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Stress granules (SGs), which are phase-separating organelles that serve as protective cellular
mechanisms in response to various harmful stimuli, have an unclear role in oxaliplatin resistance. Here,
we establish a causal link between SG formation and oxaliplatin resistance in GC. Notably, we identify
a key SG nucleator, namely, ubiquitin-associated protein 2-like (UBAP2L), as a previously
unrecognized critical factor in mediating oxaliplatin resistance. UBAP2L-nucleated SG-mediated
inhibition of apoptosis is associated with the recruitment of receptor of activated protein C kinase 1
(RACK1), aknown promoter of apoptosis, to these entities. Transcriptional upregulation of UBAP2L is
enhanced by oxaliplatin-induced phosphorylation and activation of heat shock factor protein 1 (HSF1)
via AKT. Inhibiting either SG or HSF1 significantly overcomes oxaliplatin resistance in vivo. These
findings demonstrate that UBAP2L-nucleated SGs play a vital role in mediating oxaliplatin resistance,
with elevated SG levels emerging as a promising therapeutic target for overcoming this resistance.

Despite advancements in treatment, the prognosis for patients with
advanced gastric cancer (GC) remains bleak due to chemotherapy resis-
tance. Oxaliplatin is primarily used for the first-line chemotherapy for GC.
The emergence of oxaliplatin resistance undermines treatment efficacy and
increases recurrence rates, highlighting the need to investigate the under-
lying molecular mechanisms to improve patient outcomes.

Recent evidence suggests that oxaliplatin leads to a distinct transla-
tional arrest mechanism compared to cisplatin and carboplatin'. Oxaliplatin
results in the disruption of the normal protein synthesis machinery, causing
a slowdown or complete halt in translation. This translational arrest is a key
trigger for the formation of stress granules (SGs), which are cytoplasmic
aggregates that form when translationally stalled mRNAs and their asso-
ciated proteins accumulate. SGs, composed of proteins and RNA, serve as
important sites for the regulation and storage of mRNAs, facilitating rapid
adaptive responses to stress™. By modulating translation and sequestering
pro-apoptotic factors, SGs promote cell survival under stressful
conditions™’. However, the direct evidence linking SGs formation to cancer
cell adaptation under oxaliplatin stress is still lacking.

The formation of SGs has been well-characterized in terms of liquid-
liquid phase separation (LLPS), a process driven by the interactions within a
core protein-RNA network’. LLPS is a fundamental biophysical process in
which biomolecules, such as proteins and nucleic acids, spontaneously
separate into dense liquid-like condensates within cells due to weak, mul-
tivalent interactions™. This network comprises 36 proteins and their

associated mRNAs, which undergo LLPS when their interactions exceed a
critical threshold’. These interactions are unevenly distributed within the
network, indicating that specific proteins play more pivotal roles in SG
formation. It has also been proposed that the key nucleators of SG formation
may vary depending on the type of stress. However, the specific proteins
responsible for SG formation in response to oxaliplatin treatment remain
unidentified.

In this study, we aim to elucidate the role of SGs in oxaliplatin resis-
tance and identify the core SG proteins involved in this process. By
advancing our understanding of the mechanisms behind SG formation and
their role in oxaliplatin resistance, we hope to identify novel therapeutic
targets that could improve treatment outcomes for GC patients facing
oxaliplatin resistance.

Materials and Methods

Human samples

Human tissue samples were collected from 78 histologically confirmed GC
patients (22 received preoperative CapeOX [capecitabine and oxaliplatin] or
FOLFOX [5-fluorouracil, leucovorin calcium, and oxaliplatin] chemother-
apy), associated clinicopathological information, as well as fresh human GC
and adjacent normal tissues, were obtained from the Department of General
Surgery at Nanfang Hospital, Southern Medical University and OUTDO
BIOTECH (Shanghai). The condition of all samples was confirmed
pathologically. Approval for the collection of human samples and all
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experiments were approved by the Institutional Review Board (IRB) of
Nanfang Hospital, Southern Medical University. Written informed consent
was obtained from all participants prior to their inclusion in the study. All
ethical regulations relevant to human research participants were followed.

Cell lines and culture

AGS, HGC-27, MKN-45, and SNU-216 were obtained from American
Type Culture Collection (ATCC). SGC-7901, MGC80-3, and BGC-823
were obtained from the Cell Bank, Shanghai Institute of Biochemistry and
Cell Biology (SIBCB). All cell lines were validated by STR DNA profiling and
tested negative for mycoplasma by PCR. The tumor-derived oxaliplatin-
resistant cell line (TDOXR) was isolated from xenograft tumors in nude
mice that were treated with multiple cycles of oxaliplatin, resulting in the
acquisition of resistance. All cell lines were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM), supplemented with 10% fetal bovine serum
(FBS), in a humidified incubator at 37 °C with a 5% CO, atmosphere.

Mouse models

Eight-week-old female nude mice were purchased from BesTest Bio-
technology in Zhuhai, Guangdong. Three-month-old female spontaneous
GC mice were generously provided by Prof. Shun Li (Shenzhen Majory
Biotechnology Co., Ltd.). All animal experiments were approved by the
Animal Care and Use Committee of Shenzhen Majory Biotechnology Co.,
Ltd. All animals were placed under a 12-h light-dark cycle. Room tem-
perature was maintained at 21 + 1 °C with 55-70% humidity. All mice were
bred and maintained under specific-pathogen-free conditions in individu-
ally ventilated cages, and we have complied with all relevant ethical reg-
ulations for animal use. Humane endpoints were strictly followed, and
euthanasia was performed using cervical dislocation, which is consistent
with the AVMA Guidelines for the Euthanasia of Animals.

GCcelllines (2 x 10° per armpit; including parental, TDOXR, MGC80-
3-UBAP2L and control cells) were resuspended in a 1:1 mixture of PBS and
Matrigel, totaling 150 uL, and implanted subcutaneously into the right
armpit of 8-week-old female nude mice (5 mice per group). The xenografts
were allowed to grow for one week before drug administration. Mice
received oxaliplatin (5 mg/kg, three times weekly, intraperitoneally) in a
vehicle of 10% glucose solution, ISRIB (4 mg/kg, once daily for two weeks,
intraperitoneally) or DTHIB (5 mg/kg, once daily for two weeks, intraper-
itoneally) in a vehicle of 10% DMSO and 90% corn oil. Control mice
underwent the same procedures but received only vehicle treatment. Elec-
tronic calipers is used to measure length (1) and width (w) of xenografts, and
the formula (w* x 1)/2 to determine tumor volume. The end point was
defined as the time at which a progressively growing tumor reached 20 mm
in its longest dimension or 2000 mm’ in its tumor volume as approved by
the Animal Care and Use Committee of Shenzhen Majory Biotechnology
Co., Ltd.; in no experiments was this limit exceeded.

For the establishment of oxaliplatin-resistant human GC xenografts,
MGC80-3 cells (parental cells) were transplanted subcutaneously into nude
mice. When tumor volumes reached 50-100 mm?®, mice were intraper-
itoneally injected oxaliplatin (5 mg/kg/day, intraperitoneally) on days 1, 3,
and 5 of each cycle, in according to previous researches'*"'. Each cycle was
one week in duration. Mice typically underwent two or more cycles of
oxaliplatin treatment. Drug-free periods were included between cycles to
allow for recovery. Once the mice exhibited signs of weakness due to
chemotherapy-related side effects, the tumors were excised, digested with
Collagenase IV, and cultured ex vivo. These cells were then retransplanted
into nude mice, and oxaliplatin treatment was resumed once tumors regrew
to 50-100 mm®, continuing until oxaliplatin resistance was acquired
(indicated by no further shrinkage upon treatment).

To fully capture the complexity of tumor environment, we utilized a
spontaneous GC mice model (crossing the gastric epithelium-specific Cre
strain  Claudin18cre™ with mice carrying conditional alleles for
Kras™t-C12% Trp531e® and Apc™?**). The mice were all crossed onto
the C57Black6/] background. Tumorigenesis was initiated at 8 weeks of age
by intraperitoneal injection of 2.5 mg tamoxifen dissolved in 100 pl corn oil

to induce Cre recombination. Starting at 12 weeks of age, mice received
intraperitoneal oxaliplatin treatment (5 mg/kg, three times per week, for
4 weeks). Following oxaliplatin treatment, the animals were euthanized, and
their tissues were collected for histological and immunofluorescence
analysis.

Cell transfection

All plasmids were constructed by GENEYUAN Co., Ltd. (Guangzhou,
China). The coding region of UBAP2L was cloned into the GEYB417 vector
in-frame with a His tag, which conferred resistance to UBAP2L shRNA#1,
using mutagenesis. This wild-type plasmid was retained as the starting
material for generating His-tagged UBAP2L deletion mutants, including
UBAP2L with amino acids 1-290 deleted. GC cells were stably transfected
with lentiviruses targeting human UBAP2L-knockdown (KD), UBAP2L-
overexpression, or a negative control (NC) from GeneChem (Shanghai,
China). Following a 24-h incubation with the Lentivirus Enhancement
Reagent Envirus, the medium was replaced. After an additional 48 h, suc-
cessfully transfected cells (GFP + ) were selected using 5-10 mg/mL pur-
omycin for three to five days and isolated through single-cell colony
formation. For cell viability assay, GC cells were transiently transfected with
small interfering RNAs targeting human G3BP1, UBAP2L, UBAP2, TIAl,
PRRC2C, or NC (from Tsingke Bio, Beijing, China) using lipofectamine
3000, according to the manufacturer’s instructions. Transfection efficiency
was confirmed by qRT-PCR and western blotting after cell collection. The
siRNA sequences used are listed in Supplementary Table 4.

