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A B S T R A C T   

FBW7 functions as a tumor suppressor by targeting oncoproteins for degradation. Our previous study found 
FBW7 was low expressed in pancreatic cancer due to sustained activation of Ras-Raf-MEK-ERK pathway, which 
destabilized FBW7 by phosphorylating at Thr205. MicroPET/CT imaging results revealed that FBW7 substan
tially decreased 18F-fluorodeoxyglucose uptake in xenograft tumors. Mechanistically, FBW7 inhibited glucose 
metabolism via c-Myc/TXNIP axis. But in these studies, we observed FBW7 down-regulated genes were widely 
involved in redox reaction and lipid metabolism. Here we reanalyzed previous gene expression profiling and 
conducted targeted cell metabolites analysis. Results revealed that FBW7 regulated lipid peroxidation and 
promoted ferroptosis, a non-apoptotic form of cell death. Mechanistically, we found FBW7 inhibited the 
expression of stearoyl-CoA desaturase (SCD1) via inhibiting nuclear receptor subfamily 4 group A member 1 
(NR4A1). SCD1 was reported to inhibit both ferroptosis and apoptosis, which was consistent with the function of 
FBW7 and NR4A1, another FBW7 down-regulated gene in the gene expression profiling. Moreover, FBW7 
potentiated cytotoxic effect of gemcitabine via activating ferroptosis and apoptosis. Combination ferroptosis 
inducers and apoptosis activators could also significantly potentiated cytotoxic effect of gemcitabine in 
pancreatic cancer. Therefore, our findings might provide new strategies for the comprehensive treatment of 
pancreatic cancer.   

1. Introduction 

Pancreatic cancer ranks the fourth leading cause of cancer death in 
the USA [1]. Surgical resection is the only chance to cure pancreatic 
cancer, but due to later diagnosis, most patients lost the chance of sur
gical excision. Moreover, pancreatic cancer responds poorly to most 
chemotherapeutic agents [2]. Hence, it is urgent to understand the 
biological mechanisms and molecular mechanisms to find new strategies 
for the comprehensive treatment of pancreatic cancer. 

FBW7 (F-box and WD repeat domain-containing 7) is the substrate 
recognition component of the Skp1-Cul1-F-box (SCF) ubiquitin ligase 

complex and targets various oncoproteins for degradation, including 
MYC, cyclin E, Notch and JUN. Furthermore, loss of FBW7 function 
leads to chromosomal instability and tumorigenesis [3]. FBW7 gene is 
one of the most frequently mutated genes in human cancers [4]. How
ever, in our previous studies, sequencing analysis revealed that fewer 
than 2% of pancreatic cancer samples harbored FBW7 mutations. 
Nonetheless, we found FBW7 was low expression in most pancreatic 
cancer samples. Mechanistically, we found that ERK kinase phosphor
ylated FBW7 at the T205 site, which caused destabilization of FBW7 in 
pancreatic cancer [5]. Functionally, we detected that FBW7 negatively 
regulated glucose metabolism in pancreatic cancer. With gene 
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expression profiling, we further confirmed that FBW7 regulated glucose 
metabolism via c-Myc/TXNIP axis [6]. However, we noticed that in gene 
expression profiling, FBW7 down-regulated genes were widely involved 
in redox reaction and lipid metabolism. Hence, FBW7 might regulate 
lipid peroxidation. 

