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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) is still a highly aggressive and fatal disease. The molecular mecha
nisms for PDAC progression are still not fully understood. Here, we demonstrated the overexpression of MYOF in 
PDAC in multiple sample sets, which is significantly associated with poor outcome of PDAC patients. MYOF 
knockout suppresses PDAC progression in vitro and in vivo. MYOF knockout exerts its effects by promoting 
ferroptosis via downregulating LCN2 expression. Ectopic LCN2 expression overcame the effects of MYOF 
knockout in PDAC cells. Mechanistically, MYOF respectively recruits OTUB1 and ILF3 to enhance their inter
action and relieves ILF3 protein ubiquitination and degradtion. MYOF maintains ILF3 protein stability, thereby 
enhances ILF3 interacting with and improving LCN2 mRNA stability. Moreover, we screened and identified 
natural compound Picroside II potentially targets MYOF to suppress PDAC progression. These findings uncover 
the biological roles and mechanisms of MYOF and preliminarily indicate the potential of targeting MYOF in 
PDAC progression, highlighting a novel therapeutic strategy for PDAC.

1. Introduction

Pancreatic cancer mostly characterized as pancreatic ductal adeno
carcinoma (PDAC) accounting for greater than 90 % still remains a 
clinically challenging cancer type. According to the Global Cancer Ob
servatory (GLOBOCAN) 2020, pancreatic cancer related death ranked 
the seventh leading cause of cancer death among all malignant tumors 
[1]. PDAC as a deadly disease is predicted to be the second leading cause 
of cancer death in the United States by 2030 [2]. In the past decade, 
based on basic and translational investigations remarkable progress has 
been made in treating PDAC including refinement of the surgical tech
niques and improvements in adjuvant and neoadjuvant therapies as 
chemotherapy and target therapy. Despite this remarkable progress, 
PDAC is still a highly aggressive cancer with an overall 5-year relative 

survival rate of about 10 % due to both its late stage at diagnosis and 
poor response to current therapy [2,3]. Thus, growing understanding 
molecular mechanisms for biology and treatment response, and 
exploring novel and effective therapies are urgently required.

Generally, the risk factors for PDAC development and progression 
can be categorized as individual characteristics such as DNA variants, 
lifestyle and environment, and disease status including diabetes melli
tus, obesity and chronic pancreatitis [3–5]. In molecular biology, PDAC 
forms from the exocrine tissue of the pancreas by drivers evolving 
through a series of histopathologic changes referred to as dysplastic 
precursor lesions or pancreatic intraepithelial neoplasias (PanIN0, to
ward invasive and finally metastatic pancreatic cancer [6]. So far, the 
most commonly documented drivers were the activating mutation of 
KRAS as oncogene and function-loss mutation of CDKN2A, TP53 and 
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SMAD4 as tumor suppressors using genetically engineered mouse 
models and detection on clinical tissue samples [6–8]. Additionally, the 
critical function of epigenetic modifiers such as miRNAs and LncRNAs is 
also emphasized in PDAC [9]. Recently, MYOF was reported to be 
overexpressed in PDAC and correlated with overall survival. MYOF was 
required to maintain branched mitochondrial structure and a high 
oxidative phosphorylation activity [10]. MYOF has been shown to 
maintain lysosomal integrity and support tumor growth in PDAC [11]. 
MYOF is a member of the ferlin family, large proteins (200–240 kDa) 
with multiple C2 structural domains that play important roles in vesicle 
fusion and receptor trafficking [12]. In recent years, there has been 
increasing evidence that MYOF is over-expressed in a variety of tumors 
and is associated with poor prognosis [13,14]. However, the molecular 
mechanism for MYOF involvement in PDAC progression and the trans
lational implication remain to be further elucidated.

In the present study, we using a series online data including single- 
cell RNA sequencing data confirmed the overexpression of MYOF in 
PDAC cells. MYOF deletion inhibited PDAC progression and induced 
ferroptosis via downregulating LCN2 expression. The biological function 
and molecular mechanisms for MYOF in PDAC were elucidated via a 
series of experimental models. The potential of targeting MYOF in PDAC 
control was also preliminarily explored.

2. Materials and methods

2.1. Cell culture

The human pancreatic ductal epithelial cell line HPNE, four human 
pancreatic cancer (PC) cell lines (CFPAC-1, and BxPC-3, SW1990, PANC- 
1), and two mouse PC cell lines (LTPA and Panc02) were purchased from 
the Procell Life Science & Technology (Wuhan, China). All cell lines 
were cultured in DMEM or 1640 medium, contained 10 % fetal bovine 
serum (Gibco, USA) and 1 % penicillin/streptomycin in a humidified 
incubator (37 ◦C, 5 % CO2/95 % air).

2.2. CRISPR–Cas9 knockout system

We used the CRISPR–Cas9 editing system to knockout MYOF 
expression. In brief, we designed small guide RNAs (sgRNA) targeting 
human and mouse MYOF transcripts, cloned into the lentiCRISPRv2 
vector (Plasmid #52961, Addgene). To generate lentiviral particles, 9 μg 
recombinant vector was co-transfected with 9ug pCMV-dR8.2 dvpr 
(Plasmid #8455, Addgene) and 0.9ug pCMV-VSV-G (Plasmid #8454, 
Addgene) into 1 × 107 HEK293T cells. Cell supernatants containing 
lentiviral particles were collected at 48 h after transfection and filtered 
through the sterile syringe filter (0.45 μm pore size, Millipore). PC cells 
were infected with prepared lentivirus and screened with 1 μg/mL pu
romycin for 2 weeks. To construct monoclonal cell lines, Flow cytometry 
was used to sort out individual cells and seed them in 96-well plates. The 
knockout efficiency of each monoclonal cell line was identified by 
Western blotting. All sgRNA sequences targeting MYOF are shown in 
Supplementary Table 1.

2.3. Short hairpin RNA, shRNA, plasmid and lentivirus construction, and 
transfection protocol

Overexpression vectors for human LCN2 and ILF3 genes and mouse 
LCN2 gene were synthesized by Genechem (Shanghai, China) and 
ligated into the lentiviral vector GV394, GV141 and GV127, respec
tively. To knock down human OTUB1, LCN2 and ILF3 genes, we 
screened hairpin shRNAs, which were synthesized by Genechem 
(Shanghai, China) and cloned into the lentiviral vector GV493. Lenti
viral particles were produced using the packaging plasmids pHelper 1.0 
and pHelper 2.0 (Genechem, Shanghai, China). To construct stably 
infected cells, transfected cells were cultured with medium containing 1 
μg/mL puromycin for 2 weeks.

2.4. Transwell assay

Transwell membranes (Corning, NY, USA) with a pore size of 8 μm 
were used for the cell migration assay. A total of 200 μl serum-free 
medium (5x105 cells/ml) was added to the upper chamber, whereas 
700ul medium containing 10 % FBS was added to the lower chamber. 
After 24 h of incubation, the chambers were washed with PBS, fixed with 
4 % paraformaldehyde and stained with crystal violet. The adherent 
cells in the upper chamber were removed and the migrated cells in the 
lower chamber were counted under a microscope.

2.5. RNA isolation and RT-qPCR

The mRNA in cells was isolated and purified using FastPure Cell/ 
Tissue Total RNA Isolation Kit V2 (Vazyme Biotech Co., Ltd). cDNA was 
synthesized with a RevertAid First Strand cDNA Synthesis Kit (Thermo 
Scientific). qPCR was performed with PowerUp SYBR Green Master Mix 
(Thermo Fisher) on LightCycler 96 Instrument (Roche). Relative 
expression was calculated using the 2-ΔΔCt method and normalized by 
the expression level of Actb. All primers were shown in Supplementary 
Table 2.