Tumor-derived cancer cell isolation

GC xenograft tumors were separated from mice and placed in sterile conical
tubes containing DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin on ice immediately. The digestion mixture was transferred to
15-mL centrifuge tubes with DMEM supplemented with 10 mg/mL DNase
I, and 0.5 mg/mL Collagenase IV. The tubes were put on a rotator and
incubated at 37 °C for 1 h. After that, cells were centrifuged at 1000 rpm for
3 min, and the cell pellets were resuspended in DMEM supplemented with
10% FBS and 1% penicillin-streptomycin-amphotericin B before being
plated into a cell culture flask.

Tissue immunohistochemistry (IHC) and Immunofluorescence (IF)
For THC, tissue samples were first rinsed in PBS and then fixed in 10%
formalin for 24 h. They were placed in cassettes and stored at 4 °C in 70%
ethanol until paraffin embedding. The samples were sectioned at 5 um and
mounted on glass slides. To prepare the tissue sections, they were depar-
affinized using xylene and rehydrated with a reversed ethanol gradient.
Heat-mediated antigen retrieval was performed with a citrate buffer (0.01 M
sodium citrate/0.05% Tween-20, pH 6.0). The sections were then blocked
for 1 h at room temperature (RT) in a solution containing 10 mmol/L Tris-
HC, 0.1 M MgCl2, 0.05% Tween-20, 1% BSA, and 10% FBS. Overnight
incubation at 4 °C with primary antibodies was carried out in a humidified
chamber. After washing the slides in TBST (0.1% Tween-20 in TBS), the
appropriate secondary antibodies were applied for 1 h at RT. Following
another wash in TBST, the target proteins were visualized using a DAB
Chromogen Kit, resulting in a brown stain that indicated the presence of the
targeted molecules. The slides were then counterstained with diluted
hematoxylin for 3 to 5 min, and representative images were captured using
an Olympus CX23 Digital Microscope.

For IF, tumor tissues were embedded in O.C.T. medium and sectioned
at a thickness of 12 pm. The sections were fixed and subsequently stained
with antibodies. Cells cultured on coverslips were fixed in 4% paraf-
ormaldehyde, immunostained, and then mounted onto glass slides. Tissue
samples were blocked for 1 h at RT using a solution of 10 mmol/L Tris-HCI,
0.1 M MgCl,, 0.05% Tween-20, 1% BSA, and 10% FBS. The slides were then
incubated with primary antibodies for 1 h at RT in a humidified chamber.
After washing in TBST, sections were treated with appropriate fluorescence-
conjugated secondary antibodies for 1h at RT. Following another TBST
wash, the sections were stained with DAPI for 5 min at room temperature.

Communications Biology | (2025)8:1208


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08584-w

Article

Finally, the slides were scanned using a PANNORAMIC Digital Slide
Scanner (3DHISTECH Ltd.). Antibodies used in this study are listed in
Supplementary Table 5.

Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay

Apoptotic cells were detected using the TUNEL assay, following the man-
ufacturer’s protocol. Briefly, cultured cells or tissue sections were fixed in 4%
paraformaldehyde for 15 minutes at room temperature. After fixation,
samples were permeabilized using 0.1% Triton X-100 for 10 minutes, fol-
lowed by washing with phosphate-buffered saline (PBS). The TUNEL
reaction mixture was prepared by incubating the samples with terminal
deoxynucleotidyl transferase (TdT) enzyme and fluorescein-labeled dUTP
for 60 minutes at 37 °C in a humidified chamber. After the reaction, excess
labeling reagent was removed by washing with PBS. Nuclei were counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI) to visualize total cell
populations. Positive control samples were treated with DNase I to induce
DNA fragmentation, while negative control samples lacked the TdT
enzyme. The slides were scanned using a PANNORAMIC Digital Slide
Scanner and the TUNEL-positive area was quantified.

Imaging quantification

Western blot images were analyzed using Image] software. For each lane, the
region of interest (ROI) was manually defined around the protein band of
interest and the loading control. Background-subtracted integrated density
was measured for each band. The intensity of the target protein was nor-
malized to the corresponding loading control (e.g., f-actin) to account for
loading variations. Normalized intensity values were calculated as the ratio
of target protein intensity to loading control intensity. At least three inde-
pendent biological replicates were analyzed. Unedited raw images and
quantified data are provided in the Supplementary Materials for
transparency.

All THC slides were independently evaluated by two experienced
pathologists who were blinded to the clinical data. Discrepancies in scoring
were resolved through consensus discussion. Staining intensity was scored
onascale of 0 to 3 (0 = no staining, 1 = weak staining, 2 = moderate staining,
3 = strong staining). The percentage of positively stained cells was also
recorded (0 =0%, 1 =1-25%, 2 = 26-50%, 3 = 51-75%, 4 = 76-100%). The
final THC score was calculated by multiplying the staining intensity score by
the percentage score, resulting in a range of 0 to 12. For quantifying the
tumor area positive for CC3 or TUNEL, maximum projection images were
thresholded to create black-and-white images, enabling the identification of
both the tumor area positive for the protein and the total tumor area per
field. Batch processing was applied to ensure consistent thresholding across
all images from each experiment. The relative CC3-positive and TUNEL-
positive area per tumor was calculated as a fraction of the total tumor area
for each field and averaged across all fields.

Images were randomly captured from five different fields, each con-
taining at least 50 cells. Background intensity was subtracted from all
images. The “Analyze Particles” plugin was used to assess the total SG area in
relation to the total cell area. The total cell area for each image was outlined
and measured using Image]’s selection and measurement tools. The SG
index was calculated by comparing the total SG area to the total cell area for
each field, with results averaged across all fields. To determine the percen-
tage of cells positive for SGs, a manual count was performed on a minimum
of 200 cells per experimental condition across at least five random fields
from three independent experiments.

Chromatin immunoprecipitation (ChlP) assay and Co-
immunoprecipitation (ColP)

ChIP was carried out using the SimpleChIP Enzymatic Chromatin IP Kit
(Magnetic Beads) in accordance with the manufacturer’s guidelines. Cells
were crosslinked with 1% formaldehyde for 10 min, followed by the addition
of glycine for 5 min to stop the crosslinking. After washing with cold PBS,
the cells were collected and treated with micrococcal nuclease for 20 min at

37 °C. The nuclear membranes were then lysed using three sets of 20-second
ultrasonic pulses. From each sonicated sample, 50 pl was reserved to assess
DNA concentration and fragment size. The cell lysates were incubated
overnight at 4 °C with either 2 ug of normal rabbit IgG as a negative control,
2 ug of ChIP-grade anti-HSF1 antibody (Cell Signaling Technology), or
10 pl of anti-Histone H3 (D2B12) XP rabbit monoclonal antibody. Fol-
lowing incubation, 30 pl of Protein G magnetic beads was added to each
immunoprecipitation (IP) reaction, and the mixtures were rotated for 2 h at
4 °C. The beads were subsequently collected, washed, and treated with
proteinase K for 2 h at 65 °C. DNA was then purified using spin columns,
amplified by PCR, and analyzed via electrophoresis. Primer sequences and
antibodies used in this study are detailed in Supplementary Table 4 and
Supplementary Table 5, respectively. For ColP, briefly, protein was isolated
using RIPA buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP-40,
1% sodium deoxycholate, 1% SDS) for immunoblotting or with IP lysis
buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA,1 mM EGTA, 1 mM
sodium pyrophosphate, 1 mM bglycerophosphate, 1% Triton X-100) for
lysate to be used for IP. Lysates were subjected to SDS/PAGE and subjected
immunoblotting with indicated antibodies.

Luciferase reporter assay

To assess UBAP2L promoter activity, cells were seeded in 24-well plates and
transfected with the luciferase reporter plasmids using Lipofectamine 3000
(Invitrogen) according to the manufacturer’s instructions. The wild-type
and three mutant reporter constructs each contained the firefly luciferase
gene driven by the UBAP2L promoter region, and a Renilla luciferase
plasmid (as a transfection control) was co-transfected into each well. After
24 to 48 hours post-transfection, cells were harvested using Passive Lysis
Buffer, and luciferase activity was measured using the Dual-Luciferase
Reporter Assay System according to the manufacturer’s protocol. The
luminescence of firefly and Renilla luciferase was quantified using a
luminometer (e.g., TD-20/20 Luminometer, Turner Designs). Firefly luci-
ferase activity was normalized to Renilla luciferase activity to control for
transfection efficiency. Data were expressed as relative luciferase units
(RLU) and are presented as the mean + standard deviation (SD) from at
least three independent experiments.