Ferroptosis is an iron-dependent form of non-apoptotic cell death, 
which is characterized by lipid peroxidation [7]. Emerging evidence 
shows ferroptosis is the nexus between metabolism, redox biology, and 
human health. Fortunately, triggering ferroptosis exhibited great po
tential for cancer therapy, particularly for eradicating aggressive ma
lignancies that responded poorly to traditional therapies [8,9]. 
Ferroptosis has a long-standing relationship with RAS mutation. Origi
nally, Brent R. Stockwell screened small molecules that could specif
ically kill RAS mutant cancer cells. They detected that the death 
triggered by some small molecules, such as erastin and RAS-selective 
lethal 3 (RSL3), was an iron-dependent, non-apoptotic form of cell 
death [10,11]. Coincidentally, approximately 95% of pancreatic tumors 
possess KRAS gene mutation [12]. However, the study concerning fer
roptosis in pancreatic cancer is insufficient. We previously reported 
FBW7 was inhibited by Ras–Raf–MEK–ERK pathway [6]. Furthermore, 
gene expression profiling indicated FBW7 might involve in lipid per
oxidation. Hence, we speculated FBW7 could regulate ferroptosis in 
pancreatic cancer. 

Previously, FBW7 was reported to promote apoptosis in various cells 
[13,14]. Furthermore, FBW7 had potential in regulating the sensitivity 
to chemotherapeutics [15,16]. Gemcitabine is the cornerstone for the 
comprehensive therapy of pancreatic cancer. But due to pancreatic 
cancer cells readily acquired the ability to mitigate gemcitabine-induced 
apoptosis, gemcitabine resistance developed within weeks of chemo
therapy initiation [17]. Ferroptosis is a non-apoptotic cell death. 
Emerging evidence shows ferroptosis has enormous potential in 
cancer-acquired drug resistance [8,18,19]. Hence, it is reasonable to 
speculate that the combination of ferroptosis and apoptosis enhances the 
lethality to cancer cells. 

In this study, we investigated the impact of FBW7 on ferroptosis in 
pancreatic cancer. We found FBW7 could activate both ferroptosis and 
apoptosis. Mechanistically, FBW7 exerted these effects by inhibiting the 
expression of NR4A1 and SCD1, which could also induce both ferrop
tosis and apoptosis. Eventually, FBW7 powerfully potentiated cytotoxic 
effect of gemcitabine in pancreatic cancer. Since some small molecules 
that specifically target FBW7-NR4A1-SCD1 axis, ferroptosis and 
apoptosis has exhibited potential clinical application value, our findings 
might provide new strategies for the comprehensive treatment of 
pancreatic cancer. 

2. Materials and methods 

2.1. Cell culture 

The human pancreatic cancer cell lines PANC-1 and SW1990 were 
obtained from the American Type Culture Collection (ATCC), and were 
authenticated by DNA fingerprinting in 2015 and passaged in our lab
oratory fewer than 6 months after their receipt. PANC-1 cells were 
cultured in dulbecco’s modified eagle medium (DMEM) (Hyclone) 
supplemented with 10% FBS (Wisent). SW1990 cells were cultured in L- 
15 medium supplemented with 10% FBS. All of the cell culture media 
contained 100 U/mL penicillin and 100 mg/mL streptomycin. 

2.2. Chemicals 

Ferroptosis inducer, RSL3 and erastin, and ferroptosis inhibitor, 
ferrostatin-1 (Fer-1), were purchased from selleckchem. Ferroptosis 
inducer, FIN56, was purchased from MedChemExpress. Other reagents 
used in this article: CAY10566, Z-VAD-FMK, oleic acid, palmitoleic acid, 
DIM-C-pPhOH, gemcitabine were purchased from MedChemExpress. 

2.3. Cell viability and cell death 

Cells (3 × 103) were seeded in 96 well plates and treated with cor
responding chemicals. After incubation for 48–72 h, cell viability was 
assessed using calcein-AM (beyotime) and detected by synergy H4 
(BioTek). Furthermore, cell death was assessed using propidium iodide 
(beyotime) analysis by FACS (Beckman Coulter). 

2.4. Plasmids 

The coding sequences of human FBW7, the relevant T205A or R465H 
mutant FBW7, or coding sequences of human SCD1 were cloned into the 
lentiviral vector pCDH-CMV-MCS-EF1-puro (SBI, USA) to generate 
FBW7 or SCD1 expression plasmids. 