2.6. Western blot (WB) analysis

Cells were lysed using RIPA buffer containing protease inhibitors. 
Protein extracts were electrophoretically separated by 10 % SDS-PAGE 
gels and transferred to polyvinylidene fluoride membranes. After seal
ing with 5 % skimmed milk, the membrane was incubated with primary 
antibody at 4 ◦C overnight. The membrane was washed with TBST and 
then incubated with secondary antibody for 2 h at room temperature. 
Finally, protein bands were exposed using enhanced chem
iluminescence. Antibodies used for Western blotting are listed in Sup
plementary Table 3.

2.7. Cell proliferation

To assess the proliferative capacity of the transfected cells, we used 
the MTS method (Promega) according to the manufacturer’s manual. 
Cells were seeded at 800 per null in 96-well plates for 7 days. At each 24 
h intervals, 20 μL of MTS reagent was added to each well and incubated 
at 37 ◦C for 4 h. The absorbance of the samples was measured at 490 nm 
using a microplate reader.

2.8. Soft agar assay

The experiment involved mixing tumor cells (3 × 103 per well) with 
0.375 % Agarose and incubating them on six-well plates containing 
solidified 0.75 % Agarose (Thermo Fisher Scientific, Inc.) for 30 days. 
The cellular colonies were then counted under a microscope.

2.9. Cell cycle assay

Cells were collected, washed with PBS and fixed in 70 % ethanol. Cell 
cycle assay was detected by the Cell Cycle Analysis Kit (no. C1052; 
Beyotime, Shanghai, China). Cells were incubated with propidium io
dide staining for 30 min. The DNA content was detected by BD FACS
Calibur. The proportions of G1, S and G2/M phase cell populations were 
identified using ModFIT software.

2.10. mRNA stability analysis

MYOF knockout and control PC cells were treated with actinomycin 
D (5 μg/mL). At 0, 3, 6, 9 and 12 h of treatment, Trizol RNA was har
vested and extracted for RT-qPCR analysis. The mRNA level at 0 time 
point was used as a control and the change in mRNA at different time 
points was calculated.
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2.11. Immunoprecipitation (IP) and Co-immunoprecipitation (coIP)

PC cells were harvested and lysed in RIPA buffer containing protease 
inhibitors. Cell extracts were pre-purified with Protein A/G beads. 
Immunoprecipitation was performed with 2 μg of antibodies against 
MYOF, OTUB1 or ILF3 overnight at 4 ◦C, followed by incubation with 
Protein A/G beads for 2.5 h at 4 ◦C. The precipitated protein mixture was 
washed three times and subjected to LC-MS/MS analysis or 
immunoblotting.

2.12. Determination of MDA and GSH content

The intracellular glutathione (GSH) concentrations were determined 
using a biochemical assay kit (E-BC-K030-S, Elabscience), following the 
instructions provided by the manufacturer. Similarly, the concentration 
of malondialdehyde (MDA) in the cells was measured utilizing the MDA 
assay kit (E-BC-K025-S, Elabscience), following the manufacturer’s 
protocol. The absorbance value of each index was detected by enzyme 
marker and the content in the cells was calculated.

2.13. GSH and oxidized GSH (GSSG) assay

The experiment employed the GSH and GSSG Assay Kit (Beyotime, 
S0053), in strict accordance with the standardized protocol for the 
separate detection of oxidized and reduced glutathione.

2.14. BODIPY 581/591C11 assay

The experimental groups consisted of: the RSL3-treated group 
(exposed to 2 μM RSL3 for 6 h), the FER-1-pretreated group (pretreated 
with 1 μM FER-1 for 1 h followed by co-treatment with RSL3 for 6 h), 
and the vehicle control group (DMSO at a final concentration of <0.1 
%). After treatment, live cells were incubated with 1 μM BODIPY 581/ 
591C11 (Beyotime, S0043S) at 37 ◦C in the dark for 30 min, followed by 
three washes with PBS. The cells were fixed with 4 % paraformaldehyde 
(PFA) at room temperature for 10 min and washed three times with PBS. 
Nuclear staining was performed using 1 μg/mL DAPI (Beyotime, C1005) 
at 37 ◦C in the dark for 10 min. After PBS washes, the samples were 
mounted with an antifade mounting medium (Life Technologies, 
P36934), light-cured in the dark, and sequentially imaged using fluo
rescence microscopy.

2.15. Intracellular oxidation level

The intracellular oxidation levels were measured using the DCF-DA 
probe (2′,7′-dichlorofluorescin diacetate). Cells were seeded at a den
sity of 5 × 105 cells/well and treated with 10 μM RSL3 for 3 h after 
attachment. Following digestion with 0.25 % trypsin and centrifugation 
at 1000 rpm for 5 min, intracellular oxidation was assessed using 10 μM 
DCF-DA (Beyotime, S0033) through 30-min dark incubation according 
to the protocol. Fluorescence intensity was measured using a flow cy
tometer (BD Biosciences; excitation/emission wavelengths: 488/525 
nm). Each experiment was performed in triplicate. Fluorescence in
tensity was measured using a flow cytometer. Data were normalized to 
the highest oxidation value observed in the experimental groups (set as 
100 %) and expressed as mean ± standard deviation (% of max). It 
should be noted that DCF-DA is a broad-spectrum indicator of intra
cellular oxidation (not a specific ROS detection probe), and its meth
odological limitations have been thoroughly elucidated in the study by 
Kalyanaraman et al. [15].

2.16. Bioinformatic analysis

Gene expression data and clinical data for pancreatic cancer were 
downloaded from Gene Expression Omnibus (GEO) datasets, including 
GSE16515, GSE62452, GSE62165, and GSE28735.

2.17. Immunohistochemistry

The collected tissue samples were immersed in 4 % para
formaldehyde and fixed for 48 h. After dehydration and paraffin 
embedding, the slices were cut into sections of 4 μm thickness. Paraffin 
sections were placed in a 60◦ oven to bake the slices for 60 min to 
dissolve the paraffin on the sections and hydrate them. Sections were 
immersed using 0.01 M sodium citrate buffer at pH 6.0 for antigenic 
repair during high-pressure thermal repair. Afterward, follow the in
structions for the ready-to-use immunohistochemical ultrasensitive 
UltraSensitiveTM SP kit. The IHC kit (KIT-9730) was purchased from 
Maixin Biotechnologies (Fuzhou, China).

2.18. Protein-protein docking

To predict the direct binding model between the three protein mol
ecules MYOF, OTUB1, and ILF3, we obtained their 3D spatial structures 
from the AlphaFold Protein Structure Database (https://alphafold.ebi. 
ac.uk/). After analysing the crystal structure of MYOF, OTUB1 and 
ILF3, we used computational protein docking to predict their most likely 
binding model. Similarly, we used the GRAMM online tool to predict the 
most likely binding complex model of MYOF, OTUB1 and ILF3. The 
interaction surfaces in the protein complexes were further analyzed 
using the PDBePISA online tool (https://www.ebi.ac.uk/msd-srv/prot 
_int/pistart.html), Finally, we performed conformational mapping and 
docking region analysis using PYMOL (https://pymol.org/).

2.19. Small molecule inhibitor screening

Anti-tumour compound libraries were downloaded from the Selleck 
website (https://www.selleck.cn/index.html), followed by the use of 
Open Bable software for file format conversion, AutoDock Vina version 
1.5.6 software for batch molecular docking, and PyMOL software for 
compound visualisation.