Western blotting

For protein extraction, cells were lysed for 30 min on ice using radio-
immunoprecipitation assay (RIPA) buffer supplemented with a protease and
phosphatase inhibitor cocktail. The lysate was then centrifuged at 12,000 g
for 15 min at 4 °C, and the supernatant containing soluble proteins was
collected. Protein concentration was determined using the bicinchoninic acid
(BCA) reagent. The lysates were heated at 100 °C in NuPAGE LDS sample
buffer (4x) for 3-5 min, then separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred electro-
phoretically to a polyvinylidene fluoride (PVDF) membrane (Millipore, MA,
USA). The membranes were blocked with 10% BSA and incubated overnight
at 4 °C with primary antibodies. After washing with TBST, the membranes
were incubated for 2h at 4 °C with species-specific HRP-conjugated sec-
ondary antibodies. Signals from the immunoreactive proteins were detected
using a chemiluminescence ECL Detection Kit, and the corresponding bands
were visualized with the ChemiDoc Imaging System (BioRad, California,
USA). Antibodies used in this study are listed in Supplementary Table 4.

Purification of stress granules and mass spectrometry analysis

Briefly, oxaliplatin-treated MGC-803 cells were harvested, washed with cold
PBS, and resuspended in 1 mL of Nuclei Isolation Buffer (NIB: 0.5% NP40;
50mM NaCl, 5mM MgCl2; 50mM Tris-HCl, pH 7.6; 5mM
B-mercaptoethanol), supplemented with 1X complete protease inhibitor.
The samples were gently suspended by passing them through a 25-gauge 5/
8 mm needle attached to a 1 mL syringe 8 times and then incubated on ice
for 5 minutes. The cells were spun at 1800 g for 2 minutes at 4 °C, and the
supernatant was further spun at 18,000 g for 20 minutes at 4 °C to pellet the
SGs. After discarding the supernatant, the pellets were washed with 1 mL of
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NIB, followed by another centrifugation at 18,000 g for 20 minutes at 4 °C.
The soluble supernatant was discarded, and the SG-enriched pellet was
resuspended in 900 uL of NIB. To isolate the SGs, the 900 pL resuspended
material was split into 2 tubes, with 4 pg of rabbit IgG (isotype control) or
rabbit anti-UBAP2L added to each tube for overnight incubation at 4 °C
with rotation. Next, 50 uL of protein-G coated Dynabeads, pre-washed with
NIB, were added and incubated for 1 hour with rotation at room tem-
perature. The beads and immunoprecipitates were captured using a magnet
and washed 3 times for 5 minutes. All buffers contained 1X complete
protease inhibitor (EDTA-free). The beads were then denatured in Laemmli
buffer with NuPAGE sample reducing agent at 95 °C for 5 minutes. Finally,
the beads were removed, and the samples were sent to mass spectrometry
analysis. Samples were subjected to trypsin digestion, HPLC-MS/MS, and
data analysis by AimsMass Biotechnology Co., Ltd (Guangzhou, China).

High-performance liquid chromatography-mass spectrometry
(HPLC-MS)

The fraction was resuspended in loading buffer (0.1% FA,2% ACN) and
separated with an Ultimate 3000 nano-LC system equipped with a C18
reverse phase column (100-pm inner diameter, 10-cm long, 3-um resin
from MichromBioresources, Auburn, CA). Separate the peptides with the
following parameters: (1) mobile phase A:0.1% FA, 5% ACN, dissolved in
water; (2) mobile phase B: 0.1% FA, 95% ACN; (3) flow rate: 300 nl/min; 4)
gradient: B-phase increased from 5% to 40%,70 min. Then, the LC eluent
was subject to Q Exactive (Thermo Fisher) in an information dependent
acquisition mode. MS spectra were acquired across the mass range of 400-
1,250 m/z in high resolution mode (>30, 000) using 250 ms accumulation
time per spectrum. A maximum of 20 precursors per cycle were chosen for
fragmentation from each MS spectrum with 100 ms minimum accumula-
tion time for each precursor and dynamic exclusion for 20 s. Tandem mass
spectra were recorded in high sensitivity mode (resolution > 15,000) with
rolling collision energy on. Raw data were searched against the Uniprot
human protein database using the SEQUEST algorithm embedded in the
Protein Discoverer 1.3 Software (Thermo Fisher Scientific, Waltham, MA,
USA). The following parameters were applied during the database search: 10
ppm precursor mass error tolerance, 1 Da fragment mass error tolerance,
static modifications of carbamidomethylation for all cysteine residues,
flexible modification of oxidation modifications for methionine residues,
and one missed cleavage site of trypsin was allowed. FDR < 0.01 was used as
filtering criteria for all identified peptides. Only proteins identified with two
or more unique peptides were considered, and proteins identified with the
same set of peptides were grouped.

Puromycin incorporation assay for assessing protein synthesis
Cells were incubated with 10 pug/mL puromycin for 30 minutes to label newly
synthesized proteins. After incubation, cells were washed with ice-cold PBS
to remove excess puromycin and lysed in RIPA buffer. The incorporation of
puromycin into nascent proteins was detected by specific anti-puromycin
antibody binding to puromycin-labeled peptides. The intensity of puromycin
incorporation was quantified by standard detection methods.

Quantitative real-time PCR (QRT-PCR)

Total RNA was extracted from the cell lines using the RNA-Quick Pur-
ification Kit following the manufacturer’s instructions. RNA concentration
was measured using a NanoDrop 1000 (Thermo Fisher Scientific, USA), and
complementary DNA was synthesized from 2 ug of RNA using the Prime-
Script RT Reagent Kit. qRT-PCR was conducted with TB-Green dye on a
Corbett Rotor-Gene 3000 thermocycler, adhering to the manufacturer’s
protocol. The amplification conditions were as follows: 95 °C for 30 sec,
followed by 40 cycles of 95 °C for 5 sec, 60 °C for 34 sec, and ending with
95 °C for 15 sec. All experiments were performed in triplicate. Analysis of the
cycle threshold (Ct) values indicated differences in mRNA expression levels
among the groups, with relative expression levels of each target gene nor-
malized to the corresponding B-actin mRNA levels. Primer sequences are
detailed in Supplementary Table 4.

Cell assays

For cell proliferation assays, cells were seeded in triplicate at a density of
2000 cells per well in 96-well plates. For cell viability assays, a density of
5000 cells per well was seeded and cultured for 18-24 h. GC cells were
treated with compounds at specified concentrations for indicated
time periods. Cell proliferation and viability was assessed using the
CCK-8 assay at predetermined intervals. Specifically, 10 ul of CCK-8
solution was added to each well, and the cells were incubated at 37 °C for
2h. The absorbance at 450 nm (OD450) was then measured using a
microplate reader. Relative viability was calculated by normalizing the
results to those obtained from the corresponding DMSO-treated control,
unless otherwise specified. Three independent experiments were
conducted.

For the colony formation assay, 5 x 10° GC cells were seeded evenly in
cell culture plates, with three wells per group, and cultured for 18-24 h. The
cells were treated with oxaliplatin at the specified concentrations for 24 h.
After treatment, the cells were washed, fixed with methanol for 20 min, and
stained with 0.5% crystal violet. Key reagents or sources of all experimental
assays in this study are detailed in Supplementary Table 6.

Flow cytometry

Apoptotic cells were stained using Annexin V and propidium iodide (PI)
according to the manufacturer’s protocol (Yeason). Flow cytometry was
conducted using a CytoFLEX-S flow cytometer (Beckman Coulter), and the
data were analyzed with FlowJo software.

Analysis of public database

Microarray data were downloaded from the GEO and analyzed with Seurat
(v4.2.0) in R (v 4.1.2) using Rstudio. Analysis of TCGA datasets was per-
formed with cBioportal and GEPIA'*". Survival data are analyzed through
the Kaplan-Meier Plotter database'’.

Quantification and statistical analysis

For details on sample size (1) and statistical analysis, please refer to the
figure legends or experimental methods. All values of # represent indi-
vidual mice or individual samples. Sample sizes were determined based
on prior experience with similar experiments. Cell culture assays were
conducted in three independent experiments. Quantitative data are
presented as the mean + SEM. Kaplan-Meier curves were generated with
95% confidence intervals (CI), and log-rank tests were used to compare
survival between groups. Hazard ratios (HR) and 95% CI were calculated
using Cox proportional hazards models. IC50 values were determined
using nonlinear regression. The paired sample ¢-test or two independent
sample t-test was used for comparisons between two groups. Compar-
isons between groups were performed using one-way or two-way
ANOVA, followed by Bonferroni’s post hoc test for multiple compar-
isons, unless otherwise specified. Gene expression data from TCGA
datasets were analyzed using Mann-Whitney U test or Student’s ¢-test for
two groups, and one-way ANOVA with Bonferroni’s post hoc test for
multiple groups. Correlations between HSF1 expression and UBAP2L
expression were calculated using Spearman’s rho correlation coefficients.
Data were analyzed using Prism 9.0 (GraphPad Software Inc.). Statistical
significance was set at P < 0.05.

