation lysis buffer (Beyotime), 
briefly sonicated and centrifuged for clarification. Proteins 
were quantified using a BCA assay kit, then incubated with 
either agarose beads (Santa Cruz Biotechnology) and the 
intended antibodies including anti-APE1 antibody (Santa 
Cruz Biotechnology), anti-YBX1 antibody (Cell Signaling 
Technology), anti-PLK1 antibody (Proteintech), and anti-
PPP1R12A antibody (Proteintech) or IgG (Proteintech) or 
with Anti-flag M2 beads (Sigma-Aldrich) at 4 °C overnight. 
Beads were washed four times with co-immunoprecipitation 
buffer with rotation at 4 °C for 5 min each time, boiled with 
5× SDS loading buffer (Beyotime), clarified by centrifuga-
tion and loaded onto an SDS-PAGE gel for WB analysis as 
described above. For detecting interacting proteins in the 
cytoplasm, the cytoplasmic fraction obtained by subcellular 
fractionation was used.

Mass spectrometry analysis

Sample preparation for phosphoproteomic analysis was per-
formed according to the EasyPhos protocol [43]. Briefly, 
cells were seeded in 6-well plates, lysed with sodium deoxy-
cholate (SDC; Sigma-Aldrich; SDC buffer containing 4% 
(wt/vol) SDC and 100 mM Tris–HCl, pH 8.5), denatured by 
heating at 95 °C for 5 min, and then briefly sonicated. After 
clarification by centrifugation, protein content was quanti-
fied by BCA assay. 500 μg of protein was used for each 
sample. Reduction and alkylation were done using 100 mM 
Tris (2-carboxyethyl) phosphine hydrochloride (TCEP-HCl; 
Pierce) and 400 mM 2-Chloroacetamide (CAM; Sigma-
Aldrich) at 45 °C for 5 min, followed by enzymatic diges-
tion with trypsin (Sigma-Aldrich) at 37 °C for 18 h. Phos-
phopeptides were enriched with TiO2 beads (GL Sciences), 
followed by desalting with C18 stage tips (Pierce). For prot-
eomic analysis, 500 μg of protein in SDC buffer was reduced 
and alkylated as beforementioned. Tryptic digestion was per-
formed with trypsin (Sigma-Aldrich) at 37 °C for 18 h. Acid 
precipitation was conducted with 2% (v/v) trifluoroacetic 
acid (TFA) to remove SDC [44]. After centrifugation, pellet 
was washed for three times using 0.5% TFA with sonication. 
Peptides were desalted with C18 stage tips (Pierce). Samples 
were dried in an evaporative concentrator (Thermo Fischer) 
and reconstituted in MS loading buffer consisting of 0.3% 
(vol/vol) TFA/2% (vol/vol) ACN.

The samples were analyzed with an Orbitrap Fusion 
Lumos Tribrid mass spectrometer (Thermo Scientific) 
coupled with a nano-ESI source with the vendor-provided 
Tune and Xcalibur 4.3 software. Peptides were separated 
on a commercial RP-HPLC pre-column (75 μm × 2 cm) 
(Thermo, #164946) followed by a commercial RP-HPLC 
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analytical column (75 μm × 25 cm) (Thermo, #164941), both 
packed with 2 μm C18 beads and connected to an EASY-
nLC 1200 UHPLC system (Thermo). Peptides were sepa-
rated by a 90-min LC gradient from 3 to 41% buffer B (80% 
(vol/vol) acetonitrile (ACN, Sigma Aldrich)/0.1% (vol/vol) 
formic acid (FA, Sigma Aldrich)), followed by a washout 
of 72% (vol/vol) ACN for 10 min [43]. Data were acquired 
by the Orbitrap Fusion Lumos via data-dependent acqui-
sition (DDA). The spray voltage was set at 2.1 kV, while 
the temperature of the ion transfer capillary was 320 °C. 
The MS spectra from 350 to 2000 m/z were collected with 
120,000 resolution, AGC of 4 × 105 and maximal injection 
time at 150 ms. Top ten most abundant precursors (multiply 
charged) from each full scan went through fragmentation 
by higher energy collision dissociation (HCD) with 30% 
normalized collision energy. Dynamic exclusion was set to 
30 s. Proteome Discoverer 2.5 software was used to per-
form label-free quantitative (LFQ) phosphoproteomic and 
proteomic analysis. The mass spectrometry proteomic data 
have been deposited to the ProteomeXchange Consortium 
via the PRIDE partner repository with the dataset identifier 
PXD040041.

Protein expression and purification

Protein expression and purification were done using Escheri-
chia coli strain BL21 (DE3; Transgene). Transformed E. coli 
BL21 clones were grown at 37 °C in LB medium with 50 μg/
ml Kanamycin (Beyotime) to OD600 of 0.6–0.8. Isopropyl-β-
d-thiogalactopyranoside (IPTG; Sigma Aldrich) was added 
to a final concentration of 0.4 mM to induce protein expres-
sion at 16 °C for 16 h. Bacteria were lysed in lysis buffer 
(20 mM Tris pH 7.8, 500 mM NaCl, 5% glycerol (Sigma 
Aldrich), 3 mM β-ME (Sigma Aldrich), and 10 mM imi-
dazole (Sigma Aldrich)) with sonication, and centrifuged 
at 18,000×g for 45 min at 4 °C. The supernatant was puri-
fied using Ni-IDA beads resin (ProbeGene). Briefly, the 
resin was equilibrated with buffer A (20 mM Tris, pH 7.8, 
500 mM NaCl, 5% w/v glycerol, and 10 mM imidazole). 
The supernatant was incubated with Ni-IDA beads at 4 °C 
for 30 min with rotation. After centrifugation, the resin was 
the washed with buffer A for three times, and eluted with 
buffer B (buffer A with 300 mM imidazole). Protein was 
desalted and concentrated with a 30 K molecular weight 
cutoff (MWCO) protein concentrator (Pierce), quantified 
and aliquoted.

In vitro phase separation assay

Freshly purified proteins were diluted to a final concentra-
tion of 5 μM in phase separation buffer (25 mM Tris–HCl, 
pH 7.4, 150  mM KCl, 5% polyethylene glycol (PEG; 

Sigma Aldrich)) and incubated at RT for 30 min [45]. 
Zeiss LSM900 confocal microscope was used for imaging.

Fluorescence recovery after photobleaching (FRAP) 
assay

FRAP was performed on 293 T cells transfected with 
mEGFP-YBX1 on Zeiss LSM900 confocal microscope. 
A circular region of ~ 1 µm in diameter was chosen and 
bleached for 5 iterations at 488 nm and stopped on inten-
sity below 20%. A single pre-bleaching image (T0) was 
taken. After bleaching, images were taken every 3 s over 
5 min. The FRAP curves were calculated by normalizing 
fluorescence signal to the background and the fluorescence 
intensity at T0 [46]. A minimum of three independent 
FRAP experiments were performed. Data was analyzed 
with FrapBlot (http://​frapb​ot.​kohze.​com/) [47].

In vitro phosphorylation and phase separation 
assay

Cells were lysed with lysis buffer (50 mM Tris–HCl, pH 
7.0, 0.5% NP-40, protease inhibitor cocktail (Promega) 
and 2.5% RNase inhibitor (Transgene)) and incubated 
on ice for 10 min followed by brief sonication [48]. Cell 
lysate was clarified by centrigation at 15,000  rpm for 
5 min at 4 °C. Phosphorylation reaction buffer contains 
10 mM MgCl2, 50 μM ATP, 1 mM DTT and 50% cell 
lysate. 20  μM of mEGFP-YBX1 and 30  μM of PLK1 
were added to the reaction buffer and incubated at 37 °C 
for 30 min to allow PLK1 to phosphorylate YBX1. The 
phase saperation assay was performed by adding 20 μM 
of mCherry-APE1 and 10 μM of mEGFP-YBX1 from the 
phosphorylation reaction to cell lysate. The reaction was 
kept at RT for 30 min before imaging.

Statistical analysis

Statistical analysis was performed using GraphPad Prism. 
The data are presented as means ± SEM. Mean values were 
statistically analyzed by Student’s t test, one-way ANOVA, 
or two-way ANOVA. Multi-comparison was done using 
Dunnett's test. Statistical significance is denoted as 
*p < 0.05, **p < 0.01, or ***p < 0.001. All experiments 
were repeated for at least three times.

http://frapbot.kohze.com/
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Results

APE1 promotes SG formation and cancer cell 
survival in ovarian cancer

Overexpression of APE1 is indicative of poor survival in 
cancer patients [22]. To validate this in OC, Kaplan–Meier 
survival analysis was performed on 1435 OC cases using 
the Kaplan–Meier Plotter (https://​kmplot.​com/​analy​sis/). 
The analysis revealed a significant correlation between 
high APE1 mRNA levels and poor progression-free sur-
vival (PFS) of patients (p < 0.001; Fig. 1a). Cisplatin is the 
most effective drug for treating OC [49]. Based on PFS, OC 
patients were divided into two groups: cisplatin sensitive 
group (n = 12, PFS ≤ 6 months) and cisplatin resistant group 
(n = 13, PFS > 12 months). Immunohistochemical (IHC) 
staining was performed to analyze the expression profile of 
APE1. The results showed significantly higher APE1 expres-
sion in the cisplatin-resistant group (Fig. 1b, c).

To investigate the functional role of APE1 in OC, stable 
cell lines with APE1 knockdown and overexpression were 
established in a typical ovarian cancer cell line SKOV3. The 

APE1 knockdown cell line (APE1KD) was generated using 
the lentiCRISPR v2 plasmid (Addgene), while the APE1 
overexpression cell line (APE1OE) was constructed using 
the pCDH-CMV vector (Addgene). The expression levels 
of APE1 were confirmed by quantitative MS (Supplemen-
tary Table 1) and western blotting (WB) (Supplementary 
Fig. 1A).

Previous studies have shown that APE1 promotes cancer 
cell proliferation and migration [50–52]. To validate these 
findings, we performed the proliferation assay to assess the 
impact of APE1 on cell proliferation. The results showed 
a significant enhancement of cell proliferation by APE1 
(Supplementary Fig. 1B). We then conducted the transwell 
assay to evaluate the influence of APE1 on cell migration. 
Our results indicate that cell migration is significantly 
increased by APE1 (Supplementary Fig. 1C, D). To inves-
tigate how APE1 affects cellular sensitivity to drugs, we 
treated APE1WT, APE1KD, and APE1OE cells with methyl 
methanesulfonate (MMS), cisplatin, and H2O2 followed by 
cell viability assessment with a cell-counting kit (CCK-8, 
Beyotime). Notably, APE1 knockdown sensitized cells to 
these drugs, while APE1 overexpression substantially facil-
itated cell survival rates after treatment (Supplementary 
Fig. 1E–G). Collectively, these findings demonstrate that 
APE1 positively regulates cell migration, proliferation, and 
promotes cell survival under stress.