2.20. RNA immunoprecipitation

RNA-protein complexes are released by lysing cells using a pre- 
chilled lysis buffer (containing PMSF and protease inhibitors) at 4 ◦C 
for 1–2 h, followed by centrifugation to collect the supernatant. Next, 
Protein A/G magnetic beads are resuspended, washed with RIP buffer, 
and then incubated with negative control IgG antibody, positive control 
antibody (anti-SnRNP70), or target antibody (anti-ILF3) at 4 ◦C for 6–8 
h. The bead-antibody complexes are mixed with cell lysate and incu
bated overnight at 4 ◦C. After washing, RNA is extracted using the 
TRIZOL method: TRIZOL and chloroform are added, followed by 
centrifugation to collect the aqueous phase, and RNA is precipitated 
with ethanol, then dissolved in RNase-free water. The purified RNA can 
be analyzed by qPCR to detect specific RNAs (e.g., LCN2 and U6), and 
the relative enrichment is calculated to compare the target group with 
negative and positive controls. The entire process must be conducted in 
an RNase-free environment, and RNase inhibitors should be used to 
prevent RNA degradation.

2.21. Chromatin isolation by RNA purification

Crosslink the cells with 1 % formaldehyde solution for 10 min. After 
crosslinking, terminate the reaction with glycine and wash the cells 
three times with PBS. After removing the supernatant, store the cells at 
− 80 ◦C or proceed directly to the experiment. Next, resuspend the 
crosslinked cell pellet in lysis buffer containing protease inhibitors and 
RNase inhibitors, then sonicate to fragment the chromatin into 100–500 
bp pieces. After centrifugation, collect the supernatant. Take a portion of 
the sample for DNA extraction and assess chromatin fragmentation by 2 
% gel electrophoresis to ensure fragment sizes are between 100 and 
1000 bp. Then, design and synthesize biotinylated DNA probes 

Z. Li et al.                                                                                                                                                                                                                                        Redox Biology 84 (2025) 103665 

3 

https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/
https://www.ebi.ac.uk/msd-srv/prot_int/pistart.html
https://www.ebi.ac.uk/msd-srv/prot_int/pistart.html
https://pymol.org/
https://www.selleck.cn/index.html


complementary to the target RNA sequence. Incubate the probes with 
the cell lysate at 37 ◦C for 4 h to allow hybridization between the probes 
and the target RNA. Pre-treat streptavidin magnetic beads, wash them, 
and incubate with the probe-lysate mixture at 37 ◦C for 30 min to cap
ture the RNA-chromatin complexes. Incubate the beads with PK buffer 
and proteinase K at 65 ◦C to release RNA. Extract RNA using TRIZOL, 
precipitate with ethanol, and dissolve in RNase-free water for qPCR 
analysis. At the same time, incubate the beads with elution buffer, RNase 
A, and RNase H at 37 ◦C to release proteins. Afterward, add protein 
loading buffer, boil, and use the sample for WB or mass spectrometry 
analysis. Finally, use qPCR to detect the relative enrichment of RNA, 
calculate the capture efficiency of target RNA, and compare the differ
ences between the target group and the negative control group. Probe 
and primer sequences used in CHIRP assays and qPCR validation were as 
follows: 6 LCN2-specific probes (P1–P6) were designed: P1: AGCTG
CATGGGTGGCACTGT, P2: TGGGACAGGGAAGACGATGT, P3: 
CTCTTAATGTTGCCCAGCGT, P4: CAGCTCATAGATGGTGGCAT, P5: 
TTCTGCTGCAGAGGGACCTT, and P6: TAGGCCCAGCCACAGGAGAC. 
Three LacZ control probes served as negative controls: P1: CTGAA
TATCGACGGTTTCCA, P2: GCTGTATCGCTGGATCAAAT, and P3: 
GTCGTTTTACAACGTCGTGA. qPCR validation employed the following 
primer pairs: LCN2 (forward: TACACTGGTCGATTGGGACA; reverse: 
CAAGGAGCTGACTTCGGAAC) and GAPDH (forward: TCCATGG
CACCGTCAAG; reverse: CAGCCTTCTCCATGGTGG) as the reference 
gene.

2.22. Animal studies

In subcutaneous tumour experiments, 2 × 106 PC cells infected with 
different lentiviruses were injected subcutaneously into 4-week-old fe
male BALB/c nude and C57 mice. Tumour size was measured every 
three days, length and width were recorded, and tumour volume (length 
× width2/2) was calculated. After 4 weeks, the mice were sacrificed and 
the tumors were harvested and weighed. To assess the effect of Picroside 
II on tumour growth, nude mice were injected subcutaneously with 2 ×
106 PANC-1 cells or SW1990 cells. When the tumors were approximately 
3 × 3 mm in size, the mice were randomly divided into two groups of 5 
mice each. The mice were treated with Picroside II (MCE MedChe
mExpress, # HY-N0408; 0.4 mg/kg, i.p.) three times a week for 1 month, 
while the control group was injected with the same amount of saline. At 
the end of treatment, the mice were sacrificed and the tumors removed 
and weighed for immunohistochemical staining or Western blotting 
studies. For the tail vein injection lung metastasis assay, 1 × 106 pc cells 
were resuspended in 100 μL PBS and then injected into the tail vein of 4- 
week-old mice. Mice were necropsied after approximately 8–12 weeks 
and lung tissue was isolated, photographed and stained with HE. All 
work with mice was approved by the Animal Experimentation Ethics 
Committee of Guangzhou Medical University and conducted according 
to its regulations.

2.23. Cellular thermal shift assay (CETSA)

In the CETSA assay, PANC-1 cells were treated with or without Pic
roside II (300 μM) for 3 h. After treatment, cells were washed three times 
with PBS and harvested. Cell precipitates after centrifugation were 
resuspended with PBS supplemented with 1 % PMSF (Sigma), suspended 
and heated at the indicated temperatures (37, 42, 47, 52, and 57 ◦C), 
then cooled for 3 min and freeze-thawed three times with liquid nitro
gen. The lysate was centrifuged to separate the supernatant from the 
precipitate and the supernatant was analyzed by immunoblotting.

2.24. Statistic

Statistical analyses were performed using GraphPad Prism 9.0 
(GraphPad Software Inc., CA, USA). Two-tailed Student’s t-test was used 
to compare the two groups. Overall survival curves were plotted using 

the Kaplan-Meyer method and compared using the log-rank test. Dif
ferences were considered statistically significant at P < 0.05.