Statistics and reproducibility

All statistical methods used in this study are described in the relevant sec-
tions. For western blot and cell culture assay results, the data were repro-
duced in three independent experiments (or more, as specified), and
representative data are shown. Sample sizes were not predetermined using
statistical methods. Statistical analyses were performed using GraphPad
Prism 9.0 software or Microsoft Excel 2023.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Results

Enhanced SG formation contributes to oxaliplatin resistance
Recent evidence suggests that oxaliplatin leads to a translational arrest
mechanism distinct from that of cisplatin and carboplatin'. In line with this
finding, we demonstrate that only oxaliplatin triggers significant transla-
tional arrest, as evidenced by a notable reduction in de novo protein

synthesis, measured by puromycin incorporation assay (Fig. 1a). A key
mechanism underlying stress-induced translational arrest is the phos-
phorylation of eukaryotic initiation factor 2a (eIF2a) at serine 51, which
disrupts the translational initiation complex'”. Our observations confirm
this mechanism, as we detected increased phosphorylation of eIF2a at serine
51 following oxaliplatin treatment (Supplementary Fig. 1a). This therapeutic
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Fig. 1 | Enhanced SG formation contributes to oxaliplatin resistance. a Western
blot (WB) analysis of whole cell extracts (WCEs) from MGC80-3 cells treated with
carboplatin (carbo), oxaliplatin (oxa), or cisplatin (cis). b Schematic representation
of the establishment of oxaliplatin-resistant xenograft models using MGC80-3
(parental) cell line. ¢ Tumor burden kinetics of xenograft model (parental) in nude
mice treated with oxaliplatin treatment (5 mgkg ', three times per week) across
different passages. “Px” denotes Passage x. d Representative immunofluorescence
(IF) staining of the cell death marker cleaved caspase-3 (CC3) (left) and its quan-
tification (right) in parental and tumor-derived oxaliplatin-resistant (TDOXR)
tumors on nude mice treated with either oxaliplatin or vehicle control (n =5 mice
per group). e Relative cell viability of parental and TDOXR cell following oxaliplatin
treatment (10 pg/ml, 24 h). f Quantification of the stress granule (SG) marker
G3BP1-positive parental cells treated with oxaliplatin at increasing concentrations
(0, 10, 30, 50 ug/ml for 5 h) or following drug withdrawal (50 pg/ml followed bya 3 h
withdrawal) (n = 5 fields per group). g Representative IF staining of G3BP1 (left) and
quantification (right) of G3BP1"SG-positive parental and TDOXR cells treated with
oxaliplatin (10 pg/ml) for 8 h or vehicle control (n = 5 fields per group). h Repre-
sentative IF staining of G3BP1 (left) and quantification (right) of the SG index of

tumor biopsies from responsive (n = 10) and non-responsive (n = 5) gastric cancer
(GC) patients treated with preoperative oxaliplatin-based chemotherapy. i. Quan-
tification of G3BP1"SG-positive parental cells treated with vehicle control, oxali-
platin (10 ug/ml, 5 h), ISRIB (5 uM, 5 h), or both treatments. j Half-maximal
inhibitory concentration (IC50) assay for oxaliplatin in TDOXR cells treated with
either vehicle control or ISRIB (5 uM) for 24 h. k Schematic of the experimental
design for the TDOXR mouse model. I Quantification of tumor burden in TDOXR
xenografts in nude mice treated with oxaliplatin (5 mgkg ™', three times per week,
n =5 mice per group), ISRIB (4 mg kg ', once daily for two consecutive weeks), both,
or vehicle control. m Representative IF staining (left) of G3BP1 and CC3, as well as
the quantification (right) of SG index and CC3-positive area from xenograft tumors
shown in L. Dashed line areas are shown with magnification. Scale bars, 20 pm. P
values determined by one-way analysis of variance (ANOVA) with Bonferroni’s post
hoctest (f, i, m), two-way ANOV A with Bonferroni’s post hoc test (c, 1) or two-tailed
unpaired t-test (d, e, g, h, j). Data are represented as the mean + s.e.m (d-j, m). Data
are pooled biological replicates (c, d, h, 1, m) or representative of three independent
experiments (a, e, f, g, 1, j).

distinction underscores the focus of our investigation on oxaliplatin
resistance.

Mimicking oxaliplatin resistance through drug exposure in cell culture
may not accurately reflect the long-term exposure experienced by patients,
leading to the development of resistance mechanisms that differ from those
observed in clinical settings'®. To recapitulate oxaliplatin resistance in vivo,
we initially tested the oxaliplatin sensitivity of multiple GC cell lines and
identified MGC80-3 as the most sensitive line (Supplementary Fig. 1b). We
then implanted MGC80-3 cells (parental cells) subcutaneously into nude
mice, subjecting them to multiple cycles of oxaliplatin until resistance
developed, finally establishing an oxaliplatin-resistant GC xenograft model
(Fig. 1b, c). Consistently, these resistant tumors exhibited lower levels of
cleaved caspase-3 (CC3)-positive and TUNEL-positive area, both apoptosis
markers, thereby confirming establishment of acquired resistance in vivo
(Fig. 1d and Supplementary Fig. 1c). To facilitate the investigation of the
underlying resistant mechanism, we derived tumor-derived oxaliplatin-
resistant cells (TDOXR) from the resistant xenograft tumors. The TDOXR
cells demonstrated significant resistance to oxaliplatin ex vivo (Fig. le).

Previous studies indicate that oxaliplatin may induce the formation of
SGs". However, the direct evidence establishing a link between SGs and
cellular adaptation to oxaliplatin-induced stress is currently lacking. To
address this question, we initially visualize the SG in GC cells by immu-
nofluorescence (IF) staining of G3BP1, a well-known SG marker'*". Con-
sistent with oxaliplatin’s unique ability to induce translational arrest, only
oxaliplatin triggered the formation of SGs, unlike carboplatin and cisplatin
(Supplementary Fig. 1d). Furthermore, reflecting the dynamic nature of SG
assembly and disassembly in response to stress, SG levels in GC cells
increased approximately fourfold after oxaliplatin exposure, followed by
disaggregation upon drug withdrawal (Fig. 1f and Supplementary Fig. le).
Oxaliplatin treatment resulted in a higher prevalence of G3BP1"SG-positive
cells in TDOXR compared to parental cells (Fig. 1g). Furthermore, the
G3BP17SGs formation was stronger in unresponsive human GC samples
compared with responsive GC samples (Fig. 1h). These findings indicate
that oxaliplatin promotes SG formation, suggesting a close relationship
between SGs and oxaliplatin resistance.

To evaluate the dependence of oxaliplatin resistance on SG, we utilized
ISRIB, a small-molecule inhibitor that effectively inhibits SG assembly™.
ISRIB remarkedly reduced the formation of G3BP1*SG induced by oxali-
platin (Fig. 1i, and Supplementary Fig. 1f). Consistently, ISRIB restored
oxaliplatin sensitivity of TDOXR cells ex vivo (Fig. 1j). We then treated nude
mice bearing TDOXR xenograft tumors with ISRIB, oxaliplatin, a combi-
nation of both, or vehicle control (Fig. 1k). Despite their strong resistance to
oxaliplatin, TDOXR tumors exhibited improved sensitivity to the ISRIB-
oxaliplatin combination (Fig. 11 and Supplementary Fig. 1g). No significant
weight loss was observed in ISRIB-treated mice, indicating a favorable safety
profile (Supplementary Fig. 1h). IF staining revealed a reduction in SGs

(labeled by G3BP1) and increase of CC3-positive or TUNEL-positive area in
the combination treatment group (Fig. Im and Supplementary Fig. 1i).
Collectively, these in vitro and in vivo findings support the conclusion that
increased SG formation significantly contributes to oxaliplatin resistance.

UBAPZ2L is a key SG protein associated with oxaliplatin
resistance

Recent studies demonstrated that SG formation is orchestrated by the
interactions of approximately 36 core SG nucleator proteins along with their
associated mRNAs’. To identify the principal SG nucleator protein
responsible for oxaliplatin resistance, we analyzed the gene expression
profiles of core SG nucleators in GC versus normal specimens through the
Cancer Genome Atlas (TCGA), their association with chemoresistance by
analyzing survival of GC patients and assessed their effects on oxaliplatin
sensitivity in vitro (Supplementary Fig. 2a). The SG network consisting of 36
core nucleator proteins are illustrated (Fig. 2a). Among these, five SG
nucleator genes—G3BP1, UBAP2L, UBAP2, TIA1,and PRRC2C—exhibited
significant upregulation in GC and correlation with poor survival outcomes
following chemotherapy (Fig. 2b and Supplementary Fig. 2b). Notably,
silencing UBAP2L but not other genes led to a profound inhibition of
oxaliplatin resistance in TDOXR cells (Fig. 2¢). Additionally, we observed a
consistent upregulation of UBAP2L expression in human GC samples
compared to normal stomach tissues from our center (Supplementary
Fig. 2¢, d). The UBAP2L high-expression group is significantly associated
with a higher proportion of CIN, EBV, or POLE subgroups (Supplementary
Fig. 2e, Supplementary Table 1).

To validate the correlation between UBAP2L and oxaliplatin resis-
tance, we assessed UBAP2L expression in primary tumor samples from GC
patients who underwent oxaliplatin-based chemotherapy. Our findings
indicate that the UBAP2L upregulation is associated with poor che-
motherapy responses, with no significant correlations found between clin-
ical response and common clinicopathological characteristics (Fig. 2d and
Supplementary Table 2). Due to the absence of chemotherapy data in the
TCGA (STAD) dataset, we turned to the KM-Plotter database to analyze the
relationship between UBAP2L expression and chemotherapy response.
Analysis revealed that UBAP2L levels negatively correlated with overall
survival and progression-free survival in GC patients receiving che-
motherapy, but not in those undergoing surgery alone (Fig. 2e and Sup-
plementary Fig. 2f).