However, the underlying mechanism by which APE1 
raises drug resistance in cells remains unclear. The formation 
of SGs is an essential defense mechanism cells employ under 
stressful conditions. However, no research has yet explored 
the potential link between APE1 and SGs. To investigate 
this possibility, we evaluated whether APE1 modulates SG 
formation after drug treatment. APE1WT, APE1KD, and 
APE1OE cells were treated with 0.5 mM H2O2 for 3 h or 250 
μM cisplatin for 4 h, followed by immunofluorescent stain-
ing against SG markers phosphorylated eIF2α (p-eIF2α) and 
G3BP1 (Fig. 1d, Supplementary Fig. 2A). Notably, APE1OE 
showed a significant elevation in the percentage of SG foci-
containing cells relative to APE1WT, whereas APE1 knock-
down largely reduced SG formation (Fig. 1e, Supplementary 
Fig. 2B). To confirm these findings, western blot analysis 
was conducted on APE1WT, APE1KD, and APE1OE cells 
after treatment to assess the relative abundance of p-eIF2α 
(Fig. 1f, Supplementary Fig. 2C). Consistent with the IF 
results, the level of p-eIF2α was significantly increased by 
APE1 overexpression (Fig. 1g, Supplementary Fig. 2D). We 
then established APE1 knockdown (APE1_KD) and over-
expression (APE1_OE) cell lines on another ovarian cancer 
cell line A2870 (Supplementary Fig. 2E) and found that 
APE1 also facilitated SG formation after H2O2 or cisplatin 
treatment (Supplementary Fig. 2F–M).

Since APE1 has multiple functions, it’s interesting to 
investigate which function is mainly responsible for SG 

Fig. 1   APE1 promotes SG formation and cell survival under stress. 
a Kaplan–Meier curve showing progression-free survival (PFS) of 
1435 ovarian cancer patients with high or low APE1 mRNA level. 
Kaplan–Meier curve was created with Kaplan–Meier Plotter (https://​
kmplot.​com/​analy​sis/). b Representative IHC staining of APE1 
expression in cisplatin-sensitive and cisplatin-resistant tumor tissues 
collected from ovarian cancer patients. Scale bar = 200 μm. c Immu-
nohistochemistry score of APE1 expression in the cisplatin-sensitive 
and cisplatin-resistant groups. d Representative images of immu-
nofluorescence (IF) studies conducted in APE1WT, APE1KD and 
APE1OE cells after 0.5 mM H2O2 treatment for 3 h. Coverslips were 
probed with p-eIF2α and G3BP1 antibodies to mark SGs. p-eIF2α 
(red) and G3BP1 (green) were merged with the nuclear stain DAPI 
(blue). Scale bar, 20 μm. e Quantification of the percentage of cells 
containing SGs in APE1KD and APE1OE relative to APE1WT. Data 
represent means ± SEM of n = 3 independent replicates. f Representa-
tive western blot result shows the phosphorylation level of eIF2α in 
APE1WT, APE1KD and APE1OE cells after 0.5  mM H2O2 treat-
ment. g Relative abundance of p-eIF2α in APE1KD and APE1OE 
cells compared to APE1WT is analyzed by One-way ANOVA. 
Mean ± SEM is shown (n = 3). h Representative images of immu-
nofluorescence (IF) studies conducted in APE1KD cells transfected 
with APE1 WT and mutants C65S and E96A. Cells were treated 
with 0.5  mM H2O2 for 3  h to induce SGs. Coverslips were probed 
with p-eIF2α and G3BP1 antibodies to mark SGs. p-eIF2α (red) and 
G3BP1 (green) were merged with the nuclear stain DAPI (blue). 
Scale bar, 20 μm. i Quantification of the percentage of cells contain-
ing SGs in cells transfected with APE1 mutants relative to APE1 
WT. Data represent means ± SEM of n = 3 independent replicates. j 
Representative western blot result shows the phosphorylation level 
of eIF2α in transfected cells after H2O2 treatment. k Relative abun-
dance of p-eIF2α in transfected were quantified and analyzed by One-
way ANOVA. Mean ± SEM is shown (n = 3). All experiments were 
independently repeated for more than 3 times. Image J software was 
used for the quantification of WB bands and IF images. GraphPad 
Prism was used to conduct statistical analysis. *p < 0.05, **p < 0.01, 
***p < 0.001
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regulation. Therefore, we generated APE1 mutants that 
are either redox-defective (C65S) or nuclease-defective 
(E96A). Interestingly, the mutant E96A was also reported 
to abolish the pri-miRNA processing function of APE1 

[35]. Flag-tagged wildtype APE1 and the mutants were 
transfected into APE1KD cells. After SG induction, cells 
transfected with APE1 C65S but not E96A displayed a sub-
stantial reduction in SG formation relative to wildtype APE1 
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(Fig. 1h, i). This result was validated by WB analysis on 
p-eIF2α (Fig. 1j, k). Together, our data provide the first evi-
dence that APE1 promotes SG formation and suggest that 
the redox function of APE1 is involved in SG regulation.

APE1 interacts with YBX1 and G3BP1 and colocalizes 
with SGs

APE1 has been reported to interact with YBX1 in the 
nucleus to facilitate MDR1 expression in cells [21]. YBX1 
is predicted to have two intrinsically disordered regions 
(IDRs), an important driver for phase separation, in its N- 
and C-terminus, separated by a cold-shock domain (CSD), 
according to IUPred3 (https://​iupre​d2a.​elte.​hu/; Supple-
mentary Fig. 3A). Over 62% of the amino acid residues 
in YBX1 has a prediction score over 0.8 (Supplementary 
Table 2), indicating an over 80% probability of these resi-
dues being part of a disordered region. This prediction 
implies that YBX1 is highly disordered and may undergo 
phase separation.

To assess the capacity of YBX1 to form biomolecular 
condensates in vitro, we purified monomeric enhanced GFP 
(mEGFP)-tagged YBX1 and performed an in vitro phase 
separation assay. We observed phase separation of YBX1 
at protein concentration of as low as 5 μM (Supplemen-
tary Fig. 3B). For visualization of in vivo condensates, we 
transiently transfected 293 T cells with mEGFP-YBX1 and 
detected cytoplasmic condensates using live cell imaging 
(Supplementary Fig. 3C). Fluorescence recovery after pho-
tobleaching (FRAP) experiments on the cytoplasmic con-
densates revealed complete fluorescence recovery within 
5 min, indicating a liquid-like behavior (Supplementary 
Fig. 3D). These results demonstrate that YBX1 undergoes 

phase separation to form liquid condensates both in vitro and 
in vivo, consistent with previous research [53].

Furthermore, YBX1 was identified in SGs through MS 
analysis [54, 55] and exhibits colocalization with SGs in 
U2OS cells [19]. To investigate whether YBX1 forms liquid 
condensates in response to SG-inducing agents in SKOV3 
cells, we transfected SKOV3 cells with mEGFP-YBX1 and 
treated them with arsenite or H2O2. Live cell imaging of the 
treated cells revealed the formation of cytoplasmic conden-
sates (Supplementary Fig. 3E). Immunofluorescence assays 
on arsenite or H2O2-treated SKOV3 cells confirmed the 
colocalization of YBX1 and G3BP1, further validating the 
SG localization of YBX1 in SKOV3 cells (Supplementary 
Fig. 3F).

Therefore, it is intriguing to explore whether APE1 dis-
plays SG localization and interacts with SG proteins such as 
YBX1 in SGs. To address these questions, we first investi-
gated the interaction between APE1 and YBX1 or the central 
SG protein G3BP1. Co-immunoprecipitation experiments 
on SKOV3 cells targeting APE1 detected strong interac-
tion between APE1 and YBX1 as well as G3BP1 (Fig. 2a). 
Furthermore, significant increases in interacting YBX1 and 
G3BP1 were observed upon treatment (Fig. 2b–d), particu-
larly after 4 h of treatment. Additionally, we performed sub-
cellular fractionation to isolate the cytoplasm of cells. Co-IP 
was then conducted on the cytoplasmic fraction against 
APE1 and detected robust interactions (Fig. 2e). To visual-
ize their cellular localization, we performed immunofluores-
cence staining on H2O2-treated and untreated SKOV3 cells, 
targeting APE1 and G3BP1 (Fig. 2f) or APE1 and YBX1 
(Fig. 2g). Cytoplasmic colocalization was observed between 
APE1 and YBX1 as well as G3BP1. Our findings show that 
APE1 can be recruited to SGs under stress.

APE1 alters cellular phospho‑landscape especially 
the phosphoprofile of SG proteins

Despite being implied in several kinase signaling pathways 
[36, 37], the impact of APE1 on the phosphoproteome of 
cells remains poorly understood. As SGs are regularly modu-
lated by phosphorylation, we are interested in whether APE1 
regulates SG formation through phorphorylation. We con-
ducted label-free quantitative phosphoproteomic and global 
proteomic analysis on APE1WT, APE1KD, and APE1OE 
cells. We followed the high-sensitivity EasyPhos workflow 
[43] with minor modifications to prepare samples for MS 
analysis (Supplementary Fig. 4A). The data were acquired 
using an ultra-high performance liquid chromatography-
Orbitrap Fusion Tribrid mass spectrometer and analyzed by 
Proteome discoverer 2.5 software.

Overall, 9200 distinct localized phosphorylated sites 
in 8382 phosphopeptides on 2916 different proteins 
were identified, where 2181 phosphosites quantified 

Fig. 2   APE1 interacts with G3BP1 and YBX1 and colocalizes with 
SGs. a Immunoprecipitation (IP) was performed in SKOV3 cells 
against APE1. Anti-G3BP1 and anti-YBX1 antibodies were used to 
detect interacting G3BP1 and YBX1, respectively. b Co-immuno-
precipitation assay conducted using anti-APE1 antibody on SKOV3 
cells treated with increasing time of exposure to H2O2. Anti-G3BP1 
and anti-YBX1 antibodies were used to detect interacting G3BP1 and 
YBX1, respectively. c, d One-way ANOVA was performed to ana-
lyze interacting G3BP1 (c) and YBX1 (d). **p < 0.01, ***p < 0.001. 
e Co-immunoprecipitation assay was performed using the cytoplas-
mic fraction obtained by subcellular fractionation. Anti-GAPDH and 
anti-Histone H3 antibodies were used to assess the purity of the frac-
tions. Anti-APE1 antibody was used immunoprecipitate APE1. Anti-
G3BP1 and anti-YBX1 antibodies were used to detect interactions. 
f Representative images of immunofluorescence (IF) studies show-
ing the colocalization of APE1 and G3BP1. Coverslips were probed 
with anti-APE1 (red) and anti-G3BP1 (green) antibodies, which were 
merged with the nuclear stain DAPI (blue). Zoom represents magni-
fied inset. Scale bar, 20 μm. g Representative images of immunofluo-
rescence (IF) studies showing the colocalization of APE1 and YBX1. 
Coverslips were probed with anti-APE1 (red) and anti-YBX1 (green) 
antibodies, which were merged with the nuclear stain DAPI (blue)
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were distinctly modulated by APE1 at a false discovery 
rate (FDR) of 5% (Supplementary Table 3). The num-
ber of phosphopeptides containing one (1P), two (2P), 
or three (3P) phosphate groups are 5648, 3422 and 425, 