3. Results

3.1. MYOF is overexpressed in PDAC and associated with poor prognosis

To explore potential biomarkers and therapeutic targets in pancre
atic cancer, we utilized the TCGA database and the CPTAC protein 
database. In these both databases, 320 differentially expressed genes 
were identified simultaneously at mRNA and protein levels (Fig. 1A and 
Fig. S1A). Among the differentially expressed genes, we focused on 
MYOF. Although the potential involvement of MYOF in PDAC has been 
previously reported, the mechanisms need be further elucidated and the 
translational implication of targeting MYOF strategy remains to be 
explored. As shown, compared to normal tissues, MYOF was signifi
cantly highly expressed in PDAC tissues at mRNA level analyzed from 
TCGA database and at protein level analyzed from CPTAC database 
(Fig. 1B). Consistently, four data cohorts from GEO database showed 
MYOF mRNA upregulation in PDAC (Fig. S1B). The MYOF mRNA and 
protein levels positively correlated with PDAC histological grades pro
gression (Fig. 1C). Furthermore, MYOF expression was also analyzed in 
GSE165399 scRNA-seq (single-cell RNA sequencing) of PDAC. By 
characteristic canonical cell markers, ten major cell types were visual
ized using t-Distributed Stochastic Neighbor Embedding (tSNE), classi
fied as acinar cell, B cell, ductal cell, endothelial cell, fibroblast, 
malignant cell, myeloid cell, plasma cell, stellate cell and T cell (Fig. 1D). 
As shown, MYOF was mainly highly expressed in malignant cells 
(Fig. 1E). The MYOF protein levels in PDAC tissues were higher than that 
in paracancerous tissues (Fig. 1F). Compared to normal pancreatic 
ductal epithelial cells, the high expression of MYOF in PDAC cell lines 
was also confirmed (Fig. 1G). Additionally, MYOF protein not only 
located at lysosomes and proteasomes, but also scattered throughout the 
cytoplasm in PDAC tissues (Fig. 1H and I) and cell lines (Fig. 1J, K and 
Fig. S1C and D). Importantly, the clinical data analysis of PDAC from 
TCGA revealed that patients with higher MYOF expression had a poorer 
prognosis represented as disease free survival and overall survival 
(Fig. 1L). We observed that MYOF is overexpressed in PDAC tissues and 
cell lines, and its expression is associated with poor prognosis, consistent 
with previous findings [11].These results suggest the potential 
involvement of MYOF in PDAC development and progression.

3.2. MYOF promotes PDAC progression

To evaluate the biological functions of MYOF on the malignant 
phenotype of PDAC, we established stable MYOF knockout cell lines 
using CRISPR-Cas9 system (Fig. 2A). The cell proliferation was moni
tored using MTS assays. As shown, MYOF knockout decreased the pro
liferation ability of PDAC cells (Fig. 2B–G and Fig. S2A). The plat colony- 
forming assay and soft-agar colony-forming assay also showed that 
MYOF knockout significantly inhibited the colony-formation ability of 
PDAC cells (Fig. 2C, D and Fig. S2B and C). Thus, the effect of MYOF on 
cell cycle progression was examined. MYOF knockout resulted in in
crease in G0/G1 phase but decrease in G2/M phase (Fig. 2E and 
Fig. S2D). To investigate the effect of MYOF knockout on the invasion of 
PDAC cells, we conducted the transwell assay and indicated that MYOF 
knockout suppressed the invasive ability of PDAC cells (Fig. 2F and 
Fig. S2E). The inhibitory function of MYOF knockout on proliferation, 
cell cycle progression and invasion were confirmed in a mouse PDAC cell 
line Panc02 (Fig. 2G–J and Fig. S2F).

Then, to validate the oncogenic function of MYOF in PDAC cells in 
vivo, we established a sub-cutaneous xenograft assay and a lung 
metastasis model using human and mouse PDAC cell lines with MYOF 
knockout, respectively. MYOF knockout repressed tumor volume 
growth and tumor weight growth in nude mouse (Fig. 2K and L). MYOF 
knockout downregulated ki67 level in xenograft that representing as 
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Fig. 1. MYOF is up-regulated in PDAC tissues and is associated with a poor prognosis. A Venn diagram of TCGA and CPTAC dataset showing 320 co-upregulated 
gene. B The expression of MYOF in TCGA-PAAD dataset and CPTAC-PDAC dataset. C In the TCGA and CPTAC database, the expression of MYOF in pancreatic cancer 
histological grades G2, G3 and G4 was higher than that in G1, and the difference was statistically significant. D The tSNE mapping of MYOF in different cellular taxa 
based on the public single-cell dataset GSE165399. E Violin plot of MYOF distribution across cellular subpopulations. F IHC staining was performed using an antibody 
against MYOF and representative photographs of MYOF in PDAC patients. G MYOF protein and mRNA expression levels in a normal pancreatic cell line and PC cell 
lines. H Immunofluorescence between MYOF (red) and LAMP2 (green) in pancreatic cancer tissue. I Immunofluorescence between MYOF (green) and PSMD4 (red) in 
pancreatic cancer tissue. J Immunofluorescence between MYOF (red) and LAMP2 (green) in pancreatic cancer cell line SW1990. K Immunofluorescence between 
MYOF (red) and PSMD4 (green) in pancreatic cancer cell line SW1990. L The overall survival and the disease-free survival of PDAC patient in MYOF-low or MYOF- 
high expression group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001.
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proliferation marker (Fig. 2M). Similarly, in the lung metastasis model, 
MYOF deletion significantly reduced the lung metastasis ability of 
human PDAC cells in nude mouse (Fig. 2N and O). Additionally, another 
model using immunocompetent C57BL/6 mouse was applied to monitor 
the tumor growth and metastasis ability mediated by MYOF in vivo. The 
suppressive effect of MYOF knockout on tumor growth and metastasis in 
vivo was further confirmed in the immunocompetent model (Fig. 2P and 
Q). These in vitro and in vivo data suggest the oncogenic role of MYOF in 
PDAC.

3.3. MYOF knockout induces ferroptosis in PDAC cells

To explore the molecular mechanisms underlying the oncogenic 
function of MYOF in PDAC, we performed transcriptome sequencing to 
identify differentially expressed genes in PDAC cells with MYOF 
knockout. There were 860 genes downregulated and 2018 genes upre
gulated in PDAC cells with MYOF knockout (Fig. S3A). The GO analysis 
showed that the biological process enrichment terms of downregulated 
DEGs by MYOF knockout were mainly associated with metabolic process 
(Fig. 3A and Fig. S3B). Further GO analysis of molecular function 
enrichment terms showed the DEGs were also associated with protein 
binding, catalytic activity, cation binding and metal ion binding (Fig. 3B 
and Fig. S3C). Because GO analysis DEGs mediated by MYOF knockout 
were involved in regulation of metabolic process and cation and metal 
ion binding, we wondered whether MYOF was involved in ferroptosis. 
Interestingly, Transmission electron microscopy (TME) analysis strongly 
indicated that MYOF knockout promoted mitochondria shrunk with 
elevated membrane density, a typical morphologic feature of ferropto
sis. Thus, MYOF knockout induced ferroptosis in PDAC cells, and espe
cially enhanced the effect of ferroptosis inducer RSL3 treatment 
(Fig. 3C). Additionally, a series of ferroptosis indicators were examined. 
MYOF knockout notably elevated the MDA and cellular oxidation levels 
but decreased the levels of GSH and ratio of GSH/GSSG in PDAC cells 
(Fig. 3D and Fig. S3D–E). Since lipid peroxidation is a key feature of 
ferroptosis, we stained the cells with BODIPY 581/591C11. MYOF 
knockout significantly increased lipid peroxidation induced by RSL3 
(Fig. 3E–F and Fig. S3F). These results suggest MYOF knockout sup
presses PDAC progression maybe via inducing ferroptosis.