In our assessment, SGC-7901 and SNU-216 cells exhibited resistance
to oxaliplatin, while MGCB80-3 cells were the most sensitive among various
GC cell lines (Supplementary Fig. 1a). Consistently, UBAP2L protein levels
were higher in SNU-216 and SGC-7901 cells than in MGC80-3 cells.
Notably, UBAP2L expression was also elevated in TDOXR cells compared
to their parental counterparts (Fig. 2f). Thus, SNU-216 and SGC-7901 cells
were engineered to stably express two independent small hairpin RNAs
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(shRNAs) targeting UBAP2L or a negative control (NC) shRNA. MGC80-3
cells were modified to express either a UBAP2L-expressing recombinant
lentivirus (Lv-UBAP2L) or a control vector (Lv-NC) (Supplementary
Fig. 3a). Consistent with a role for UBAP2L in oxaliplatin stress adaptation,
knockdown of UBAP2L had no impact on cell proliferation under normal
growth conditions (Fig. 2g and Supplementary Fig. 3b), but impaired the
intrinsic and acquired resistance of different GC cell lines to oxaliplatin
(Fig. 2h, i and Supplementary Fig. 3c). Colony formation assays and flow
cytometry analysis of apoptosis corroborated the above results (Fig. 2j,
Supplementary Fig. 3d and Supplementary Fig. 4a, b). UBAP2L over-
expression further confirmed the inductive effect of UBAP2L on oxaliplatin
resistance (Supplementary Fig. 3b, ¢). On the other hand, knockdown of

UBAP2L impeded the migration and invasion abilities of common GC cell
lines. In contrast, its overexpression enhanced the migration and invasion
abilities (Supplementary Fig. 4c, d). Furthermore, we implanted oxaliplatin-
sensitive GC cells (parental cells) with or without UBAP2L overexpression
into nude mice and treated them with vehicle control or oxaliplatin (Fig. 2k).
UBAP2L overexpression resulted in tumor progression compared to con-
trols under oxaliplatin treatment, while vehicle-treated tumors showed no
significant difference between groups (Fig. 21 and Supplementary Fig. 3e).
Additionally, UBAP2L overexpression led to stronger formation of
UBAP2L"SG and G3BP17*SG from sections of xenograft tumors, along with
a significant decrease in CC3-positive or TUNEL-positive area under oxa-
liplatin treatment (Fig. 2m, and Supplementary Fig. 3f).
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Fig. 2 | UBAP2L is a key SG protein associated with oxaliplatin resistance. a Core
SG network comprising 36 genes’. Upregulated SG genes in tumor relative to normal
tissue are indicated in bold (data from The Cancer Genome Atlas [TCGA]). b
G3BP1, UBAP2L, UBAP2, TIA1, and PRRC2C expression negatively correlate with
survival in GC patients receiving chemotherapy, but not in those undergoing surgery
alone. ¢ Relative cell viability of TDOXR cells with or without knockdown of the
indicated SG genes following oxaliplatin treatment (10 pg/ml, 24 h).

d Representative immunohistochemistry (IHC) staining of UBAP2L (left) and
quantification (right) of IHC signal intensity in tumor biopsies from responsive
(n=8) and non-responsive (n = 14) GC patients treated with preoperative
oxaliplatin-based chemotherapy. Scale bars, 50 um. Boxes represent the 25th to 75th
percentiles, whiskers denote minimum to maximum values, and the center line
indicates the median. e Negative correlation of UBAP2L expression with overall
survival and progression-free survival in GC patients receiving chemotherapy (data
from the Kaplan-Meier Plotter database). f WB analysis demonstrating higher
UBAP2L levels in three oxaliplatin-resistant cell lines (TDOXR, SGC-7901, SNU-
216) compared to the oxaliplatin-sensitive cell line (MGCB80-3). g Proliferation rates
of SNU-216 cells expressing the indicated shRNAs. h, iUBAP2L knockdown inhibits

intrinsic and acquired oxaliplatin resistance. h IC50 assay for oxaliplatin in intrinsic
oxaliplatin-resistant cells (SNU-216) expressing the indicated shRNAs. i IC50 assay
for oxaliplatin in acquired oxaliplatin-resistant cells (TDOXR) with or without
UBAP2L knockdown. j Quantification of AnnexinV*PI* SNU-216 cells with or
without UBAP2L knockdown following treatment with oxaliplatin or vehicle con-
trol. k Experimental design to assess the effects of UBAP2L overexpression on
oxaliplatin resistance in mouse model. 1 Tumor burden quantification for xenografts
with or without UBAP2L overexpression in nude mice treated with oxaliplatin

(5 mg/kg, three times per week, n = 5 mice per group) or vehicle control. Lv-NC:
negative control lentivirus; Lv-UBAP2L: lentivirus expressing UBAP2L. m Repre-
sentative IF staining (left) of UBAP2L, G3BP1, and CC3, and quantification (right)
of SG index and CC3-positive area from xenograft tumors of L. Scale bars, 20 pm.
Dashed line areas are shown with magnification. P values determined by one-way
ANOVA with Bonferroni’s post hoc test (h-j), two-way ANOVA with Bonferroni’s
post hoc test (g, 1), two-tailed unpaired ¢-test (¢, d, m) or log-rank test (b, e). Data are
represented as the mean + s.e.m (¢, d, g—j, m). Data are pooled biological replicates
(d, m) or representative of three independent experiments (c, f-j).

UBAP2L-mediated oxaliplatin resistance is SG-dependent
Oxaliplatin treatment effectively triggered the formation of UBAP2L*SGs,
while drug withdrawal led to the disassembly of these granules (Supple-
mentary Fig. 5a). Importantly, we observed a significantly higher proportion
of UBAP2L"SG-positive cell in TDOXR cells after oxaliplatin treatment
compared to parental cells (Fig. 3a). Oxaliplatin-resistant GC samples also
exhibited increased UBAP2L"SG levels compared to sensitive samples
(Fig. 3b). The ability of UBAP2L to regulate SG formation is governed by its
ubiquitin-associated domain (UBA), Arg-Gly-Gly (RGG) motif and pre-
dicted RNA binding domains (RBD), which mediates the recruitment of SG
components”. To establish a causal link between SG formation and oxali-
platin resistance, we utilized a UBAP2L mutant lacking the UBA, RGG and
RBD domain (dN-UBAP2L). UBAP2L-knockdown GC cells were engi-
neered to express shRNA-resistant UBAP2L wild-type (WT) or dN-
UBAP2L (Fig. 3c). As anticipated, oxaliplatin-induced SG formation was
rescued by the expression of shRNA-resistant WT-UBAP2L, but not dN-
UBAP2L (Fig. 3d). Consistently, UBAP2L-WT expression rescued oxali-
platin resistance in UBAP2L-knockdown GC cells, whereas expression of
dN-UBAP2L did not (Fig. 3e). Given the critical role of the UBA, RGG and
RBD domain in SG formation, these results indicate that the rescue of
oxaliplatin resistance by UBAP2L-WT is dependent on its SG-nucleating
capacity. Given that cancer cells are exposed to various stressors and che-
motherapeutic drugs, we further investigated whether UBAP2L knockdown
influences SG formation under different stress conditions. Unlike carbo-
platin and cisplatin, fluorouracil (5-FU) was able to induce UBAP2L-
positive SGs (Supplementary Fig. 5b), consistent with previous studies
showing that the incorporation of 5-FU metabolites into RNA promotes SG
assembly”’. Similarly, UBAP2L knockdown sensitized GC cells to 5-FU, but
not to carboplatin or cisplatin (Supplementary Fig. 5¢). UBAP2L knock-
down also diminished both UBAP2L"SG and G3BP1*SG formation in cells
exposed to endoplasmic reticulum (ER) stress and heat shock (HS) (Fig. 3f,
and Supplementary Fig. 5d, e), which indicate that UBAP2L is essential for
SG assembly across multiple conditions, suggesting its potential involve-
ment in the signaling pathways that regulate SG assembly. An early step in
SG assembly is the translational arrest initiated by eIF2a phosphorylation at
serine residue 51'°. We revealed that eIF2a phosphorylation occurred
similarly in cell lysates of different GC cell lines with UBAP2L expression
modification (Fig. 3g and Supplementary Fig. 5f), indicating that UBAP2L is
not required for elF2a phosphorylation following stress.

G3BP1 is widely recognized as a central SG nucleator, raising questions
about UBAP2L’s independent or synergistic role in SG formation. Addi-
tionally, the recruitment of key signaling pathway components to SGs has
previously been shown to influence apoptosis. To address these questions,
we enriched SGs from oxaliplatin-treated GC cells using successive differ-
ential centrifugation, followed by affinity purification with anti-UBAP2L
antibodies or IgG antibodies. The enriched samples were then subjected to

mass spectrometry analysis. Mass spectrometry analysis identified 216
proteins that were absent from IgG group, 20 of which are known com-
ponents of SGs, including G3BP1. Gene Ontology (GO) analysis revealed
that the identified proteins were primarily involved in SG assembly, trans-
lation, ribosomal biogenesis, and the positive regulation of the apoptotic
process (Fig. 3h). Among the proteins associated with apoptosis, receptor
for activated C kinase 1 (RACK1) stood out as an activator of the stress-
responsive MAPK pathway, and previous studies have demonstrated that
SG formation inhibits apoptosis by suppressing RACK1”. Supporting this
finding, CoIP and IF experiments confirmed that, in response to oxaliplatin,
G3BP1 and RACK]1, but not TIA1, co-immunoprecipitated with UBAP2L
and was recruited to SGs, (Fig. 3i-k). Together, these results suggest that
UBAP2L cooperates with G3BP1 to promote SG formation. UBAP2L-
nucleated SGs may inhibit the apoptotic pathway by sequestering RACK1
and interfering with its pro-apoptotic function.