respectively (Supplementary Fig. 4B). Serine, threonine 
and tyrosine residues accounted for 7903, 1211 and 76 of 
the identified phosphosites respectively (Supplementary 
Fig. 4C).
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Unsupervised hierarchical clustering of phosphopeptides 
was done across all samples with top upregulated (red box) 
and downregulated (blue box) phosphoproteins listed on the 
right (Fig. 3a). Principal component analysis (PCA) dis-
played small variation within group and distinct differences 
among groups, indicating a critical impact of APE1 on cellu-
lar phosphoproteome (Fig. 3b). We then analyzed phospho-
rylation of proteins simultaneously or differentially up- and 
downregulated by APE1 in APE1KD and APE1OE cells. 
Notably, 250 phosphopeptides on 188 proteins were distinc-
tively upregulated (p < 0.01, phosphopeptides abundance: 
APE1OE/APE1WT > 2 and APE1KD/APE1WT < 0.5) by 
APE1 in both APE1KD and APE1OE (Supplementary 4, 
Fig. 3c). However, only 4 phosphopeptides on 4 proteins 
were significantly downregulated (p < 0.01, phosphopep-
tides abundance: APE1OE/APE1WT < 0.5 and APE1KD/
APE1WT > 2) by APE1 in both APE1KD and APE1OE 
(Supplementary Table 4, Fig. 3c). These findings demon-
strate that APE1 generally promotes phosphorylation in 
cells. To gain insights into the functional implications of 
the significantly regulated phosphoproteins, we performed 
gene ontology (GO) analysis. The analysis revealed highly 
enriched cellular processes, including regulation of mRNA 
metabolic process, RNA splicing, spliceosomal complex, 
and RNA polymerase binding (Supplementary Fig. 3D). In 
contrast to the substantial changes observed in the phospho-
proteome, the global proteome exhibited limited alterations 
by APE1. Out of the 4751 proteins identified and quantified, 

only 29 proteins showed significant regulation by APE1 
(p < 0.05, unique peptides > 1, protein abundance: APE1OE/
APE1KD > 2 or < 0.5) (Supplementary Table 5). These find-
ings indicate that APE1 primarily affects the phosphopro-
teome rather than the overall proteome of cells.

Phosphorylation is one of the most extensively studied 
PTMs that modulate SGs. To assess whether APE1 modu-
lates SG formation through phosphorylation, we curated SG 
proteins from the RNA Granule Database (http://​rnagr​anule​
db.​lunen​feld.​ca/) and screened for differentially regulated 
SG proteins. We identified a total of 37 SG proteins that 
were significantly regulated by APE1 (p < 0.01, abundance 
of upregulated phosphopeptides: APE1OE/APE1WT > 2 
and APE1KD/APE1WT < 0.5; p < 0.01, abundance of 
downregulated phosphopeptides: APE1OE/APE1WT < 0.5 
and APE1KD/APE1WT > 2), including core SG compo-
nents G3BP2, EIF5, DDX20 and DDX21 (Supplementary 
Table 6). For example, phosphorylation of G3BP2 at S149 
was upregulated by APE1. Meanwhile, double phospho-
rylation of EIF5 at S389 and S390 was enhanced by APE1. 
Importantly, these phosphopeptides are mostly upregulated 
by APE1, suggesting that APE1 plays a significant role in the 
upregulation of phosphorylation of SGs proteins. The pro-
tein–protein interaction (PPI) network visualizes the inter-
acting core SG proteins [56–58], with the phosphoproteins 
significantly modulated by APE1 denoted, including YBX1, 
G3BP2, and EIF5 (Fig. 3d). These results demonstrate the 
important regulatory role of APE1 in SG dynamics.

To investigate how the phosphoprofile of SG proteins 
modifies after stress, we performed quantitative phospho-
proteomic analysis on H2O2-treated and untreated SKOV3 
cells (Supplementary Table 7). Unsupervised hierarchical 
clustering of phosphopeptides was done across all samples 
(Fig. 3e). A total of 859 phosphopeptides on 592 proteins 
are distinctly modulated after H2O2 treatment. Among 
them, 667 phosphopeptides were significantly upregu-
lated (p < 0.01, phosphopeptides abundance: Treatment/
Control > 2) after treatment, whereas 192 phosphopeptides 
were significantly downregulated (p < 0.01, phosphopeptides 
abundance: Treatment/Control < 0.5; Fig. 3f; Supplementary 
Table 7). Importantly, phosphorylation of 162 SG proteins 
were distinctly modulated upon treatment (Supplementary 
Table 7). The PPI network of core SG proteins under treat-
ment is shown (Fig. 3g). A substantial overlap (73%) of the 
phosphoprofile alteration in core SG proteins was observed 
between drug treatment and APE1 overexpression, including 
YBX1, DDX20, DDX21, G3BP2 and EIF5. Such overlap 
implies that APE1 may prepare cells before the assaults by 
preshaping the phosphoprofile of SG proteins. Our findings 
reveal a novel regulatory role of APE1 in promoting chem-
oresistance in cancer.

To decipher how APE1 exerts such an impact on the 
phosphoproteome of cells, we analyzed the kinase signaling 

Fig. 3   APE1 alters cellular phospho-landscape and phospho-pro-
file of SG proteins. a Unsupervised hierarchical clustering of phos-
phopeptides of APE1WT, APE1KD and APE1OE. Top regulated 
phosphoproteins were listed on the right. Blue box, phosphopro-
teins negatively regulated by APE1; Red box, phosphoproteins posi-
tively regulated by APE1. b Principal Component Analysis (PCA) 
of the phosphoproteome showed small variation between repli-
cates and differences among cell lines. c Left Venn diagram shows 
phosphopeptides differentially and simultaneously upregulated by 
APE1 in APE1KD (p < 0.01, phosphopeptide abundance: APE1KD/
APE1WT < 0.5) and APE1OE (p < 0.01, phosphopeptide abun-
dance: APE1OE/APE1WT > 2). Right Venn diagram shows phos-
phopeptides differentially and simultaneously downregulated by 
APE1 in APE1KD (p < 0.01, phosphopeptide abundance: APE1KD/
APE1WT > 2) and APE1OE (p < 0.01, phosphopeptide abundance: 
APE1OE/APE1WT < 0.5). d Core SG proteins in the SG PPI network 
modulated by APE1. The gray nodes are known proteins involved 
in SGs. The red nodes are phosphoproteins distinctly modulated by 
APE1. The color and size of the nodes represent the fold change 
and p-value of the phosphorylation status of the protein. e Unsuper-
vised hierarchical clustering of phosphopeptides from untreated and 
H2O2-treated SKOV3 cells. f A total of 1239 phosphopeptides are 
significantly regulated upon treatment (p < 0.01). Among them, 322 
phosphopeptides are downregulated and 917 phosphopeptides are 
upregulated after H2O2 treatment. g Phosphoprofile alteration of core 
SG proteins upon H2O2 treatment. The gray nodes are known proteins 
involved in SGs. The red nodes are phosphoproteins upregulated after 
H2O2 treatment. The color and size of the nodes represent the fold 
change and p-value of the phosphorylation status of the proteins
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performed. Top regulated protein kinases includes AKT1, 
MAP2K2, and CDK12 (Supplementary Fig. 5A, Supple-
mentary Table 6). Out of the 160 proteins involved in kinase 
signaling pathways, 62 are protein kinases (Supplementary 
Fig. 5B, Supplementary Table 6). GO enrichment analysis 
of differentially phosphorylated proteins involved in kinase 
signaling pathways revealed significant regulation in path-
ways such as JAK-STAT signaling pathway, AMPK signal-
ing pathway, and ErbB signaling pathway (Supplementary 
Fig. 5C). In addition, phosphorylation of several phos-
phatases are found to be distinctively regulated by APE1, 
including PPP1R2, PPP1R12A, PTPN23, etc. (Supplemen-
tary Table 6). Modulation of protein kinases, phosphatases 
and signaling pathways may explain the distinctive altera-
tions in the cellular phosphoprofile caused by APE1.

APE1 facilitates phosphorylation of YBX1 at S174 
and S176 to enhance SG formation

Previous studies have identified YBX1 as a target of phos-
phorylation by MS [59, 60], with multiple phosphorylation 
sites clustered in the N-terminal of its second IDR (Sup-
plementary Fig. 6A). Our findings show that double phos-
phorylation of YBX1 at S174 and S176 is significantly 
upregulated by APE1 (Supplementary Fig. 6B). Immuno-
precipitation assay was performed to confirm the phospho-
rylation level of YBX1 in APE1WT, APE1KD and APE1OE 
cells. A threefold increase in the abundance of phosphoryl-
ated YBX1 was detected in APE1OE relative to APE1WT, 
while a 60% reduction was observed in APE1KD (Fig. 4a, 
b), consistent with the MS analysis. We also assessed YBX1 
phosphorylation in APE1KD cells transfected with APE1 
functional mutants (Fig. 4c, d). The result showed that C65S 
led to a substantial decrease in p-YBX1 level, implying that 
the redox function of APE1 plays the main role in phos-
phorylation regulation. To further validate the phosphosites 
of YBX1, we constructed pcDNA 3.1 plasmids containing 
Flag-tagged wild-type YBX1 (WT) and the double muta-
tion from serine to alanine (S174/176A, 2A) to mimic the 
constitutively dephosphorylated status. Immunoprecipitation 
was performed on SKOV3 cells transiently transfected with 
Flag-tagged YBX1 WT and 2A plasmids using anti-flag M2 
beads (Sigma-Aldrich). We found that the S to A double 
mutation caused a significant reduction in the level of phos-
phorylated YBX1 (Fig. 4e, f). These results indicate that 
APE1 enhances YBX1 phosphorylation and that S174 and 
S176 are the primary phosphosites.