3.4. MYOF knockout exerts effects via inhibiting LCN2 expression in 
PDAC cells

As shown above, MYOF knockout induced ferroptosis and MYOF- 
regulated DEGs were involved in metastatic process and metal ion 
binding. Among the DEGs, we focused on LCN2 due to its down
regulation by MYOF knockout in PDAC cells. LCN2 also known as 
neutrophil gelatinase associated lipocalin (NGAL) is an iron-binding 
protein acting as a key suppressor of ferroptosis [16,17]. Here, the 
expression of LCN2 was significantly decreased at both mRNA and 
protein levels upon MYOF knockout (Fig. 4A). MYOF knockout resulting 
into LCN2 downregulation was also validated in xenograft tissues in 
nude mice (Fig. 4B). To determine the oncogenic function of LCN2 in 

PDAC, we constructed LCN2 knockdown in PDAC cells (Fig. S4A). 
Similar to MYOF knockout, LCN2 knockdown effectively inhibited the 
proliferative ability by MTS assay (Fig. S4B) and colon-formation assay 
(Fig. S4C) and invasive capacity (Fig. S4D) and induced G0/G1 phase 
arrest (Fig. S4E) in PDAC cells. Then, whether LCN2 was involved in 
ferroptosis of PDAC cells was determined. Transmission electron mi
croscopy (TME) analysis revealed that LCN2 knockdown promoted 
mitochondria shrunk with elevated membrane density (Fig. S4F). LCN2 
knockdown notably elevated the MDA and Cellular oxidation levels but 
decreased the levels of GSH and the ratio of GSH/GSSG in PDAC cells 
(Fig. S4G). LCN2 knockdown significantly increased lipid peroxidation 
induced by RSL3 (Fig. S4H–I). We then performed rescue experiments to 
determine whether the pro-tumorigenic effect of MYOF in PDAC is 
dependent on LCN2 expression. LCN2 was overexpressed in PDAC cells 
with MYOF knockout (Fig. 4C, Fig. S4J). LCN2 overexpression reversed 
the inhibitive effect of MYOF knockout on proliferation (Fig. 4D and E) 
and invasion ability (Fig. 4F) and cell cycle arrest (Fig. 4G) in human 
PDAC cells. The function of LCN2 was also validated in mouse PDAC 
cells (Fig. S4K–N). Moreover, overexpression of LCN2 reversed the fer
roptosis characteristics induced by MYOF knockout both in human and 
mouse PDAC cells (Fig. 4H–I, Fig.S4O-Q). Expectedly, LCN2 over
expression also disrupted the in vivo tumor growth of PDAC mediated by 
MYOF knockout (Fig. 4J). Additionally, ectopic LCN2 expression also 
led to xenograft regrowth of mouse PDAC cells with MYOF knockout in 
immunocompetent C57BL/6 mouse (Fig. S4R–S). These results suggest 
MYOF exerts its tumor promotive role via preventing ferroptosis by 
upregulating LCN2 expression.

3.5. MYOF maintains LCN2 mRNA stability via ILF3 in PDAC cells

To investigate whether MYOF regulates LCN2 mRNA expression at 
transcriptional level or at post-transcriptional level, the actinomycin D 
was used to block de novo transcription. Under actinomycin D treat
ment, MYOF knockout still led to LCN2 mRNA decrease (Fig. 5A and 
Fig. S5A). To identify factors involved in LCN2 mRNA stability, first the 
potential RNA binding proteins (RBPs) targeting LCN2 mRNA were 
predicted using the online software (RBPsuite) and 223 RBPs were 
predicted (Fig. S5B). Then, MYOF protein was immunopurified in PDAC 
cells, followed by tandem-mass-tag mass spectrometry analysis (IP-MS) 
to identify MYOF-interacted proteins (Fig. 5B). There were 128 proteins 
potentially interacting with MYOF in PDAC cells were identified 
(Supplementary Table S4). Further analysis showed six proteins were 
identified in both bioinformatics prediction data and IP-MS data 
(Fig. 5C). Among the six proteins, we focused on IFL3 that is a well- 
known RNA binding protein maintaining mRNA stability. The binding 
between LCN2 mRNA and ILF3 protein was predicted using the online 
software (RBPsuite) (Fig. 5D). Further analysis showed ILF3 expression 
was positively correlated with LCN2 expression in PDAC (Fig. S5C). We 
employed RNA immunoprecipitation (RIP) combined with RT-qPCR, 
using IgG antibody as negative control and SnRNP70 as positive con
trol, to successfully validate the specific binding between ILF3 protein 
and LCN2 mRNA in PDAC cells (Fig. 5E). To further confirm this 

Fig. 2. MYOF promotes PDAC progression. A Western blot analysis of SW1990 PANC-1 and Panc02 stably transfected with MYOF knockdout lentiviruses and control 
lentiviruses. Total β-actin was used as a loading control. B The proliferation rate of SW1990 measured by MTS assay. C The colony formation assay. Left panel: 
representative images, right panel: quantification analysis. D Soft agar assays of PDAC cells. E Cell cycle changes were demonstrated by flow cytometry in SW1990 
cell lines following the knockout of MYOF. F Transwell migration assays were performed to assess migration ability of MYOF-knockout stable cell lines. Repre
sentative images (left panel) and quantification (right panel) are shown as indicated. Data from independent experiments are presented as the mean ± SD. G The 
proliferation rate of Panc02 measured by MTS assay. H The colony formation assay. Left panel: representative images, right panel: quantification analysis. I Transwell 
migration assays. J Cell cycle assay. K Images of subcutaneous xenografts from mice in the MYOF KO and NC groups. n = 5. L Tumor volume growth curve and tumor 
weight scatter plot of subcutaneous xenograft. M The IHC staining of Ki67, MYOF in xenografted tumors. N Left: corresponding images of the lungs after injection of 
SW1990 cells by tail vein; images taken 10 weeks after injection. Right: statistical significance of the metastasis nodules number assessed by paired t-test. O Left: 
corresponding images of the lungs after injection of Panc02 cells by tail vein; images taken 3 months after injection. Right: statistical significance of the metastasis 
nodules number assessed by paired t-test. P The xenografted PDAC tumors in C57BL/6 mice. n = 5; The tumor volume quantification; The tumor weight quanti
fication. Q Left: corresponding images of the lungs after injection of Panc02 cells by tail vein; images taken 3 months after injection. Right: statistical significance of 
the metastasis nodules number assessed by paired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 3. MYOF knockout induces ferroptosis in PDAC cells. A GO enrichment analysis was performed to predict the downstream biological processes of MYOF. B GO 
enrichment analysis was performed to predict the downstream molecular function of MYOF. C Transmission electron microscopy images. D Levels of malondial
dehyde (MDA), cellular oxidation (%) and glutathione (GSH) in control and MYOF knockout PDAC cells. n = 3. E-F The confocal laser scanning microscopy images of 
C11-BODIPY581/591-stained SW1990 and PANC-1 cells after treatment with different formulations. Scale bar = 50 μm *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001.
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Fig. 4. MYOF knockout exerts effects via inhibiting LCN2 epxression in PDAC cells. A Gene abundance and protein levels of LCN2 after knockdown of MYOF. B The 
IHC staining of LCN2 in xenografted tumors. C Western blot analysis of LCN2 overexpression in stable knockout MYOF cell lines. D The proliferation rate of PDAC 
cells measured by MTS assay. E The colony formation assay. Left panel: representative images, right panel: quantification analysis. F Transwell migration assays. G 
Cell cycle assay. H Transmission electron microscopy images. I Malondialdehyde (MDA), cellular oxidation (%), Glutathione (GSH) levels and Ratio of GSH/GSSG in 
cells. n = 3. J Images of subcutaneous xenografts from Nude mice. n = 5; Tumor volume growth curves; Tumor weight scatter plot for subcutaneous xenografts. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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interaction, we obtained mutually corroborative results through chro
matin isolation by RNA purification (ChIRP) assay and WB analysis 
(Fig. 5F). The ChIRP experiments conducted in SW1990 cell line 
demonstrated that, compared with the negative control LacZ probe, the 
LCN2-specific probe could significantly enrich LCN2 mRNA (p < 0.01) 
and selectively capture ILF3 protein. WB analysis further confirmed the 
existence of this specific interaction. These results consistently demon
strate from multiple experimental perspectives that LCN2 mRNA and 