Oxaliplatin triggers phosphorylation and activation of HSF1,
enhancing UBAP2L transcription
The mechanism underlying UBAP2L upregulation and SG formation in
response to oxaliplatin stress is unknown. Screening transcription factors for
potential binding sites on the UBAP2L gene promoter using PROMO
database identified heat shock factor protein 1 (HSF1), a transcription factor
that regulates gene expression under cellular stress, particularly HS. In
addition to its role in regulating HS proteins, HSF1 is known to affect a
distinct set of genes in cancer cells*. To assess whether HSF1 regulates
UBAP2L expression, we analyzed UBAP2L levels in different GC cells with
varying HSF1 expression. HSFI depletion significantly decreased both
mRNA and protein levels of UBAP2L while HSFI overexpression enhanced
UBAP2L expression (Fig. 4a and Supplementary Fig. 6a). HSF1 inhibitor
DTHIB also reduced UBAP2L levels (Fig. 4b and Supplementary Fig. 6b).
Given the role of HSF1 in the HS response, we investigated whether
UBAP2L is regulated under HS conditions. Exposure to HS (42 °C, 0.5h)
induced the mRNA expression of HSPBI, a classical HS response gene, but
did not affect UBAP2L levels (Supplementary Fig. 6¢), indicating that HSF1
regulation of UBAP2L is independent of heat shock. We identified three
potential HSF1 binding motifs within the UBAP2L promoter region at
positions —1882 to —1875, —1287 to —1280, and —62 to —55 (Supple-
mentary Fig. 6d). Chromatin immunoprecipitation (ChIP) assays demon-
strated a marked increase in the binding of HSF1 to these specific sites
(Supplementary Fig. 6e). Additionally, the luciferase reporter assay showed
a significant upregulation of UBAP2L luciferase activity after HSF1 over-
expression. Notably, the enhanced transcriptional activation of UBAP2L
was disrupted when the binding region was mutated and fully abolished
when all three regions were mutated (Fig. 4c, d).

Interestingly, while UBAP2L expression was upregulated in TDOXR
cells, total HSF1 levels remained unchanged (Fig. 4e). For HSF1 to take effect
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Fig. 3 | UBAP2L-mediated oxaliplatin resistance is SG dependent.

a Representative IF staining (left) of SGs detected by UBAP2L and quantification
(right) of UBAP2L" SG-positive parental and TDOXR cells treated with oxaliplatin
(10 pg/ml for 8 h) or vehicle control (n = 5 fields per group). Dashed line areas are
shown with magnification. Scale bars, 20 um (overview) and 10 um (magnified).

b Representative UBAP2L IF staining (left) and quantification (right) of the SG
index in tumor biopsies from responsive (n = 4) and non-responsive (n=7) GC
patients treated with preoperative oxaliplatin-based chemotherapy. ¢ Schematic of
UBAP2L expression constructs and WB of lysates of MGC-803 cells expressing the
indicated shRNA and shRNA-resistant UBAP2L constructs. d Representative IF
staining (left) of UBAP2L and quantification (right) of the SG index in MGC-803
cells expressing the indicated constructs as in (c). e IC50 assay for oxaliplatin in
MGC-803 cells expressing the indicated constructs as in (c). f Quantification of SG-
positive SGC-7901 cells as detected by G3BP1 with or without UBAP2L knockdown
following oxaliplatin (15 pg/ml, 12 h), endoplasmic reticulum (ER) stress (2 mM

—

Scramble

10 20 30 40 50
Fold enrichment

Scramble

RACK1

DTT, 30 min) or heat shock (HS; 42 °C, 60 min) treatment (1 = 3 fields per group).
g UBAP2L expression does not alter eIlF2a phosphorylation levels. WB analysis of
WCEs from SGC-7901 cells modified to express negative control short hairpin RNA
(shNC) or two independent shRNAs for UBAP2L (#1, #2), treated with oxaliplatin
(15 pg/ml, 24 h) or vehicle control. h Gene Ontology analysis of SG components
enriched from oxaliplatin-treated GC cells. i HEK293T cells were transfected with
empty vector or UBAP2L plasmid. After 48 h, the cells were lysed and immuno-
precipitated with anti-UBAP2L antibody or IgG antibody. The immunoprecipitants
were immunoblotted for UBAP2L, G3BP1, TIA1 or RACKI. j Representative IF
staining of UBAP2L and G3BP1 in MGC-803 cells. k Representative IF staining of
UBAP2L and RACK1 in MGC-803 cells. Scale bars, 20 um. Dashed line areas are
shown with magnification. P values determined by one-way ANOVA with Bon-
ferroni’s post hoc test (d, e) or two-tailed unpaired ¢-test (a, b, ). Data are repre-
sented as the mean + s.e.m (a, b, d-f). Data are pooled biological replicates (b) or
representative of three independent experiments (a, c-g, i-k).
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as a transcription factor, it must be phosphorylated in the cytoplasm before
translocating to the nucleus to regulate target genes™. We thus postulated
that HSF1 undergoes phosphorylation following oxaliplatin treatment.
Indeed, we observed increased phosphorylation of HSF1 at serine residue
326 and enhanced nuclear localization of HSF1 in TDOXR cells compared
to parental cells (Fig. 4e, f). Additionally, increased nuclear HSF1 levels and
enhanced nuclear translocation of HSF1 were also observed in GC cells after
oxaliplatin treatment, which was reversible upon HSFI silencing (Fig. 4g, h).

Recent studies have highlighted the PI3K/AKT signaling pathway as a
key regulator of HSF1 activation at S326 in various cellular contexts,
including cancer”. Oxaliplatin has been shown to activate the PI3K/AKT
pathway”’. Based on this, we hypothesize that oxaliplatin-induced activation
of PI3K/AKT may mediate the phosphorylation of HSF1 at S326. We
confirmed that AKT are upregulated following oxaliplatin treatment
(Fig. 4i). Moreover, knockdown of AKT significantly reduced the phos-
phorylation of HSF1 at $326 (Fig. 4j). Immunoprecipitation followed by
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Fig. 4 | Oxaliplatin triggers phosphorylation and activation of HSF1, enhancing
UBAP2L transcription. a Quantification of mRNA by RT-PCR (left) and WB
analysis (right) for the indicated genes in specified cell lines expressing the indicated
constructs. b Quantification of mRNA by RT-PCR (left) and WB analysis (right) for
the indicated genes in SNU-216 cells treated with HSF inhibitor DTHIB (0, 1.0, 2.5,
and 5.0 uM). ¢ The position of the putative HSF1 binding regions in the human
UBAP2L promoter and the schematic diagram of mutated UBAP2L promoter
reporter. d Relative luciferase activity in 293 T cells co-transfected with empty vector
or HSF1 plasmids and indicate wildtype (WT) or mutated UBAP2L promoter
reporter. e WB analysis of WCEs from parental and TDOXR cells using the indicated
antibodies. f Representative IF staining of HSF1 in parental cells, TDOXR cells, and
TDOXR cells with HSF1 knockdown. g WB analysis of cytoplasmic and nuclear
lysates from AGS cells treated with either oxaliplatin (10 ug/ml, 24 h) or vehicle
control. GAPDH and histone H3 serve as loading controls for cytoplasmic and
nuclear lysates, respectively. h Representative IF staining of HSF1 in AGS cells
following the indicated treatments. i WB analysis for the indicated genes in MGC80-

3 cells following oxaliplatin treatment. j WB analysis for the indicated genes in
MGC80-3 cells with or without AKT knockdown. k HEK293T cells were lysed and
immunoprecipitated with anti-AKT antibody or IgG antibody. The immunopre-
cipitants were immunoblotted for AKT and HSF1. 1 Representative IHC staining of
HSF1 and UBAP2L (left) in 58 GC patient samples, displaying increasing staining
intensity. The right panel shows a positive correlation between HSF1 and UBAP2L
IHC signal intensities. m Representative IHC staining of HSF1 (left) and quantifi-
cation (right) of nuclear HSF1 signal intensity in 23 pre-chemotherapy and 28 post-
chemotherapy GC patient samples. Boxes indicate the 25th to 75th percentiles,
whiskers represent the minimum to maximum values, and the center line denotes
the median. Scale bar, 50 um. P values determined by one-way ANOVA with
Bonferroni’s post hoc test (a, b), two-tailed unpaired -test (a, d, m) or Pearson
correlation test (). Data are represented as the mean + s.e.m (a, b, d, m). Data are
pooled biological replicates (I, m) or representative of three independent experi-
ments (a, b, d-k).

western blotting revealed a constitutive interaction between AKT and HSF1
(Fig. 4k). These findings collectively support our hypothesis that AKT
interacts with HSF1 and mediates its phosphorylation at $326.

To assess clinical relevance, we performed THC staining of HSF1 and
UBAP2L in 59 tumor samples from GC patients, suggesting significant
coexpression (Fig. 41). Analysis of TCGA (STAD) and GEO databases
corroborated these findings (Supplementary Fig. 6f). Nuclear localization of
HSF1 was validated in GC samples following oxaliplatin treatment, with
increased staining intensity observed in residual tumor tissues compared to
pre-treatment samples (Fig. 4m). These results strongly indicate that oxa-
liplatin activates HSF1, leading to the transcriptional upregulation of
UBAP2L.