To evaluate the functional significance of YBX1 phos-
phorylation at S174 and S176, we created phosphomu-
tants to mimic hyperphosphorylation (serine to glutamic 
acid, S to E) and hypophosphorylation (serine to alanine, 
S to A). These include double mutation S174/176A (2A) 
and S174/176E (2E) and single mutation S174A, S176A, 

pathways. Unsupervised hierarchical clustering of 276 
significantly regulated (p < 0.01, phosphopeptide abun-
dance: APE1OE/APE1KD > 2 or < 0.5) phosphopeptides 
on 160 proteins involved in kinase signaling pathways was 

Fig. 4   APE1 enhances phosphorylation of YBX1 at S174 and S176 
to promote SG formation and cell survival. a Immunoprecipita-
tion (IP) was performed in APE1WT, APE1KD and APE1OE cells 
against YBX1. Anti-phospho-serine antibody was used to evaluate 
the phosphorylation level of YBX1. YBX1 and actin in the whole 
cell lysate (WCL) were shown in the input. b Relative abundance 
of p-YBX1 was quantified and analyzed using one-way ANOVA. 
Mean ± SEM is shown (n = 3). c Immunoprecipitation was per-
formed on APE1KD cells transiently transfected with Flag-tagged 
APE1 WT and mutants against Flag-tag. Abundance of phosphoryl-
ated YBX1 (p-YBX1) was probed using anti-phosphoserine anti-
body. Input shows the level of actin and exogenous Flag-APE1 in the 
WCL. d Relative abundance of p-YBX1 was quantified and analyzed 
by One-way ANOVA. Mean ± SEM is shown (n = 3). e Immunopre-
cipitation was performed on SKOV3 cells transiently transfected with 
Flag-tagged YBX1 WT and 2A against Flag-tag. Abundance of phos-
phorylated YBX1 (p-YBX1) was probed using anti-phospho-serine 
antibody. Input shows the level of actin and exogenous Flag-YBX1 in 
the WCL. f Relative abundance of p-YBX1 was quantified and ana-
lyzed by One-way ANOVA. Mean ± SEM is shown (n = 3). g Repre-
sentative images of immunofluorescence (IF) studies conducted on 
SKOV3 cells transiently transfected with Flag-tagged YBX1 WT and 
the indicated mutants followed by H2O2 treatment. Coverslips were 
probed with p-eIF2α antibody and G3BP1 antibody for the visuali-
zation of cytoplasmic SGs. Scale bar, 20μm. h The number of cells 
containing SGs was recorded and analyzed by One-way ANOVA 
using YBX1 WT as control. Mean ± SEM is shown (n = 3). i Rep-
resentative western blot shows the relative abundance of p-eIF2α in 
SKOV3 cells transfected with YBX1 WT and the indicated mutants 
after H2O2 treatment. j Relative abundance of p-eIF2α was statisti-
cally analyzed using YBX1 WT as control. Mean ± SEM is shown 
(n = 3). k Cell viability was assessed on SKOV3 cells transfected 
with YBX1 WT and mutants after H2O2 treatment using a CCK-8 kit. 
Mean ± SEM is shown (n = 4). l Representative images of immuno-
fluorescence (IF) studies conducted in APE1WT and APE1KD cells 
transfected with empty vector (NC) or YBX1 mutants (2A or 2E). 
Cells were treated with 0.5 mM H2O2 for 3 h. Coverslips were probed 
with p-eIF2α and G3BP1 antibodies. p-eIF2α (red) and G3BP1 
(green) were merged with the nuclear stain DAPI (blue). Scale bar, 
20 μm. m Quantification of the percentage of cells with SGs in trans-
fected APE1KD and APE1WT cells. Means ± SEM is shown (n = 3). 
n Representative western blot result shows the level of p-eIF2α in 
transfected APE1WT and APE1KD cells after 0.5 mM H2O2 treat-
ment. o Relative abundance of p-eIF2α in transfected APE1WT and 
APE1KD cells was analyzed by One-way ANOVA. Mean ± SEM is 
shown (n = 3). p Immunoprecipitation was performed in APE1WT, 
APE1KD and APE1OE cells against PPP1R12A or PLK1. Anti-
phosphoserine antibody was used to evaluate the phosphorylation 
level. Proteins in the whole cell lysate (WCL) were shown in the 
input. q Relative abundance of p-PPP1R12A was quantified and ana-
lyzed using one-way ANOVA. Mean ± SEM is shown (n = 3). r Rela-
tive abundance of p-PLK1 was quantified and analyzed using one-
way ANOVA. Mean ± SEM is shown (n = 3). All experiments were 
independently repeated for more than 3 times. Image J software was 
used for the quantification of WB bands and IF images. GraphPad 
Prism was used to conduct statistical analysis. *p < 0.05, **p < 0.01, 
***p < 0.001
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S174E and S176E (Supplementary Fig. 6C). SKOV3 cells 
were transfected with Flag-tagged YBX1 WT and each 
mutant, followed by H2O2 treatment to induce SG forma-
tion. Notably, 2E resulted in a much higher percentage of 
cells containing SGs, whereas 2A substaintially reduced 
cellular SG formation (Fig. 4g, h). Single mutations dis-
played more moderate effects on SG formation compared to 
double phosphorylation (Fig. 4g, h). In consistency with IF 
results, cellular level of p-eIF2α was substaintially elevated 
in SKOV3 cells transfected with 2E, while transfection of 
2A plasmids led to a substantial decrease in p-eIF2α. Simi-
larly, single mutations to E had limited impact on the level of 
p-eIF2α (Fig. 4i, j). To determine the impact of YBX1 phos-
phorylation on cell survival, we performed the cell viability 
assay with YBX1 WT and mutants. SKOV3 cells transfected 
with 2E exhibited greater resilience under H2O2 treatment, 
whereas 2A sensitized cells to treatment. Single phosphoryl-
ation partially contributed to cell survival under H2O2 treat-
ment (Fig. 4k). To validate whether YBX1 phosphorylation 
compensates APE1 depletion and recovers SG formation, we 
transfected APE1KD cells with YBX1 phosphomutants 2A 
or 2E followed by H2O2 treatment to induce SG formation. 
Our data demonstrate that 2E significantly increased cellular 
SG formation compared to 2A (Fig. 4l, m), suggesting that 
phosphorylation of YBX1 at S174 and S176 restored SG 
formation impaired by APE1 depletion. In agreement with 
the IF results, transient expression of 2E, rather than 2A, 
recovered the diminished p-eIF2α level in APE1KD cells 
(Fig. 4n, o). These findings indicate that APE1 promotes 
YBX1 phosphorylation at S174 and S176 to enhance SG 
formation and cell survival under adverse conditions.

Recently, a study published by Li et al. demonstrates that 
Polo-kinase 1 (PLK1) directly binds to YBX1 and phos-
phorylates YBX1 at S174 and S176 [61]. Moreover, our 
phosphoproteomic data showed that APE1 significantly 
downregulated phosphorylation of protein phosphatase 1 
regulatory subunit 12A (PPP1R12A, relative abundance: 
APE1OE/APE1KD = 0.076, p = 0.043), whereas the phos-
phatase PPP1R12A has been shown to dephosphorylate 
PLK1 [62]. We speculate that APE1 may promote YBX1 
phosphorylation via downregulating PPP1R12A phospho-
rylation, leading to increased PLK1 phosphorylation, which 
in turn phosphorylates YBX1 at S174 and S176. Therefore, 
we performed immunoprecipitation assay on APE1WT, 
APE1KD and APE1OE cells against PPP1R12A and PLK1. 
APE1OE cells displayed a significantly lower level of phos-
phorylated PPP1R12A and a substantially elevated level 
of phosphorylated PLK1, compared to APE1WT, while a 
significant increase in phosphorylated PPP1R12A and a 
notable reduction of phosphorylated PLK1 were observed 
in APE1KD cells (Fig. 4p–r). To further evaluate the impact 
of YBX1 phosphorylation, we performed in vitro phospho-
rylation assay followed by phase separation experiment with 

freshly purified mCherry-APE1, mEGFP-YBX1, PLK1 and 
cell lysate. The results show that PLK1 phosphorylated 
YBX1 in vitro (Supplementary Fig. 6D). Colocalization of 
APE1 and YBX1 manifested after phosphorylation assay 
with PLK1 (Supplementary Fig. 6E). Importantly, phospho-
rylation of YBX1 significantly enhanced droplet formation 
at the concentration of 10 μM (Supplementary Fig. 6E). Our 
data demonstrate that phosphorylation of YBX1 by PLK1 
facilitates phase separation of YBX1 and increases the colo-
calization of APE1 and YBX1. Taken together, our findings 
demonstrate that APE1 may promote YBX1 phosphorylation 
via PPP1R12A and PLK1 to enhance SG formation.

Discussion

Cancer cells are constantly under adverse conditions in the 
tumor microenvironment. Responding and adapting to stress 
is vital in cancer development and anticancer therapies [63]. 
The formation of SGs can protect cancer cells from apop-
tosis and induce resistance against anti-cancer drugs and 
radiation treatment, making SGs promising targets for can-
cer treatment [64]. Previous studies have shown that APE1 
reduces patient survival by promoting multiple malignant 
properties of cancer, including drug resistance [24, 25, 65]. 
Yet how APE1 facilitates cell survival under drug treatment 
remains unclear. In this study, we investigated the pos-
sibility of regulation of SGs by APE1 and its underlying 
mechanisms.

To explore how APE1 promotes cancer cell survival 
under stress, we established stable cell lines with APE1 
overexpression and knockdown using SKOV3. APE1 knock-
down sensitized SKOV3 cells to MMS, cisplatin and H2O2, 
while APE1 overexpression significantly enhanced cell sur-
vival rate after treatment, in consistent with previous stud-
ies [26, 66, 67]. To investigate whether APE1 influences 
SG formation in cells, we treated these cell lines with H2O2 
or cisplatin and probed for SG formation. Our data dem-
onstrate that APE1 significantly facilitate SG formation in 
cells. Moreover, we created functional mutants C65S and 
E96A of APE1 and found that the redox function of APE1 
plays the major role in SG regulation. In addition, we dem-
onstrate that both YBX1 and G3BP1 are interaction partners 
of APE1 in the cytoplasm and their interaction increased 
after SG-induction. Moreover, APE1 exhibits SG localiza-
tion though its role in SG is currently unknown. Our data 
show that APE1 not only colocalizes with SG but also pro-
motes cell survival via modulation of SG formation.

As regulation of SGs by phosphorylation has been 
widely reported [16–18, 54, 61], it would be interesting 
to see whether APE1 regulates phosphorylation of SG 
proteins. Therefore, we performed label-free quantitative 
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phosphoproteomics in APE1WT, APE1KD and APE1OE 
cells. Notably, APE1 significantly alters the phospho-land-
scape of SKOV3, suggesting a novel and intricate network of 
proteins under the regulation of APE1 presumably through 
phosphorylation. A total of 8382 phosphopeptides on 2916 
different proteins were identified, among which 2181 phos-
phosites quantified were distinctly regulated. Most impor-
tantly, phosphorylation of 37 SG related proteins is dis-
tinctively regulated by APE1, including G3BP2, DDX20, 
DDX21, EIF5, YBX1, etc. Both G3BP1 and G3BP2 contrib-
ute partially to SG formation, while the overexpression of 
any of the two induces SG formation without stress stimuli 
[68]. Our data show that phosphorylation of G3BP2 at S149 
was upregulated by APE1. While phosphorylation of S149 
in IDR1 of G3BP1 was shown to be a negative regulator of 
SG assembly as dephosphorylation at S149 stimulates the 
multimerization of G3BP1and facilitates SG formation [17, 
57], more research is needed to elucidate the role of G3BP2 
phosphorylation at S149. Translation initiation factors such 
as EIF2, EIF3 and EIF5 are essential components in SGs. 
SGs can be divided into 3 subtypes according to the transla-
tion initiation factors and RNA-binding proteins contained 
[69, 70]. EIF5 may be present in type II and type III SGs 
[69]. Our data showed that APE1 significantly enhanced 
phosphorylation of EIF5 at S389 and S390. Casein kinase 2 
(CK2) was found to phosphorylate EIF5 at S389 and S390, 
which is associated with cell cycle progression [71]. Moreo-
ver, phosphorylation by CK2 significantly increases affin-
ity between EIF5 and EIF2 [8]. While phosphorylation of 
EIF2α is essential for efficient SG formation [5, 72], the 
effect of EIF5 phosphorylation on SG dynamics remains 
unclear. Members of the family of RNA-dependent DEAD-
box ATPases (DDXs) regulate RNA-containing phase-sep-
arated organelles in cells [73]. Our data revealed that APE1 
promoted phosphorylation of both DDX20 and DDX21. 
Collectively, APE1 significantly alters the phosphoprofile 
of essential SG proteins. Further investigations are needed to 
dissect how APE1 modulates these phosphorylation events 
and elucidate their effects on SG dynamics and downstream 
mRNA translation.