ILF3 protein form stable RNA-protein complexes in PDAC cells. Inter
estingly, ILF3 knockdown downregulated LCN2 mRNA and protein level 
(Fig. 5G and H) and also decreased LCN2 mRNA stability (Fig. 5I). 
Expectedly, MYOF knockout led to decrease of ILF3 at protein level 
(Fig. 5J and Fig. S5D). Whereas, MYOF knockout even increased ILF3 
mRNA level in PDAC cells (Fig. 5K and Fig. S5E) implying negative 
feedback regulation due to protein decrease. Additionally, MYOF 
knockout resulting into decrease of ILF3 protein level was also validated 

Fig. 5. MYOF knockout exerts effects via inhibiting LCN2 epxression in PDAC cells. A RT-PCR of LCN2 in PDAC cells from MYOF-knockout group and control groups 
by actinomycin D treatment (5 μg/mL) over time. B Silver staining of IP cell lysates. C Wayne diagram of RBPs and MYOF-interacting proteins; D Fold-out plots 
showing the binding scores of ILF3 protein to each fragment of LCN2 mRNA. E Research reveals that ILF3 interacts with LCN2 mRNA, as evidenced by RNA 
immunoprecipitation (RIP) experiments conducted in SW1990 and PANC-1 cells. Anti-ILF3 antibodies were employed for targeted detection, while anti-SNRNP70 
(positive control) and anti-IgG (negative control) were used as comparative controls. Following this, RT-qPCR was carried out with primers designed for the specific 
mRNA. The relative enrichment of RIP-isolated mRNA compared to input samples was quantified, with outcomes expressed as mean ± SD. F Through ChIRP ex
periments, the enrichment of LCN2 mRNA and the pull-down efficiency of ILF3 protein in SW1990 cells were detected using an LCN2-targeting probe compared to a 
negative control LacZ probe. G QRCR to verify the transcript levels of LCN2 after interference with ILF3. H WB to verify the expression of relevant genes after 
interference with ILF3 in pancreatic cancer cell lines. I RT-PCR results of LCN2 changes over time in PDAC cells before and after interference with ILF3 by acti
nomycin D treatment (10 μg/mL). Data were expressed as mean ± SD. J, K WB and qPCR verified the transcription and translation levels of ILF3 after MYOF 
knockout. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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in xenograft tissues in nude mice (Fig. 5L and Fig. S5F). These results 
suggest that MYOF maintains ILF3 protein stability which hence main
tains LCN2 mRNA stability in PDAC cells.

3.6. MYOF recruits OTUB1 to inhibit ILF3 ubiquitination degradation

Given that MYOF knockout decreased ILF3 expression at protein 
level but even increased at mRNA level, we wondered to explore how 
MYOF maintains ILF3 protein level in PDAC cells. After treating the 
PDAC cells with cycloheximide (CHX) which blocked the protein syn
thesis to study the effect of MYOF on ILF3 protein turnover, we found 
that MYOF knockout significantly reduced the half-life of ILF3 protein in 
PDAC cells (Fig. 6A and Fig. S6A). On the other hand, the decrease in 
ILF3 protein caused by MYOF knockout was reversed by treatment of the 
proteasome inhibitor, MG132 (Fig. 6B and Fig. S6B). MYOF knockout 
enhanced the ubiquitination level of ILF3 protein, indicating MYOF 
promoted deubiquitination of ILF3 protein in PDAC cells (Fig. 6C). Thus, 
we wondered how MYOF regulates ubiquitination modification of ILF3 
protein. MYOF protein was immunoprecipitated from PDAC cells 
(Fig. 5B) and the interacting proteins with MYOF were analyzed using 
mass spectrometry (Supplementary Table S4). Among the potential 
proteins, except ILF3, we focused on OTUB1 which acts as a deubiqui
tinating enzyme. Then, the ILF3 and OTUB1 protein were detected in the 
immunoprecipitation with MYOF antibody, indicating the association 
between MYOF and ILF3 and between MYOF and OTUB1 (Fig. 6D). To 
wonder whether MYOF mediated the interaction between ILF3 and 
OTUB1, first the protein structure (Fig. S6B) and the association be
tween these three proteins were predicted by online software. The 
predicted interaction free energy between proteins indicated the po
tential direct interaction between MYOF and OTUB1 and between MYOF 
and ILF3, but not between OTUB1 and ILF3 (Fig. 6E and Fig. S6D). 
LIGPLOT was used to map the “eyelash figure” of protein-protein in
teractions (Fig. S6E), showing the potential binding domains between 
MYOF, OTUB1 and ILF3.Then, the immunoprecipitation was performed 
in PDAC cells with MYOF knockout or negative control. The reciprocal 
co-immunoprecipitation showed strong association between ILF3 and 
OTUB1 in PDAC cells, but MYOF knockout weakened this association 
(Fig. 6F). Furthermore, OTUB1 knockdown decreased ILF3 protein level 
accompanied with decrease of LCN2 expression (Fig. 6G). After treating 
the PDAC cells with cycloheximide (CHX) which blocked the protein 
synthesis to study the effect of OTUB1 on ILF3 protein turnover, we 
found that OTUB1 knockdown significantly reduced the half-life of ILF3 
protein in PDAC cells (Fig. 6H). OTUB1 knockdown enhanced the 
ubiquitination of ILF3 protein in PDAC cells (Fig. 6I). To elucidate the 
role of OTUB1 in pancreatic ductal adenocarcinoma (PDAC), we 
knocked down the expression level of OTUB1 in both the control and 
MYOF knockout groups (Fig. 6J). We found that knocking down OTUB1 
in the control group caused a significantly larger change in ILF3 ubiq
uitination levels compared to the changes observed in the MYOF 
knockout group (Fig. 6K). Additionally, knocking down OTUB1 in the 
control group had a significantly stronger inhibitory effect on tumor 
growth compared to the effects observed in the MYOF knockout group. 
These results suggest that MYOF acts as a scaffold to prevent ILF3 
ubiquitination degradation by OTUB1 in PDAC cells.

3.7. Targeting MYOF by picroside II suppresses PDAC progression

Because of the critical function of MYOF in PDAC progression, here 
we used Autodock software for batch screening of small molecule in
hibitors from the Anti-tumour Compound Library (https://www.selleck. 
cn/index.html). Later, based on the analysis of binding energy and 
number of hydrogen bonds binding, the binding between Picroside II (P- 
II) and MYOF protein was visualized by PyMOL software (Fig. 7A). The 
cellular thermal shift assay (CETSA) as a method to assess the binding 
affinity of drugs to targeted proteins in cells based on thermal stabili
zation of target proteins after binding by their ligands, was performed to 