HSF1 induces oxaliplatin resistance via UBAP2L-driven SG
formation

We evaluated oxaliplatin sensitivity following HSFI knockdown in vitro
(Supplementary Fig. 7a). Knockdown of HSFI enhanced oxaliplatin sensi-
tivity, resulting in significantly decreased IC50 values and increased apop-
tosis rates in different GC cells (Supplementary Fig. 7b,c and Supplementary
Fig. 8a). These findings were further validated by colony formation assays
(Supplementary Fig. 7d). We then examined the role of UBAP2L-mediated
SG formation in the inductive effect of HSF1 on oxaliplatin resistance.
Restoring UBAP2L expression after HSFI knockdown (Fig. 5a) reestab-
lished UBAP2L*SG and G3BP1'SG formation, while ISRIB treatment
diminished this effect (Fig. 5b and Supplementary Fig. 7e). Consistently,
increased UBAP2L expression enhanced oxaliplatin resistance, while ISRIB
partially reversed this effect (Fig. 5¢ and Supplementary Fig. 8b). Moreover,
HSF1 overexpression increased resistance, which was mitigated by UBAP2L
deletion or ISRIB treatment (Fig. 5d and Supplementary Fig. 8c). Thus,
UBAP2L-induced SG formation mediate the role of HSF1 in promoting
oxaliplatin resistance.

Clinically, HSF1 levels were found to be elevated in human GC samples
compared to paired normal tissues (Supplementary Fig. 7f). The HSF1 high-
expression group was significantly associated with a higher proportion of
CIN, MSI or POLE subgroups (Supplementary Fig. 7g, Supplementary
Table 3). In GC patients, high HSF1 expression correlated with poor clinical
responses to preoperative oxaliplatin-based chemotherapy (Fig. 5e).
Importantly, the HSF1 expression was positively associated with the level of
UBAP2L"SGs (Fig. 5f). Analysis indicated that HSFI expression was
negatively associated with overall survival and progression-free survival in
chemotherapy-treated GC patients (Fig. 5g), but not in those undergoing
surgery alone (Supplementary Fig. 7h).

Synergistic effects of ISRIB or DTHIB in targeting oxaliplatin
resistance

Our data indicate that SG upregulation in oxaliplatin-resistant cells and
tumor samples is driven by transcriptional upregulation of UBAP2L by
HSF1, suggesting inhibition of HSF1 or SG formation could overcome this

resistance. To evaluate this idea, we treated nude mice bearing oxaliplatin-
sensitive (parental) or resistant (TDOXR) xenograft tumors using SG
inhibitor ISRIB, HSF1 inhibitor DTHIB, or their combinations (Fig. 6a).
Treatment with oxaliplatin, ISRIB, or DTHIB alone inhibited tumor growth
in vivo; however, the combination of oxaliplatin with ISRIB or DTHIB
resulted in a significant synergistic effect on tumor growth inhibition
(Fig. 6b and Supplementary Fig. 9a). Importantly, ISRIB and DTHIB did not
affect animal body weight (Supplementary Fig. 9b). Reduced levels of
UBAP2LSG and G3BP1'SG, alongside increased CC3-positive or
TUNEL-positive area were observed from xenografts in the combination
treatment group (Fig. 6d and Supplementary Fig. 9e). Furthermore, DTHIB
effectively targeted TDOXR xenograft tumors, which remained highly
sensitive to both DTHIB alone and the combination with oxaliplatin (Fig. 6¢
and Supplementary Fig. 9¢c). No significant weight loss was observed in
DTHIB-treated mice (Supplementary Fig. 9d). The combination treatment
group showed decreased levels of UBAP2L*SG and G3BP17SG, as well as
elevated CC3-positive and TUNEL-positive area (Fig. 6e and Supplemen-
tary Fig. 9f).

To fully capture the complexity of the tumor microenvironment, we
established a genetically modified spontaneous GC mice model. This model
is generated by crossing the gastric epithelium-specific Cre strain
Claudin18-Cre®™®™ with mice carrying conditional alleles for Kras"" """,
Trp53°P® and Apd™™™* (Fig. 6f)*, and was subjected to tamoxifen
induction and subsequent oxaliplatin treatment (Fig. 6g). Our results
indicate that the levels of UBAP2L*SG were significantly higher, while the
areas positive for CC3 and TUNEL were significantly lower in the non-
responsive GC mouse group compared to the responsive group (Fig. 6h).
Together, these findings suggest that inhibiting HSF1 or SG may effectively
overcome both intrinsic and acquired resistance to oxaliplatin.

Discussion

In this study, we demonstrate that oxaliplatin uniquely induces translational
arrest and SG formation, in contrast to other platinum-based drugs. Here,
we establish a causal link between SG formation and oxaliplatin resistance.
GC resist oxaliplatin through enhanced formation of UBAP2L-nucleated
SGs, which sequester RACKI1, a pro-apoptotic factor, thereby inhibiting
apoptotic pathway. UBAP2L upregulation is triggered by oxaliplatin-
induced phosphorylation of HSF1 via AKT. Inhibition of SG formation or
HSF1 activity impairs oxaliplatin resistance, highlighting potential ther-
apeutic strategy to overcome oxaliplatin resistance (Fig. 7).

This study highlights UBAP2L as the key SG nucleator in response to
oxaliplatin. Our findings do not contradict the established role of G3BP1 asa
key SG nucleator. G3BP1-positive SGs were infrequently observed in
UBAP2L-depleted cells, suggesting that while G3BP1 is not essential for the
initial formation of UBAP2L-positive SGs, it may play a critical role in
recruiting other components and facilitating SG maturation. Consistent
with this, we observed a reduction in UBAP2L granule size following G3BP1
depletion (Supplementary Fig. 5g). We hypothesize that in the absence of
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Fig. 5 | HSF1 induces oxaliplatin resistance via UBAP2L-driven SG formation.
a WB analysis of WCEs from HSFI-depleted SGC-7901 cells complemented with
either UBAP2L or control plasmid, using the indicated antibodies. b Representative
IF staining of UBAP2L (left) and quantification (right) of SG-positive SGC-
7901 cells expressing the constructs from a, with or without ISRIB (5 pM, 12 h). The
dashed line indicates the magnified area. Scale bars, 20 um (overview) and 10 pm
(magnified). ¢ IC50 assay for oxaliplatin and FCM analysis of apoptosis rates in
MGCB80-3 cells expressing the constructs from a, with or without ISRIB (5 pM, 24 h).
d IC50 assay for oxaliplatin and FCM analysis of apoptosis rates in HSFI-over-
expressed AGS cells complemented with siRNA targeting UBAP2L or control
siRNA, with or without ISRIB (5 puM, 24 h). e Representative IHC staining of HSF1
(left) and quantification (right) of IHC signal intensity in tumor biopsies from
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responsive (n = 8) and non-responsive (n = 14) GC patients treated with pre-
operative oxaliplatin-based chemotherapy. Scale bars, 50 um. Boxes represent the
25th to 75th percentiles, whiskers indicate minimum to maximum values, and the
center line denotes the median. f Representative IF staining of HSF1 and UBAP2L
(left) and quantification (right) of SG index as detected by UBAP2L from human GC
tumor samples. Scale bars, 20 um. g Negative correlation between HSFI expression
and overall survival or progression-free survival in GC patients treated with che-
motherapy, based on data from the Kaplan-Meier Plotter database. P values deter-
mined by one-way ANOVA with Bonferroni’s post hoc test (b-d), two-tailed
unpaired t-test (e, f) or log-rank test (g). Data are represented as the mean + s.e.m
(b-d, f). Data are pooled biological replicates (e, f) or representative of three inde-
pendent experiments (a-d).

G3BP1, only isolated UBAP2L cores assemble, implying that, under normal
conditions, UBAP2L cores form first. G3BP1 core formation is likely sub-
sequently facilitated by UBAP2L and is crucial for SG maturation. Addi-
tionally, the interplay between UBAP2L and other nucleators may involve
complex regulatory networks that have yet to be fully explored. These
interactions could potentially influence SG dynamics and their role in stress
resistance, warranting further investigation.