Moreover, a systemic phosphoprofiling of the SG pro-
teins under stress is lacking. To decipher how the cellular 
phosphoproteome reacts to stress, we conducted phospho-
proteomic analysis on H2O2 treated SKOV3 cells. Our data 
revealed 162 SG proteins that are specifically modulated 
under stress conditions. Interestingly, we observed a sig-
nificant overlap between APE1-promoted and stress-induced 
phosphorylation events in the core SG protein interaction 
network. These proteins include YBX1, EIF5, G3BP2, 
DDX20, DDX21, HDAC1, HNRNPC, SRSF10, etc. This 
finding suggests that APE1 proactively prepares cells for 
potential assaults through reshaping the phospho-profile of 
SG components to enhance SG formation.

Recent studies have revealed the involvement of APE1 
in several kinase signaling pathways [36, 39, 74]. Yet 
the kinases, phosphatases and kinase signaling pathways 
involved remain unknown. To explore how APE1 promotes 
phosphorylation of SG proteins, we analyzed proteins 
engaged in protein kinase pathways and found phosphoryla-
tion of 62 kinases that are significantly modified by APE1, 
including AKT1, AKT2, MAP2K1, ROCK1, etc. Several 
phosphatases also showed significant regulation by APE1 
such as PPP1R2 and PPP1R12A. Additionally, our data 
reveal enriched kinase signaling pathways including JAK-
STAT, AMPK, ErbB, CAMP, MTOR and PI3K-Akt signal-
ing pathways. These signaling pathways also participate in 
cellular stress response [75–79]. Notably, PI3K and MAPK/
p38 have been established as pro-SG-kinases which act 
through the metabolic master regulator mTORC1 to stimu-
late stress granule assembly [80]. Our findings suggest that 
APE1 may promote SG formation by modulating kinases 
and phosphatases and activating kinase signaling pathways.

Among these significantly regulated SG-related pro-
teins, YBX1 is of special interest to us because (i) YBX1 
has been reported to interact with APE1 to promote drug 
resistance in cells; (ii) YBX1 modulates SG formation via 
upregulation of G3BP1. Our MS data showed upregulation 
of YBX1 phosphorylation at S174 and S176 in APE1OE 
cells as well as in drug treated SKOV3 cells. To validate 
whether APE1 modulates p-YBX1, we conducted immuno-
precipitation of endogenous YBX1 in APE1WT, APE1KD, 
and APE1OE cells and found that APE1 promotes the cel-
lular level of p-YBX1. The modified sites were further vali-
dated by transfecting SKOV3 cells with YBX1 WT and 2A 
plasmids, followed by immunoprecipitation of exogenous 
YBX1 and assessment of p-YBX1 levels. Our results reveal 
that S174 and S176 are the major phosphosites of YBX1 
regulated by APE1. To evaluate the effect of YBX1 phos-
phorylation on stress response, we constructed single and 
double mutations to mimic hypo- (S to A) and hyperphos-
phorylated (S to E) YBX1. We demonstrate that the YBX1 
phosphomimic 2E significantly promotes SG formation and 
cell survival, whereas 2A reduced SG formation and sensi-
tized cells to drug treatment. Furthermore, expressing YBX1 
2E in APE1KD cells recovered SG formation and cellular 
resistance to drugs that were impaired by APE1 depletion. 
To investigate how APE1 regulates YBX1 phosphorylation, 
we found that APE1 downregulated phosphorylation of the 
phosphatase PPP1R12A which dephosphorylates PLK1, the 
kinase of YBX1, so as to activate PLK1 to phosphorylate 
YBX1. Moreover, we found phosphorylation of YBX1 by 
PLK1 enhanced phase separation capacity of YBX1 and 
facilitated colocalization of APE1 and YBX1. Together, 
we demonstrate the important role YBX1 phosphorylation 
played in SG formation and elucidate how APE1 exerts the 
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regulatory function through kinases and phosphatases to 
modulate SG dynamics.

Our study unveils APE1 as a modulator of SGs and sheds 
light on its role in modulating the cellular phosphoproteome. 
We demonstrate that APE1 not only colocalizes with SGs 
but also promotes SG formation by modulating phospho-
rylation of SG proteins. Specifically, we found that APE1 
promoted YBX1 phosphorylation on S174 and S176 to 
enhance SG formation by modulating PPP1R12A and PLK1. 
Thereby, we propose a model in which APE1 promotes SG 
formation by modulating kinases, phophatases and kinase 

signaling pathways to influence the subsequent phospho-
rylation of SG proteins, especially YBX1 to facilitate cell 
survival (Fig. 5).

These findings expand our knowledge in the mechanisms 
of how APE1 functions to safeguard cells against environ-
mental assaults and how it contributes to chemoresistance 
in cancer. Interestingly, accumulating evidence are show-
ing that APE1, an essential DNA damage repair protein, is 
involved in various non-DNA repair processes, especially 
in RNA metabolism and processing, such as rRNA quality 
control in nucleoli [81], miRNA processing [35] and RNA 

Fig. 5   Model for SG regulation by APE1. We propose a model 
for SG regulation by APE1. In conjunction with its two main roles 
in BER and transcriptional regulation, APE1 profoundly affects the 
phosphoproteome of cells, including kinase signaling pathways, pro-
tein kinases such as AKT1, AKT2 and MAPK14 and phosphatases 
like PPP1R12A and PPP1R2 (red box). Modulation of these path-

ways in turn significantly alters the phosphoprofile of SG proteins 
(green box). Among these, APE1 downregulated phosphorylation of 
PPP1R12A to promote PLK1 phosphorylation which phosphorylates 
YBX1 at S174 and S176 to enhance SG formation and cell survival. 
It is worth noting that APE1 also shows SG localization



	 S. Mao et al.  113   Page 18 of 21

splicing [38]. In this work, we provided the first evidence 
that APE1 colocalizes with SGs. Since SGs are essential for 
RNA processing in face of stress, it would be interesting to 
explore the interplay between APE1 and SGs and to inves-
tigate the possible alterations in RNA processing processes 
in SGs in the future.

Conclusions

In conclusion, our study reveals a novel regulatory role of 
APE1 in SG regulation. Our research shows that APE1 not 
only interacts with YBX1 and G3BP1 and colocalizes with 
SGs but is also a bona fide SG regulator. APE1 modifies 
the cellular phosphoproteome, especially the phosphopro-
file of SG proteins to facilitate SG formation. In particular, 
APE1 promotes YBX1 dual-phosphorylation at S174 and 
S176 by modulating PPP1R12A and PLK1 to enhance SG 
formation and cancer cell survival. Collectively, our find-
ings suggest that APE1 and YBX1 may serve as potential 
targets in future therapeutic strategies for cancer and other 
SG-related diseases.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00018-​023-​05086-y.

Acknowledgements  We thank the mass spectrometry core facility in 
Shenzhen Bay Laboratory for their help in running samples. We thank 
Dr. Cookson Chiu for guidance in MS sample preparation and data 
analysis and Dr. Wei-Hsiang Hsu for revising the manuscript. This 
work was supported by the National Key Research and Development 
Program of China (2017YFA0503900), the grant from the Natural Sci-
ence Foundation of Zhejiang Province (LY21C050002), the grant from 
Natural Science Foundation of China (82103644), Funding by Major 
Program of Shenzhen Bay Laboratory (S201101004) and the Funda-
mental Research Funds for the Central Universities (No. K20220228). 
CX is a member of the International Max Planck Research School for 
Genome Science.

Author contributions  SM, CX, YH and HX conceived and designed 
research. SM, CX, HG, YG, BT, JX, ZZ and YX performed the experi-
ments; SM, YL, YZ and ML analyzed the data. SM, YZ, LW, YH and 
HX visualized the data. SM, YL, HX, YH, ML, YZ and BT wrote the 
manuscript; HG, YX, YZ, ZZ, and LW revised the manuscript. All 
authors read and approved the final manuscript.

Funding  This work was supported by the National Key Research and 
Development Program of China (2017YFA0503900), the grant from 
the Natural Science Foundation of Zhejiang Province (LY21C050002), 
the grant from Natural Science Foundation of China (82103644), Fund-
ing by Major Program of Shenzhen Bay Laboratory (S201101004) 
and the Fundamental Research Funds for the Central Universities (No. 
K20220228).

Data availability  The data from this study can be accessed via Pro-
teomeXchange with the identifier PXD040041.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Ethics approval and consent to participate  This study was approved 
by Zhejiang University, Shenzhen Bay laboratory and Daping Hospital 
(2023199).