validate the direct binding of P-II to MYOF in PDAC cells. PDAC cells 
treated with P-II were collected, lysed and heated. In comparison with 
the control treatment, P-II treatment led to a markedly increased ther
mal stability of MYOF protein at different temperatures (Fig. 7B). Then, 
a series of experiments were employed to validate the effect of P-II on 
PDAC cells. P-II treatment effectively inhibited the proliferation ability 
(Fig. 7C) and invasion (Fig. 7D) in vitro. P-II treatment also inhibited 
PDAC tumor growth in vivo (Fig. 7E and F). Then, the effect of P-II on 
MYOF protein was determined. P-II treatment decreased protein levels 
of MYOF and its downstream effector ILF3 and LCN2, but not its partner 
OTUB1 (Fig. 7G). Moreover, Bafa1 but not MG132 treatment could 
reverse picroside II treatment induced MYOF decrease (Fig. 7H). 
Moreover, Bafa1 but not MG132 treatment could reverse picroside II 
treatment-induced MYOF decrease (Fig. 7H). This suggests that the 
reduction in MYOF protein levels induced by picroside II is likely 
mediated through autophagy rather than the proteasome degradation 
pathway, as Bafa1 (an autophagy inhibitor) effectively reversed the 
decrease, while MG132 (a proteasome inhibitor) did not show a similar 
effect. Transmission electron microscopy (TEM) analysis revealed that 
P-II promotes mitochondrial contraction and enhances membrane den
sity, additionally boosting the effectiveness of the ferroptosis inducer 
RSL3 (Fig. S7A). P-II significantly increases the levels of malondialde
hyde (MDA) and cellular oxidation in PDAC cells, while concurrently 
decreasing the levels of GSH and the ratio of GSH/GSSG (Fig. S7B). P-II 
significantly increased lipid peroxidation induced by RSL3 (Fig. S7C–D). 
These results suggest Picroside II would be a potential MYOF inhibitor 
suppressing PDAC progression.

4. Discussion

In this study, we confirmed MYOF overexpression in PDAC using a 
series of online datasheet and found that MYOF deletion inhibited PDAC 
progression. MYOF knockout induced ferroptosis via downregulating 
LCN2 mRNA level post-transcriptionally. Moreover, MYOF acts as a 
molecular scaffold to mediate the indirect association between ILF3 and 
OTUB1, resulting into inhibition of ILF3 protein degradation. ILF3 binds 
to LCN2 mRNA and maintains its mRNA stability. Importantly, we 
screened and identified compound Picroside II potentially targeted 
MYOF to suppress PDAC progression. Our study yields several new in
sights in the role and mechanism of MYOF in PDAC and provides a novel 
therapy strategy by targeting MYOF.

First, MYOF overexpression in PDAC was confirmed by bioinfor
matics analysis and experimental validation. MYOF has been demon
strated to play a critical role in maintaining lysosomal integrity in PDAC, 
protecting cells from membrane stress and supporting tumor growth 
[11]. However, upon detection in PDAC tissue samples and cell lines, 
MYOF protein was found to be scattered throughout the cytoplasm 
rather than limited to mitochondria or lysosome as reported [10,11]. 
This discovery prompts us to wonder if MYOF has additional functions 
and mechanisms. We further found that MYOF deletion inhibited PDAC 
progression in vitro and in vivo and induced ferroptosis. Mechanisti
cally, MYOF acts as a molecular scaffold facilitating OTUB1-ILF3 
interaction to prevent ILF3 ubiquitination and degradation, revealing 
its novel role in protein stability regulation. Given MYOF’s ability to 
maintain lysosomal integrity, its role in ferroptosis resistance may be 
attributed to its stabilization of lysosomal membranes, preventing the 
release of iron and cellular oxidation levels, which are key triggers of 
ferroptosis. In this study, MYOF knockout led to increased cellular 
oxidation levels and lipid peroxidation, further validating its association 
with ferroptosis. This suggests that MYOF’s lysosomal function not only 
supports nutrient recycling and tumor growth but also protects cells 
from ferroptosis by maintaining intracellular iron homeostasis and 
preventing oxidative stress. The dual regulatory capacity of MYOF in 
both lysosomal membrane repair and protein stability establishes an 
integrated mechanism driving PDAC progression and ferroptosis 
resistance.
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Fig. 6. MYOF recruits OTUB1 to inhibit ILF3 ubiquitination degradation. A Degradation of ILF3 protein was detected in PDAC cells after treatment of CHX at the 
indicated time points; B Western blot analysis of ILF3 expression after 6h treatment with 10 μM MG132; C ILF3 ubiquitylation was analyzed by immunoprecipitation 
using an anti-ILF3 antibody and immunoblotting was carried out with anti-Ub antibody; D Immunoprecipitation by using anti-MYOF antibody and immunoblotting 
with anti ILF3 and anti-OTUB1 antibodies; E Predicting binding complex models for MYOF, OTUB1 and ILF3 using the GRAMM online protein docking tool; F 
Immunoprecipitation was performed and detected by immunoblotting using anti-ILF3 or anti-OTUB1 antibodies; G After interfering with OTUB1, Western blot 
analysis of ILF3 expression after 6h treatment with 10 μM MG132. H. After interfering with OTUB1, degradation of ILF3 protein was detected after treatment of CHX 
at the indicated time points. I Cells from both the interfering OTUB1 and control groups were immunoprecipitated using an anti-ILF3 antibody. The resulting samples 
were analyzed for ILF3 ubiquitination and then immunoblotted with an anti-Ub antibody. J The Western blotting analysis identified the expression levels of OTUB1 
in SW1990 and PANC-1 cells following OTUB1 knockdown. K The cells in each group were immunoprecipitated with anti-ILF3 antibody. The samples were then 
analyzed for ILF3 ubiquitination by Western blotting with anti-UB antibodies. L Images of subcutaneous xenografts from Nude mice. n = 5; Tumor volume growth 
curves; Tumor weight scatter plot for subcutaneous xenografts. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Fig. 7. Targeting MYOF by Picroside II suppresses PDAC progression. A AutoDock Vina software was applied to predict the molecular docking of MYOF with 
Picroside II; B The binding affinity of MYOF with Picroside II was evaluated and verified by the CETSA method, and the melting curves were fitted with Boltzmann 
stype GraphPad. C MTS proliferation assay to detect the proliferative ability of cells in Picroside II-treated and untreated groups; D Transwell migration assay. E 
Images of subcutaneous xenografts from mice in Picroside II-treated and untreated groups. F Tumour growth curves of mice in Picroside II-treated and untreated 
groups; Tumour weights of Picroside II-treated and untreated groups of mice. G Expression of MYOF, ILF3, OTUB1, LCN2 after Picroside II treatment. H WB assay to 
detect whether Bafa1 or MG132 can reverse Picroside II’s effect on MYOF effect of Picroside II. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Second, LCN2 also referred to as neutrophil gelatinase-associated 
lipocalin (NGAL), is a secreted glycoprotein initially identified in 
sequestering iron to combat bacterial infection by preventing bacterial 
iron acquisition [18]. LCN2, a key iron-binding protein, has been widely 
implicated in ferroptosis regulation across diverse disease models. Fer
roptosis, characterized by iron-dependent lipid peroxidation, is modu
lated by LCN2 through its role in iron homeostasis and antioxidant 
defense. For instance, Liu et al. demonstrated that LCN2 depletion 
mimics NUPR1 deficiency in inducing ferroptosis [19], while its 
re-expression restores resistance to ferroptosis. Yao et al. further 
revealed that LIFR deficiency upregulates LCN2 via NF-κB activation 
[16], reducing sensitivity to ferroptosis inducers, whereas 
LCN2-neutralizing antibodies enhance sorafenib efficacy in hepatocel
lular carcinoma. Chaudhary et al. reported that LCN2 suppresses fer
roptosis by reducing intracellular iron levels and stimulating glutathione 
peroxidase 4 (GPX4) and xCT expression [20]. Additionally, Jiang et al. 
highlighted HNRNPA2B1-mediated m6A modifications of FOXM1 as a 
mechanism to upregulate LCN2, conferring ferroptosis resistance in 
endometrial cancer [21]. These findings collectively underscore LCN2’s 
dual role in iron sequestration and redox balance, positioning it as a 
critical regulator of ferroptosis and a potential therapeutic target in 
cancers, including PDAC. LCN2 is highly expressed in various cancer 
types and can confer cancer progression by promoting cancer cell sur
vival, growth and metastasis. In colorectal cancer, high LCN2 expression 
is correlated with tumorigenesis and poor prognosis [22]. LCN2 inter
acted with and stabilizes integrin β3 protein to activate the SRC/AK
T/ERK signaling mediating 5-fluorouracil resistance [23]. LCN2 was 
reported to be consistently linked with invasive breast cancer and poorer 
survival by inducing EMT (epithelial to mesenchymal transition) and 
maintaining poorly differentiated phenotype through the ERalpha/Slug 
axis [24]. LCN2 was also involved in SASP-induced breast cancer cells 
plasticity resulting in increased proliferation, migration and EMT, but 
decreased response to chemotherapy [25]. Additionally, cancer cells 
express LCN2 and its receptor SCL22A17 to promote leptomeningeal 
metastasis by iron-binding sequestration property [26]. LCN2 from 
granulocyte induced inflammatory activation of astrocytes, facilitating 
myeloid cell recruitment and cancer brain metastasis [27].