SG composition may vary depending on the type of stress and cellular
environment, implying that the same set of SG nucleators may contribute
variably to stress adaptation under different conditions. For instance, certain
SG components, like YWHAZ and TM4SF1-AS1°*%, that are prominent in
GC cells may be less abundant or absent in other cell types, reflecting the
unique molecular pathways and stress adaptations associated with cancer
biology. This heterogeneity in SG composition underscores the complexity
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Fig. 6 | Synergistic effects of ISRIB or DTHIB in targeting oxaliplatin resistance.
a Experimental design for assessing combination therapies in oxaliplatin-sensitive
(parental) and oxaliplatin-resistant (TDOXR) mouse models. b Quantification of
tumor burden in parental xenografts of nude mice treated with vehicle control,
oxaliplatin (5 mg/kg, three times per week), alone or in combination with ISRIB
(4 mg/kg, once daily for two consecutive weeks) or DTHIB (5 mg/kg, once daily for
two consecutive weeks) (n =5 mice per group). ¢ Tumor burden quantification in
TDOXR xenografts of nude mice treated with vehicle control, oxaliplatin (5 mg/kg,
three times per week), alone or in combination with DTHIB (5 mg/kg, once daily for
two consecutive weeks) (n =5 mice per group). d Quantification of the SG index as
detected by UBPA2L or G3BP1, and CC3-positive area or TUNEL-positive area
from xenograft tumors in (b). e Quantification of the SG index as detected by

UBPA2L or G3BP1, and CC3-positive area or TUNEL-positive area from xenograft
tumors in c. f Schematic of generation of spontaneous GC mouse model.
Tamoxifen-induced recombination of mutant alleles is mediated using a gastric-
specific Claudin18-Cre*™™™ strain. g Experimental design for tamoxifen-induced
recombination and oxaliplatin treatment in spontaneous GC mouse model. h
Representative HE staining, and IF staining of UBAP2L, E-cadherin, CC3, and
TUNEL in spontaneous GC tumors according to their response to oxaliplatin
treatment. The dashed line indicates the magnified area. Scale bars, 50 um
(UBAP2L/Ecadherin), otherwise 20 um. P values determined by two-way ANOVA
with Bonferroni’s post hoc test (b, ¢) or one-way ANOVA with Bonferroni’s post
hoc test (d, e). Data are represented as the mean + s.e.m (d, e). Data are pooled
biological replicates (b, ¢, h).
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Fig. 7 | SGs are phase-separating organelles that

act as protective mechanisms in response to var-
ious harmful stimuli, but their role in oxaliplatin
resistance remains unclear. GC resist oxaliplatin
through formatting UBAP2L-nucleated SG which
sequester RACKI, preventing the initiation of
apoptotic pathway. Transcriptional upregulation of
UBAP2L is enhanced by oxaliplatin-induced phos-
phorylation of heat shock factor protein 1 (HSF1)
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of SG function and highlights the need for further research to elucidate how
these differences influence cellular stress responses and disease progression.
Future studies comparing SG dynamics across diverse cell types and stress
conditions could provide valuable insights into the context-specific roles of
SGs in health and disease.

Previous study suggested that oxaliplatin induces ribosome biogenesis
stress (RBS), leading to a distinct translational arrest mechanism compared
to cisplatin and carboplatin'. RBS refers to a cellular state where the normal
protein synthesis machinery is disrupted or impaired, causing a slowdown
or complete halt in translation®'. This translational arrest is a key trigger for
the formation of SGs, which are cytoplasmic aggregates that form when
translationally stalled mRNAs and their associated proteins accumulate. In
the current study, oxaliplatin induced phosphorylation and activation of
HSF1, which raises the question regarding the role of RBS in HSF1 acti-
vation. Previous studies found that HSF1 serves as a critical response factor
in RBS, at least in Saccharomyces cerevisiae, where it helps reinforce the
proteostasis network to mitigate RBS™". When ribosomal RNA processing
or ribosomal protein assembly is inhibited, cells adapt a rapid activation of
HSFI, and correspondingly upregulates chaperon proteins that facilitates
protein folding, degradation machinery that clears away abnormal or
excessive proteins, and other HSFI target genes that collectively restore
proteostasis. More importantly, this response is highly specific”. HSF1

activation occurs without activating a general environmental stress response
(ESR) driven by Msn 2/4, suggesting a distinct regulatory mechanism for
RBS adaption™. Although these findings primarily derive from yeast model,
the conservation of HSF1, chaperones, and the proteostasis network across
eukaryotes implies that a similar RBS response may exist in human cells,
particularly in highly proliferative cells like cancer cells that rely on rapid
ribosome biogenesis. Therefore, it is plausible to suggest that oxaliplatin
induces RBS, leading to the phosphorylation and activation of HSF1. Future
study should pay more attention on whether and how HSF1 is employed in
the oxaliplatin-induced RBS adaption in cancers, and targeting strategy that
overcomes oxaliplatin resistance.

From a therapeutic perspective, targeting HSF1 or SGs, key mediators
of oxaliplatin resistance, offers potential for improving treatment outcomes.
Our data suggest that combining oxaliplatin with SG inhibitors (such as
ISRIB) or HSF1 inhibitors (such as DTHIB) significantly enhances its effi-
cacy. What cannot be ignored is that ISRIB and DTHIB monotherapy also
exhibited anticancer activity themselves. This is reasonable because HSF1
and SGs assembly were both reported to be associated with not only che-
motherapy resistance but also tumorigenesis and cancer progression™””.
However, since they are strongly induced under stress conditions, applying
SGs or HSF1 inhibitors in combination with conventional chemotherapy is
expected to disrupt the protective mechanisms that cancer cells rely on
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during cytotoxic stress. This approach would likely make the best use of their
inhibition, and significantly enhance the anticancer effects of these agents
while minimizing additional harm to normal cells. This synergistic strategy
forms the central focus of the translational approaches, aiming to develop
more effective therapeutic regimens for GC.

The clinical application of ISRIB and HSF1 inhibitors also raise several
potential considerations. While these inhibitors show promise in preclinical
models, their clinical applicability, toxicity profiles, and effectiveness in
combination therapies require thorough evaluation in clinical trials. SGs play
a crucial role in cellular stress responses, metabolic homeostasis, and
mammalian development™ ™. Disrupting SGs with ISRIB could interfere
with their physiological functions, potentially impairing cellular self-
protection mechanisms in response to stressors such as infections or inju-
ries, leading to tissue damage. SGs are also involved in activating endogenous
immunity and inhibiting apoptosis under stress, making their disruption
particularly concerning. While ISRIB demonstrates good in vivo stability and
brain permeability~, limited information about its metabolic pathways,
excretion mechanisms, tumor distribution, and pharmacokinetics in humans
significantly restricts its clinical translation. Moreover, ISRIB has a narrow
therapeutic window, being effective at suppressing low levels of integrated
stress response (ISR) activity but ineffective against strong ISR activation®,
which may limit its application in cancer therapy. The HSF1 inhibitor
DTHIB also exhibits cytotoxic effects on normal liver and kidney cells,
particularly at higher doses* ™. Although DTHIB shows tumor-targeting
properties and is widely distributed in the body”, its poor water solubility
results in low oral bioavailability, necessitating further development of drug
delivery systems to enhance its bioavailability™.

Despite the valuable insights gained in this study, several limitations
must be acknowledged. The localization of UBAP2L to SGs in response to
oxaliplatin or other stressors demonstrates that SG composition is context-
dependent. Previous research has indicated that SG composition can change
under different stress conditions. GC patients typically undergo treatments
involving combinations of chemotherapy, targeted therapies, and immu-
notherapies, which may modify the composition of SG components and
their associated nucleators. However, the interactions between these treat-
ments and SG dynamics are complex and not yet fully understood. Thus, it is
essential to carefully consider the role of UBAP2L and other SG nucleators
in the context of combination therapies.

The mechanisms by which UBAP2L mediates SG formation remain
to be fully characterized. The key nodes of the core SG network are
known to contribute to SG formation to varying extents, and it is possible
that UBAP2L, stimulated by oxaliplatin, may influence their contribu-
tion. This aligns with the predicted model, where SG assembly is regu-
lated by the positive and negative cooperativity of extrinsic factors
interacting with the core network’. In support of this, we propose that
UBAP2L may cooperate with G3BP1 to facilitate SG formation. As a core
component of the SG network, G3BP1 may serve as a mechanism
through which UBAP2L alters the core interaction network to promote
SG assembly. This suggests that other proteins may also be involved in
SG nucleation and maturation in response to oxaliplatin or other stres-
sors. Additionally, it is possible that UBAP2L, as a constituent of SGs,
may itself contribute to the core SG network in cells treated with oxali-
platin. Clearly, to better understand this process, further research is
needed to map the entire SG interaction network.

Finally, while our study suggests that the expression of UBAP2L and
the presence of UBAP2L-nucleated SGs could serve as biomarkers for
predicting treatment response, large-scale clinical validation is required. It is
important to emphasize that these results are based on preliminary evi-
dence, and further validation in larger, independent patient cohorts with
well-defined clinical characteristics and treatment histories is required
before UBAP2L can be considered for clinical use. The current study is also
limited by the sample size and heterogeneity of the clinical cohort, which
may affect the generalizability of the findings. Future studies could focus on
validating UBAP2L as a biomarker in prospective, multicenter trials to
confirm its clinical utility. Furthermore, the variability in SG composition

and nucleator activity across different patients and tumor types complicates
the use of these biomarkers in clinical practice. Future studies should aim to
refine these biomarkers and explore how they can be integrated into per-
sonalized treatment strategies.

Conclusion

In summary, we demonstrate that GC resist oxaliplatin through enhanced
formation of UBAP2L-nucleated SGs, which sequester RACK1, a pro-
apoptotic factor, thereby inhibiting apoptotic pathway. The transcriptional
upregulation of UBAP2L is driven by the phosphorylation and activation of
HSF1 via AKT. Our results offer new insights into the role of UBAP2L-
nucleated SGs in mediating oxaliplatin resistance. Consequently, targeting
SG formation or HSFI presents a promising therapeutic approach to
address oxaliplatin resistance.

Data availability

Plasmids, antibodies and cell lines generated in this study will be available
from the corresponding author upon request with a completed material
transfer agreement. MS data have been deposited into the Proteo-
meXchange Consortium through the PRIDE partner repository with the
dataset identifiers PXD065770. The source data behind the graphs in the
paper can be found in Supplementary Data 1.
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