Consent for publication  All authors read and approved the submission 
and final publication.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Sambasivan S (2022) Epithelial ovarian cancer: review article. 
Cancer Treat Res Commun 33:100629. https://​doi.​org/​10.​1016/j.​
ctarc.​2022.​100629

	 2.	 Yang L, Xie H-J, Li Y-Y, Wang X, Liu X-X, Mai J (2022) Molec-
ular mechanisms of platinum-based chemotherapy resistance in 
ovarian cancer (review). Oncol Rep 47:82. https://​doi.​org/​10.​
3892/​or.​2022.​8293

	 3.	 Matulonis UA, Sood AK, Fallowfield L, Howitt BE, Sehouli J, 
Karlan BY (2016) Ovarian cancer. Nat Rev Dis Primers 2:16061. 
https://​doi.​org/​10.​1038/​nrdp.​2016.​61

	 4.	 Lin L, Li X, Pan C, Lin W, Shao R, Liu Y, Zhang J, Luo Y, 
Qian K, Shi M et al (2019) ATXN2L upregulated by epidermal 
growth factor promotes gastric cancer cell invasiveness and oxali-
platin resistance. Cell Death Dis 10:173. https://​doi.​org/​10.​1038/​
s41419-​019-​1362-2

	 5.	 Vilas-Boas FDAS, da Silva AM, de Sousa LP, Lima KM, Vago 
JP, Bittencourt LFF, Dantas AE, Gomes DA, Vilela MC, Teixeira 
MM et al (2016) Impairment of stress granule assembly via inhibi-
tion of the eIF2alpha phosphorylation sensitizes glioma cells to 
chemotherapeutic agents. J Neurooncol 127:253–260. https://​doi.​
org/​10.​1007/​s11060-​015-​2043-3

	 6.	 Protter DSW, Parker R (2016) Principles and properties of stress 
granules. Trends Cell Biol 26:668–679. https://​doi.​org/​10.​1016/j.​
tcb.​2016.​05.​004

	 7.	 Zhan Y, Wang H, Ning Y, Zheng H, Liu S, Yang Y, Zhou M, 
Fan S (2020) Understanding the roles of stress granule during 
chemotherapy for patients with malignant tumors. Am J Cancer 
Res 10:2226–2241

	 8.	 McInerney GM, Kedersha NL, Kaufman RJ, Anderson P, 
Liljeström P (2005) Importance of eIF2alpha phosphorylation 
and stress granule assembly in alphavirus translation regula-
tion. Mol Biol Cell 16:3753–3763. https://​doi.​org/​10.​1091/​mbc.​
e05-​02-​0124

https://doi.org/10.1007/s00018-023-05086-y
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ctarc.2022.100629
https://doi.org/10.1016/j.ctarc.2022.100629
https://doi.org/10.3892/or.2022.8293
https://doi.org/10.3892/or.2022.8293
https://doi.org/10.1038/nrdp.2016.61
https://doi.org/10.1038/s41419-019-1362-2
https://doi.org/10.1038/s41419-019-1362-2
https://doi.org/10.1007/s11060-015-2043-3
https://doi.org/10.1007/s11060-015-2043-3
https://doi.org/10.1016/j.tcb.2016.05.004
https://doi.org/10.1016/j.tcb.2016.05.004
https://doi.org/10.1091/mbc.e05-02-0124
https://doi.org/10.1091/mbc.e05-02-0124


Apurinic/apyrimidinic endodeoxyribonuclease 1 (APE1) promotes stress granule formation… Page 19 of 21    113 

	 9.	 Wheeler JR, Matheny T, Jain S, Abrisch R, Parker R (2016) Dis-
tinct stages in stress granule assembly and disassembly. Elife 
5:e18413. https://​doi.​org/​10.​7554/​eLife.​18413

	10.	 Cao X, Jin X, Liu B (2020) The involvement of stress granules 
in aging and aging-associated diseases. Aging Cell 19:e13136. 
https://​doi.​org/​10.​1111/​acel.​13136

	11.	 Kuechler ER, Budzyńska PM, Bernardini JP, Gsponer J, Mayor T 
(2020) Distinct features of stress granule proteins predict locali-
zation in membraneless organelles. J Mol Biol 432:2349–2368. 
https://​doi.​org/​10.​1016/j.​jmb.​2020.​02.​020

	12.	 Hofmann S, Kedersha N, Anderson P, Ivanov P (2021) Molecu-
lar mechanisms of stress granule assembly and disassembly. Bio-
chim Biophys Acta Mol Cell Res 1868:118876. https://​doi.​org/​
10.​1016/j.​bbamcr.​2020.​118876

	13.	 Anderson P, Kedersha N (2008) Stress granules: the Tao of RNA 
triage. Trends Biochem Sci 33:141–150. https://​doi.​org/​10.​1016/j.​
tibs.​2007.​12.​003

	14.	 Kedersha NL, Gupta M, Li W, Miller I, Anderson P (1999) 
RNA-binding proteins Tia-1 and Tiar link the phosphorylation of 
Eif-2α to the assembly of mammalian stress granules. J Cell Biol 
147:1431–1442. https://​doi.​org/​10.​1083/​jcb.​147.7.​1431

	15.	 Kedersha N, Stoecklin G, Ayodele M, Yacono P, Lykke-Andersen 
J, Fritzler MJ, Scheuner D, Kaufman RJ, Golan DE, Anderson 
P (2005) Stress granules and processing bodies are dynamically 
linked sites of mRNP remodeling. J Cell Biol 169:871–884. 
https://​doi.​org/​10.​1083/​jcb.​20050​2088

	16.	 Tsai N-P, Ho P-C, Wei L-N (2008) Regulation of stress granule 
dynamics by Grb7 and FAK signalling pathway. EMBO J 27:715–
726. https://​doi.​org/​10.​1038/​emboj.​2008.​19

	17.	 Tourrière H, Chebli K, Zekri L, Courselaud B, Blanchard JM, 
Bertrand E, Tazi J (2003) The RasGAP-associated endoribonu-
clease G3BP assembles stress granules. J Cell Biol 160:823–831. 
https://​doi.​org/​10.​1083/​jcb.​20021​2128

	18.	 Kedersha N, Panas MD, Achorn CA, Lyons S, Tisdale S, Hick-
man T, Thomas M, Lieberman J, McInerney GM, Ivanov P et al 
(2016) G3BP–Caprin1–USP10 complexes mediate stress gran-
ule condensation and associate with 40S subunits. J Cell Biol 
212:e201508028. https://​doi.​org/​10.​1083/​jcb.​20150​8028

	19.	 Somasekharan SP, El-Naggar A, Leprivier G, Cheng H, Hajee 
S, Grunewald TGP, Zhang F, Ng T, Delattre O, Evdokimova V 
et al (2015) YB-1 regulates stress granule formation and tumor 
progression by translationally activating G3BP1. J Cell Biol 
208:913–929. https://​doi.​org/​10.​1083/​jcb.​20141​1047

	20.	 Guarino AM, Mauro GD, Ruggiero G, Geyer N, Delicato A, 
Foulkes NS, Vallone D, Calabrò V (2019) YB-1 recruitment 
to stress granules in zebrafish cells reveals a differential adap-
tive response to stress. Sci Rep 9:9059. https://​doi.​org/​10.​1038/​
s41598-​019-​45468-6

	21.	 Sengupta S, Mantha AK, Mitra S, Bhakat KK (2011) Human 
AP endonuclease (APE1/Ref-1) and its acetylation regulate YB-
1-p300 recruitment and RNA polymerase II loading in the drug-
induced activation of multidrug resistance gene MDR1. Oncogene 
30:482–493. https://​doi.​org/​10.​1038/​onc.​2010.​435

	22.	 Yuan C-L, He F, Ye J-Z, Wu H-N, Zhang J-Y, Liu Z-H, Li Y-Q, 
Luo X-L, Lin Y, Liang R (2017) APE1 overexpression is associ-
ated with poor survival in patients with solid tumors: a meta-
analysis. Oncotarget 8:59720–59728. https://​doi.​org/​10.​18632/​
oncot​arget.​19814

	23.	 Flasarova D, Urban K, Strouhal O, Klos D, Lemstrova R, Dvorak 
P, Soucek P, Mohelnikova-Duchonova B (2023) DNA repair path-
way in ovarian cancer patients treated with HIPEC. IJMS 24:8868. 
https://​doi.​org/​10.​3390/​ijms2​41088​68

	24.	 Wang D, Xiang D-B, Yang X-Q, Chen L-S, Li M-X, Zhong Z-Y, 
Zhang Y-S (2009) APE1 overexpression is associated with cispl-
atin resistance in non-small cell lung cancer and targeted inhibi-
tion of APE1 enhances the activity of cisplatin in A549 cells. 

Lung Cancer 66:298–304. https://​doi.​org/​10.​1016/j.​lungc​an.​2009.​
02.​019

	25.	 Liu Y, Zhang Z, Li Q, Zhang L, Cheng Y, Zhong Z (2020) Mito-
chondrial APE1 promotes cisplatin resistance by downregulating 
ROS in osteosarcoma. Oncol Rep 44:499–508. https://​doi.​org/​10.​
3892/​or.​2020.​7633

	26.	 Yang S, Irani K, Heffron SE, Jurnak F, Meyskens FL (2005) 
Alterations in the expression of the apurinic/apyrimidinic endo-
nuclease-1/redox factor-1 (APE/Ref-1) in human melanoma and 
identification of the therapeutic potential of resveratrol as an APE/
Ref-1 inhibitor. Mol Cancer Ther 4:1923–1935. https://​doi.​org/​10.​
1158/​1535-​7163.​MCT-​05-​0229

	27.	 Bobola MS, Blank A, Berger MS, Stevens BA, Silber JR (2001) 
Apurinic/apyrimidinic endonuclease activity is elevated in human 
adult gliomas. Clin Cancer Res 7:3510–3518

	28.	 Sak SC, Harnden P, Johnston CF, Paul AB, Kiltie AE (2005) 
APE1 and XRCC1 protein expression levels predict cancer-spe-
cific survival following radical radiotherapy in bladder cancer. 
Clin Cancer Res 11:6205–6211. https://​doi.​org/​10.​1158/​1078-​
0432.​CCR-​05-​0045

	29.	 Wang D, Luo M, Kelley MR (2004) Human apurinic endo-
nuclease 1 (APE1) expression and prognostic significance in 
osteosarcoma: enhanced sensitivity of osteosarcoma to DNA 
damaging agents using silencing RNA APE1 expression inhibi-
tion. Mol Cancer Ther 3:679–686

	30.	 Kelley MR, Cheng L, Foster R, Tritt R, Jiang J, Broshears J, 
Koch M (2001) Elevated and altered expression of the multi-
functional DNA base excision repair and redox enzyme Ape1/
ref-1 in prostate cancer. Clin Cancer Res 7:824–830

	31.	 Shaheen M, Allen C, Nickoloff JA, Hromas R (2011) Syn-
thetic lethality: exploiting the addiction of cancer to DNA 
repair. Blood 117:6074–6082. https://​doi.​org/​10.​1182/​
blood-​2011-​01-​313734

	32.	 Ando K, Hirao S, Kabe Y, Ogura Y, Sato I, Yamaguchi Y, Wada 
T, Handa H (2008) A new APE1/Ref-1-dependent pathway lead-
ing to reduction of NF-kappaB and AP-1, and activation of their 
DNA-binding activity. Nucleic Acids Res 36:4327–4336. https://​
doi.​org/​10.​1093/​nar/​gkn416

	33.	 Li M, Vascotto C, Xu S, Dai N, Qing Y, Zhong Z, Tell G, Wang 
D (2012) Human AP endonuclease/redox factor APE1/ref-1 
modulates mitochondrial function after oxidative stress by regu-
lating the transcriptional activity of NRF1. Free Radic Biol Med 
53:237–248. https://​doi.​org/​10.​1016/j.​freer​adbio​med.​2012.​04.​002

	34.	 Hu Z, Ding X, Ji Y, Liu X, Ding Z (2021) APEX1 protects against 
oxidative damage-induced cardiomyocyte apoptosis. Biocell 
45:745–749. https://​doi.​org/​10.​32604/​bioce​ll.​2021.​013293

	35.	 Antoniali G, Serra F, Lirussi L, Tanaka M, D’Ambrosio C, Zhang 
S, Radovic S, Dalla E, Ciani Y, Scaloni A et al (2017) Mammalian 
APE1 controls miRNA processing and its interactome is linked to 
cancer RNA metabolism. Nat Commun 8:797. https://​doi.​org/​10.​
1038/​s41467-​017-​00842-8