Third, LCN2 overexpression was mainly regulated by mRNA stability 
post-transcriptionally in PDAC cells. Unlike function exploration, the 
studies on regulation of LCN2 expression are still limited. In chemo
resistant colorectal cancer cells LCN2 was upregulated by LCN2 pro
moter demethylation [23]. Here, we found MYOF knockout led to 
decreased stability of LCN2 mRNA via decrease of ILF3 protein. ILF3 
(interleukin enhancer-binding factor 3), also referred as nuclear factor 
NF90/NF110, encodes a double-stranded RNA (dsRNA)-binding protein. 
ILF3 participates in diverse cellular functions such as mRNA stabiliza
tion, translation regulation and noncoding RNA biogenesis through 
binding to different cellular RNAs with other proteins [28]. ILF3 is 
highly expressed in a broad spectrum of cancer types. ILF3 has been 
reported to increase cyclin E1 mRNA stability to regulate the cell cycle of 
hepatocellular carcinoma cells [29] and to promote oral squamous cell 
carcinoma growth [30]. About the regulation of ILF3 itself, it has been 
reported that EGF-MEK-ERK pathway phosphorylated ILF3 to hinder E3 
ligase speckle-type POZ protein (SPOP)-mediated ubiquitination and 
degradation [31]. In esophageal cancer, lncRNA MALR interacted with 
ILF3 and promoted ILF3 protein stability leading to HIF1α mRNA sta
bility [32]. The regulation and function of ILF3 in cancer is emerging, 
but remains elusive.

Fourth, MYOF recruits OTUB1 to inhibit ubiquitination and degra
dation of ILF3 protein. Here, we found that MYOF knockout led to 
decrease of ILF3 expression at protein level but not mRNA level. MYOF 
deletion enhanced the ubiquitination of ILF3 protein. The MYOF inter
acting proteins involved in ILF3 ubiquitination was explored by CoIP- 
mass spectrometry analysis and OTUB1 was selected for further study. 
Ubiquitination is a post-translational modification of proteins that reg
ulates their stability and degradation. Deubiquitinating enzymes belong 

to the proteasome superfamily. OTUB1 is a core member of the ovarian 
tumor domain protease (OUT) subfamily of deubiquitinases that blocks 
ubiquitination resulting into protein stability involved in many physi
ological and pathological processes [33]. OTUB1 as an oncogene stabi
lizes several critical oncoproteins to modulate tumorigenesis, invasion, 
metastasis and therapy response in multiple cancer types. OTUB1 deu
biquitinates and stabilizes MYC protein contributing to HK2 mediated 
glycolysis and breast tumorigenesis [34], SLC7A11 and GPX4 proteins 
inhibiting ferroptosis and promoting cancer metastasis [35,36]. Dis
rupting the interaction of OTUB1 and c-Maf led to c-Maf degradation 
and c-Maf-expressing multiple myeloma cell apoptosis [37]. Here, we 
found OTUB1 enhanced ILF3 ubiquitination and degradation in PDAC 
cells. Our further findings suggested MYOF acts as a molecular scaffold 
to recruit both OTUB1 and ILF3 protein finally relieving ILF3 ubiquiti
nation modification and subsequent LCN2 mRNA stability in PDAC cells.

Fifth, we screened a natural compound targeting MYOF to inhibited 
PDAC progression. Given the important function of MYOF in PDAC cells, 
targeting MYOF will provide a new strategy for PDAC treatment. 
Recently, the small molecule inhibitor targeting MYOF is being intently 
explored. Zhang et al. first reported WJ460 is a MYOF inhibitor that 
inhibits breast cancer progression in vivo model [38]. Due to poor 
metabolic stability and water solubility, based on WJ460 Gu et al. 
developed another MYOF inhibitor E4 with the water solubility 
improved by about 22-times than that of WJ460 [39]. It is well known 
that it will take a long period to develop a new protein targeting small 
molecule inhibitor with specific and effective druglike ability. Thus, we 
prompted to screen a MYOF targeting compound with druglike property 
and focused on Picroside II (P-II) because of its safety in clinical use. P-II 
is a flavonoid compound that extracted from the well-known traditional 
Chinese medicinal herb, Picrorhiza kurroa. This herb has been conven
tionally used for the treatment of liver and respiratory disorders, chronic 
fever and asthma [40,41]. P-II is one of the most effective components 
extracted from this herb. Many pharmacological effects of P-II have been 
reported, including hepatoprotective, anti-inflammatory and neuro
protective activities [42]. The anti-cancer effect of P-II is also emerging 
[43,44]. Here, we demonstrated P-II inhibited PDAC progression and 
identified P-II would bind to MYOF resulting into decrease of MYOF 
protein level and downstream signaling, suggesting P-II would target 
MYOF in PDAC cells. Although previous studies have shown that Pic
roside II has antioxidant activity [45,46], its mechanism of action in 
PDAC may be more complex. Our study found that Picroside II targets 
the MYOF protein, inducing its degradation via the autophagy pathway, 
thereby inhibiting PDAC progression. This mechanism of action does not 
contradict its traditional antioxidant activity; on the contrary, it may 
reflect the pleiotropic effects of Picroside II in different cellular envi
ronments. Notably, Picroside II treatment did increase oxidative stress in 
PDAC cells, which is consistent with the ferroptosis phenotype induced 
by MYOF knockout. This seemingly contradictory phenomenon may 
arise from the specific inhibitory effect of Picroside II on MYOF, leading 
to the downregulation of LCN2 expression, which in turn disrupts 
cellular iron homeostasis and the antioxidant defense system. This 
finding is consistent with the study by Hayes JD et al., which found that 
certain compounds can induce ferroptosis by targeting specific proteins, 
independent of their inherent antioxidant properties [47].Whereas, 
Bafa1 but not MG132 would reverse P-II induced MYOF protein 
decrease, implying P-II targets MYOF to autophagy mediated protein 
degradation. The detailed molecular mechanisms will be explored in our 
further studies.

In summary, our study indicates a new MYOF/OTUB1-ILF3/LCN2 
signal pathway operated in PDAC. This signaling is essential for main
tenance of aggressive behaviors of PDAC. Our study also identifies a 
natural compound P-II with druglike ability targeting MYOF exerting 
potential anti-cancer effect in PDAC.
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