	36.	 Wang L, Chen R, Zhang Y (2019) miR-296-3p targets APEX1 
to suppress cell migration and invasion of non-small-cell lung 
cancer. Oncol Lett. https://​doi.​org/​10.​3892/​ol.​2019.​10572

	37.	 Juliana FM, Nara H, Onoda T, Rahman M, Araki A, Jin L, Fujii 
H, Tanaka N, Hoshino T, Asao H (2012) Apurinic/apyrimidinic 
endonuclease1/redox factor-1 (Ape1/Ref-1) is essential for IL-
21-induced signal transduction through ERK1/2 pathway. Bio-
chem Biophys Res Commun 420:628–634. https://​doi.​org/​10.​
1016/j.​bbrc.​2012.​03.​051

	38.	 Peng L, Liu Y, Chen J, Cheng M, Wu Y, Chen M, Zhong Y, Shen 
D, Chen L, Ye X (2022) APEX1 regulates alternative splicing of 
key tumorigenesis genes in non-small-cell lung cancer. BMC Med 
Genomics 15:147. https://​doi.​org/​10.​1186/​s12920-​022-​01290-0

	39.	 Sun Z, Chen G, Wang L, Sang Q, Xu G, Zhang N (2022) APEX1 
promotes the oncogenicity of hepatocellular carcinoma via 

https://doi.org/10.7554/eLife.18413
https://doi.org/10.1111/acel.13136
https://doi.org/10.1016/j.jmb.2020.02.020
https://doi.org/10.1016/j.bbamcr.2020.118876
https://doi.org/10.1016/j.bbamcr.2020.118876
https://doi.org/10.1016/j.tibs.2007.12.003
https://doi.org/10.1016/j.tibs.2007.12.003
https://doi.org/10.1083/jcb.147.7.1431
https://doi.org/10.1083/jcb.200502088
https://doi.org/10.1038/emboj.2008.19
https://doi.org/10.1083/jcb.200212128
https://doi.org/10.1083/jcb.201508028
https://doi.org/10.1083/jcb.201411047
https://doi.org/10.1038/s41598-019-45468-6
https://doi.org/10.1038/s41598-019-45468-6
https://doi.org/10.1038/onc.2010.435
https://doi.org/10.18632/oncotarget.19814
https://doi.org/10.18632/oncotarget.19814
https://doi.org/10.3390/ijms24108868
https://doi.org/10.1016/j.lungcan.2009.02.019
https://doi.org/10.1016/j.lungcan.2009.02.019
https://doi.org/10.3892/or.2020.7633
https://doi.org/10.3892/or.2020.7633
https://doi.org/10.1158/1535-7163.MCT-05-0229
https://doi.org/10.1158/1535-7163.MCT-05-0229
https://doi.org/10.1158/1078-0432.CCR-05-0045
https://doi.org/10.1158/1078-0432.CCR-05-0045
https://doi.org/10.1182/blood-2011-01-313734
https://doi.org/10.1182/blood-2011-01-313734
https://doi.org/10.1093/nar/gkn416
https://doi.org/10.1093/nar/gkn416
https://doi.org/10.1016/j.freeradbiomed.2012.04.002
https://doi.org/10.32604/biocell.2021.013293
https://doi.org/10.1038/s41467-017-00842-8
https://doi.org/10.1038/s41467-017-00842-8
https://doi.org/10.3892/ol.2019.10572
https://doi.org/10.1016/j.bbrc.2012.03.051
https://doi.org/10.1016/j.bbrc.2012.03.051
https://doi.org/10.1186/s12920-022-01290-0


	 S. Mao et al.  113   Page 20 of 21

regulation of MAP2K6. Aging 14:7959–7971. https://​doi.​org/​10.​
18632/​aging.​204325

	40.	 Detre S, Saclani Jotti G, Dowsett M (1995) A “quickscore” 
method for immunohistochemical semiquantitation: validation for 
oestrogen receptor in breast carcinomas. J Clin Pathol 48:876–
878. https://​doi.​org/​10.​1136/​jcp.​48.9.​876

	41.	 Senichkin VV, Prokhorova EA, Zhivotovsky B, Kopeina GS 
(2021) Simple and efficient protocol for subcellular fractionation 
of normal and apoptotic cells. Cells 10:852. https://​doi.​org/​10.​
3390/​cells​10040​852

	42.	 Aulas A, Fay MM, Szaflarski W, Kedersha N, Anderson P, Ivanov 
P (2017) Methods to classify cytoplasmic foci as mammalian 
stress granules. JoVE. https://​doi.​org/​10.​3791/​55656

	43.	 Humphrey SJ, Karayel O, James DE, Mann M (2018) High-
throughput and high-sensitivity phosphoproteomics with the 
EasyPhos platform. Nat Protoc 13:1897–1916. https://​doi.​org/​
10.​1038/​s41596-​018-​0014-9

	44.	 Scheerlinck E, Dhaenens M, Van Soom A, Peelman L, De Sut-
ter P, Van Steendam K, Deforce D (2015) Minimizing technical 
variation during sample preparation prior to label-free quantitative 
mass spectrometry. Anal Biochem 490:14–19. https://​doi.​org/​10.​
1016/j.​ab.​2015.​08.​018

	45.	 Alberti S, Saha S, Woodruff JB, Franzmann TM, Wang J, Hyman 
AA (2018) A user’s guide for phase separation assays with puri-
fied proteins. J Mol Biol 430:4806–4820. https://​doi.​org/​10.​
1016/j.​jmb.​2018.​06.​038

	46.	 Zhu S, Gu J, Yao J, Li Y, Zhang Z, Xia W, Wang Z, Gui X, Li 
L, Li D et al (2022) Liquid-liquid phase separation of RBGD2/4 
is required for heat stress resistance in Arabidopsis. Dev Cell 
57:583-597.e6. https://​doi.​org/​10.​1016/j.​devcel.​2022.​02.​005

	47.	 Kohze R, Dieteren CEJ, Koopman WJH, Brock R, Schmidt S 
(2017) Frapbot: an open-source application for FRAP data: an 
open-source application for FRAP data. Cytometry 91:810–814. 
https://​doi.​org/​10.​1002/​cyto.a.​23172

	48.	 Freibaum BD, Messing J, Yang P, Kim HJ, Taylor JP (2021) High-
fidelity reconstitution of stress granules and nucleoli in mamma-
lian cellular lysate. J Cell Biol 220:e202009079. https://​doi.​org/​
10.​1083/​jcb.​20200​9079

	49.	 Helm CW, States JC (2009) Enhancing the efficacy of cisplatin 
in ovarian cancer treatment—could arsenic have a role. J Ovarian 
Res 2:2. https://​doi.​org/​10.​1186/​1757-​2215-2-2

	50.	 Fung H, Demple B (2005) A vital role for Ape1/Ref1 protein in 
repairing spontaneous DNA damage in human cells. Mol Cell 
17:463–470. https://​doi.​org/​10.​1016/j.​molcel.​2004.​12.​029

	51.	 Fishel ML, Jiang Y, Rajeshkumar NV, Scandura G, Sinn AL, He 
Y, Shen C, Jones DR, Pollok KE, Ivan M et al (2011) Impact of 
APE1/Ref-1 redox inhibition on pancreatic tumor growth. Mol 
Cancer Ther 10:1698–1708. https://​doi.​org/​10.​1158/​1535-​7163.​
MCT-​11-​0107

	52.	 Kelley MR, Luo M, Reed A, Su D, Delaplane S, Borch RF, Nyland 
RL, Gross ML, Georgiadis MM (2011) Functional analysis of 
novel analogues of E3330 that block the redox signaling activity 
of the multifunctional AP endonuclease/redox signaling enzyme 
APE1/Ref-1. Antioxid Redox Signal 14:1387–1401. https://​doi.​
org/​10.​1089/​ars.​2010.​3410

	53.	 Liu X-M, Ma L, Schekman R (2021) Selective sorting of microR-
NAs into exosomes by phase-separated YBX1 condensates. Elife 
10:e71982. https://​doi.​org/​10.​7554/​eLife.​71982

	54.	 Padrón A, Iwasaki S, Ingolia NT (2019) Proximity RNA labeling 
by APEX-Seq reveals the organization of translation initiation 
complexes and repressive RNA granules. Mol Cell 75:875-887.
e5. https://​doi.​org/​10.​1016/j.​molcel.​2019.​07.​030

	55.	 Marmor-Kollet H, Siany A, Kedersha N, Knafo N, Rivkin N, 
Danino YM, Moens TG, Olender T, Sheban D, Cohen N et al 
(2020) Spatiotemporal proteomic analysis of stress granule disas-
sembly using APEX reveals regulation by SUMOylation and links 

to ALS pathogenesis. Mol Cell 80:876-891.e6. https://​doi.​org/​10.​
1016/j.​molcel.​2020.​10.​032

	56.	 Wheeler EC, Vu AQ, Einstein JM, DiSalvo M, Ahmed N, Van 
Nostrand EL, Shishkin AA, Jin W, Allbritton NL, Yeo GW (2020) 
Pooled CRISPR screens with imaging on microraft arrays reveals 
stress granule-regulatory factors. Nat Methods 17:636–642. 
https://​doi.​org/​10.​1038/​s41592-​020-​0826-8

	57.	 Yang P, Mathieu C, Kolaitis R-M, Zhang P, Messing J, Yurtsever 
U, Yang Z, Wu J, Li Y, Pan Q et al (2020) G3BP1 is a tunable 
switch that triggers phase separation to assemble stress granules. 
Cell 181:325-345.e28. https://​doi.​org/​10.​1016/j.​cell.​2020.​03.​046

	58.	 Jia X, Zhang S, Tan S, Du B, He M, Qin H, Chen J, Duan X, Luo 
J, Chen F et al (2022) De novo variants in genes regulating stress 
granule assembly associate with neurodevelopmental disorders. 
Sci Adv 8:eabo7112. https://​doi.​org/​10.​1126/​sciadv.​abo71​12

	59.	 Rush J, Moritz A, Lee KA, Guo A, Goss VL, Spek EJ, Zhang H, 
Zha X-M, Polakiewicz RD, Comb MJ (2005) Immunoaffinity pro-
filing of tyrosine phosphorylation in cancer cells. Nat Biotechnol 
23:94–101. https://​doi.​org/​10.​1038/​nbt10​46

	60.	 Mayya V, Lundgren DH, Hwang S-I, Rezaul K, Wu L, Eng JK, 
Rodionov V, Han DK (2009) Quantitative phosphoproteomic anal-
ysis of T cell receptor signaling reveals system-wide modulation 
of protein-protein interactions. Sci Signal 2:ra46. https://​doi.​org/​
10.​1126/​scisi​gnal.​20000​07

	61.	 Li X, Chen G, Liu B, Tao Z, Wu Y, Zhang K, Feng Z, Huang Y, 
Wang H (2023) PLK1 inhibition promotes apoptosis and DNA 
damage in glioma stem cells by regulating the nuclear transloca-
tion of YBX1. Cell Death Discov 9:68. https://​doi.​org/​10.​1038/​
s41420-​023-​01302-7

	62.	 Yamashiro S, Yamakita Y, Totsukawa G, Goto H, Kaibuchi K, 
Ito M, Hartshorne DJ, Matsumura F (2008) Myosin phosphatase-
targeting subunit 1 regulates mitosis by antagonizing polo-like 
kinase 1. Dev Cell 14:787–797. https://​doi.​org/​10.​1016/j.​devcel.​
2008.​02.​013

	63.	 Anderson P, Kedersha N, Ivanov P (2015) Stress granules, 
P-bodies and cancer. Biochim Biophys Acta Gene Regul Mech 
1849:861–870. https://​doi.​org/​10.​1016/j.​bbagrm.​2014.​11.​009

	64.	 Hu T, Hou W, Xiao E, Long M (2022) Mechanism and effect of 
stress granule formation in cancer and its potential roles in breast 
cancer therapy. Genes Dis 9:659–667. https://​doi.​org/​10.​1016/j.​
gendis.​2021.​02.​005

	65.	 Cao L, Cheng H, Jiang Q, Li H, Wu Z (2020) APEX1 is a novel 
diagnostic and prognostic biomarker for hepatocellular carcinoma. 
Aging 12:4573–4591. https://​doi.​org/​10.​18632/​aging.​102913

	66.	 den Hartog G, Chattopadhyay R, Ablack A, Hall EH, Butcher LD, 
Bhattacharyya A, Eckmann L, Harris PR, Das S, Ernst PB et al 
(2016) Regulation of Rac1 and reactive oxygen species production 
in response to infection of gastrointestinal epithelia. PLoS Pathog 
12:e1005382. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10053​82

	67.	 Kang B, Mu S, Yang Q, Guo S, Chen X, Guo H (2017) Ape1 
protects against MPP+-induced neurotoxicity through ERK1/2 
signaling in PC12 cells. NeuroReport 28:10–16. https://​doi.​org/​
10.​1097/​WNR.​00000​00000​000712

	68.	 Matsuki H, Takahashi M, Higuchi M, Makokha GN, Oie M, Fujii 
M (2013) Both G3BP1 and G3BP2 contribute to stress granule 
formation. Genes Cells 18:135–146. https://​doi.​org/​10.​1111/​gtc.​
12023

	69.	 Wang J, Gan Y, Cao J, Dong X, Ouyang W (2022) Pathophysiol-
ogy of stress granules: an emerging link to diseases (review). Int 
J Mol Med 49:44. https://​doi.​org/​10.​3892/​ijmm.​2022.​5099

	70.	 Advani VM, Ivanov P (2020) Stress granule subtypes: an emerg-
ing link to neurodegeneration. Cell Mol Life Sci 77:4827–4845. 
https://​doi.​org/​10.​1007/​s00018-​020-​03565-0

	71.	 Homma MK, Wada I, Suzuki T, Yamaki J, Krebs EG, Homma Y 
(2005) CK2 phosphorylation of eukaryotic translation initiation 

https://doi.org/10.18632/aging.204325
https://doi.org/10.18632/aging.204325
https://doi.org/10.1136/jcp.48.9.876
https://doi.org/10.3390/cells10040852
https://doi.org/10.3390/cells10040852
https://doi.org/10.3791/55656
https://doi.org/10.1038/s41596-018-0014-9
https://doi.org/10.1038/s41596-018-0014-9
https://doi.org/10.1016/j.ab.2015.08.018
https://doi.org/10.1016/j.ab.2015.08.018
https://doi.org/10.1016/j.jmb.2018.06.038
https://doi.org/10.1016/j.jmb.2018.06.038
https://doi.org/10.1016/j.devcel.2022.02.005
https://doi.org/10.1002/cyto.a.23172
https://doi.org/10.1083/jcb.202009079
https://doi.org/10.1083/jcb.202009079
https://doi.org/10.1186/1757-2215-2-2
https://doi.org/10.1016/j.molcel.2004.12.029
https://doi.org/10.1158/1535-7163.MCT-11-0107
https://doi.org/10.1158/1535-7163.MCT-11-0107
https://doi.org/10.1089/ars.2010.3410
https://doi.org/10.1089/ars.2010.3410
https://doi.org/10.7554/eLife.71982
https://doi.org/10.1016/j.molcel.2019.07.030
https://doi.org/10.1016/j.molcel.2020.10.032
https://doi.org/10.1016/j.molcel.2020.10.032
https://doi.org/10.1038/s41592-020-0826-8
https://doi.org/10.1016/j.cell.2020.03.046
https://doi.org/10.1126/sciadv.abo7112
https://doi.org/10.1038/nbt1046
https://doi.org/10.1126/scisignal.2000007
https://doi.org/10.1126/scisignal.2000007
https://doi.org/10.1038/s41420-023-01302-7
https://doi.org/10.1038/s41420-023-01302-7
https://doi.org/10.1016/j.devcel.2008.02.013
https://doi.org/10.1016/j.devcel.2008.02.013
https://doi.org/10.1016/j.bbagrm.2014.11.009
https://doi.org/10.1016/j.gendis.2021.02.005
https://doi.org/10.1016/j.gendis.2021.02.005
https://doi.org/10.18632/aging.102913
https://doi.org/10.1371/journal.ppat.1005382
https://doi.org/10.1097/WNR.0000000000000712
https://doi.org/10.1097/WNR.0000000000000712
https://doi.org/10.1111/gtc.12023
https://doi.org/10.1111/gtc.12023
https://doi.org/10.3892/ijmm.2022.5099
https://doi.org/10.1007/s00018-020-03565-0


Apurinic/apyrimidinic endodeoxyribonuclease 1 (APE1) promotes stress granule formation… Page 21 of 21    113 

factor 5 potentiates cell cycle progression. Proc Natl Acad Sci 
USA 102:15688–15693. https://​doi.​org/​10.​1073/​pnas.​05067​91102

	72.	 Dimasi P, Quintiero A, Shelkovnikova TA, Buchman VL (2017) 
Modulation of p-eIF2α cellular levels and stress granule assem-
bly/disassembly by trehalose. Sci Rep 7:44088. https://​doi.​org/​10.​
1038/​srep4​4088

	73.	 Hondele M, Sachdev R, Heinrich S, Wang J, Vallotton P, Fontoura 
BMA, Weis K (2019) DEAD-box ATPases are global regulators 
of phase-separated organelles. Nature 573:144–148. https://​doi.​
org/​10.​1038/​s41586-​019-​1502-y

	74.	 Caston RA, Gampala S, Armstrong L, Messmann RA, Fishel ML, 
Kelley MR (2021) The multifunctional APE1 DNA repair-redox 
signaling protein as a drug target in human disease. Drug Discov 
Today 26:218–228. https://​doi.​org/​10.​1016/j.​drudis.​2020.​10.​015

	75.	 La Fortezza M, Schenk M, Cosolo A, Kolybaba A, Grass I, Clas-
sen A-K (2016) JAK/STAT signalling mediates cell survival in 
response to tissue stress. Development 143:2907–2919. https://​
doi.​org/​10.​1242/​dev.​132340

	76.	 Wagner MA, Siddiqui MAQ (2012) The JAK-STAT pathway in 
hypertrophic stress signaling and genomic stress response. JAK-
STAT 1:131–141. https://​doi.​org/​10.​4161/​jkst.​20702

	77.	 Wang S, Song P, Zou M-H (2012) AMP-activated protein kinase, 
stress responses and cardiovascular diseases. Clin Sci 122:555–
573. https://​doi.​org/​10.​1042/​CS201​10625

	78.	 Inaba H, Li H, Kawatake-Kuno A, Dewa K, Nagai J, Oishi N, 
Murai T, Uchida S (2023) GPCR-mediated calcium and cAMP 

signaling determines psychosocial stress susceptibility and resil-
iency. Sci Adv 9:eade5397. https://​doi.​org/​10.​1126/​sciadv.​ade53​
97

	79.	 Heberle AM, Prentzell MT, van Eunen K, Bakker BM, Grellscheid 
SN, Thedieck K (2015) Molecular mechanisms of mTOR regula-
tion by stress. Mol Cell Oncol 2:e970489. https://​doi.​org/​10.​4161/​
23723​548.​2014.​970489

	80.	 Heberle AM, Razquin Navas P, Langelaar-Makkinje M, Kasack 
K, Sadik A, Faessler E, Hahn U, Marx-Stoelting P, Opitz CA, 
Sers C et al (2019) The PI3K and MAPK/p38 pathways control 
stress granule assembly in a hierarchical manner. Life Sci Alliance 
2:e201800257. https://​doi.​org/​10.​26508/​lsa.​20180​0257

	81.	 Vascotto C, Fantini D, Romanello M, Cesaratto L, Deganuto M, 
Leonardi A, Radicella JP, Kelley MR, D’Ambrosio C, Scaloni A 
et al (2009) APE1/Ref-1 interacts with NPM1 within nucleoli and 
plays a role in the rRNA quality control process. Mol Cell Biol 
29:1834–1854. https://​doi.​org/​10.​1128/​MCB.​01337-​08

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1073/pnas.0506791102
https://doi.org/10.1038/srep44088
https://doi.org/10.1038/srep44088
https://doi.org/10.1038/s41586-019-1502-y
https://doi.org/10.1038/s41586-019-1502-y
https://doi.org/10.1016/j.drudis.2020.10.015
https://doi.org/10.1242/dev.132340
https://doi.org/10.1242/dev.132340
https://doi.org/10.4161/jkst.20702
https://doi.org/10.1042/CS20110625
https://doi.org/10.1126/sciadv.ade5397
https://doi.org/10.1126/sciadv.ade5397
https://doi.org/10.4161/23723548.2014.970489
https://doi.org/10.4161/23723548.2014.970489
https://doi.org/10.26508/lsa.201800257
https://doi.org/10.1128/MCB.01337-08

	Apurinicapyrimidinic endodeoxyribonuclease 1 (APE1) promotes stress granule formation via YBX1 phosphorylation in ovarian cancer
	Abstract
	Introduction
	Methods and materials
	Patients and tissue samples
	Immunohistochemistry and scoring
	Plasmids construction and site-directed mutagenesis
	Cell culture and construction of stable cell lines
	Proliferation assay
	Transwell assay
	Cell viability assay
	Subcellular fractionation
	Western blotting
	SG induction and immunofluorescence analysis
	Co-immunoprecipitation assay
	Mass spectrometry analysis
	Protein expression and purification
	In vitro phase separation assay
	Fluorescence recovery after photobleaching (FRAP) assay
	In vitro phosphorylation and phase separation assay
	Statistical analysis

	Results
	APE1 promotes SG formation and cancer cell survival in ovarian cancer
	APE1 interacts with YBX1 and G3BP1 and colocalizes with SGs
	APE1 alters cellular phospho-landscape especially the phosphoprofile of SG proteins
	APE1 facilitates phosphorylation of YBX1 at S174 and S176 to enhance SG formation

	Discussion
	Conclusions
	Acknowledgements 
	References