2.5. siRNA treatments 

siRNA duplexes against FBW7 or NR4A1 were transfected into 
pancreatic cancer cells using Lipofectamine 2000 (Invitrogen). The 
siRNA duplex sense sequences were as follows: 

si-FBW7-1: 5’-ACCTTCTCTGGAGAGAGAAATGC-3’; 
si-FBW7-2: 5’-GTGTGGAATGCAGAGACTGGAGA-3’; 
si-NR4A1-1: 5’-CAGTGGCTCTGACTACTAT-3’; 
si-NR4A1-2: 5’-GAAGGAAGTTGTCCGAACA-3’; 

2.6. Western blot 

Western blotting was carried out as previously described [5]. Briefly, 
whole-cell protein lysates were extracted and then were separated by 
SDS-PAGE and blotted onto polyvinylidene fluoride membranes (Bio-
Rad). After blocking, the membranes were incubated with correspond
ing antibodies: FBW7 antibody (Bethyl), SCD1 antibody (Cell Signaling 
Technology), NR4A1 antibody (Abcam), NR4A2 antibody (Abcam), 
β-actin (Proteintech). Next, the membranes were probed with secondary 
antibodies conjugated to HRP (Proteintech). Finally, immunoblots were 
incubated with an enhanced chemiluminescence detection kit (Milli
pore) and visualized by imaging systems (CLiNX). 

2.7. RNA isolation and quantitative real-time PCR 

Briefly, total RNA was extracted using TRIzol reagent (Invitrogen, 
USA). cDNA was obtained by reverse transcription using TaKaRa Pri
meScript RT reagent Kit. Quantitative real-time PCR was conducted by 
an ABI 7900HT Real-Time PCR system (Applied Biosystems, USA). 
Primers used as follows, human FBW7: 5’-CCA CTG GGC TTG TAC CAT 
GTT-3’ (forward), 5’-CAG ATG TAA TTC GGC GTC GTT-3’ (reverse); 
human SCD1: 5’-AAA CCT GGC TTG CTG ATG-3’(forward), 5’- GGG 
GGC TAA TGT TCT TGT CA-3’ (reverse); human NR4A1: 5’- CTG AGT 
CAA GAA ACC AAG GCT-3’(forward), 5’-TCT GCA GCA TTT CTC CCA 
TCC-3’ (reverse); human NR4A2: 5’-GGT CCC TTT TGC CTG TCC A-3’ 
(forward), 5’- TGG CTT CAG CCG AGT TAC AG-3’ (reverse); human 
β-actin: 5’-CTA CGT CGC CCT GGA CTT CGA GC-3’ (forward), 5’-GAT 
GGA GCC GCC GAT CCA CAC GG-3’ (forward). 

2.8. Chromatin immunoprecipitation assay 

Chromatin immunoprecipitation (ChIP) assays were conducted using 
the EZ-ChIP Kit (Millipore) according to the manufacturer’s protocol. 
Primers to detect SCD1 promoter occupancy were listed as follows, 
Primer 1: 5’-GGT GGC TCA TGC CTG TAA TCC-3’ (F), 5’-TCT CGC TTC 
ACT GCA ACC TCT-3’ (R); Primer 2: 5’-AGG ACT GGA ATG CAG TCT 
CCT-3’ (F), 5’-CCA GAA ACA CCA TAT GAG AGC-3’ (R); Primer 3: 5’- 
TTC TTG TGA ATT GGC TTG CAGT-3’ (F), 5’- CCA CTA ACA TCT CCG 
TCC CG-3’ (R). 
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2.9. Promoter activity assessment by a dual-luciferase assay 

The SCD1 promoter region, spanning from -2000 to +250 of the 
transcription start 

site or relevant mutant sequence, was cloned into the pGL3-Basic 
vector. A dual-luciferase system (Promega, USA) was used to measure 
firefly and renilla luciferase activities according to the manufacturer’s 
protocol. 

2.10. C11-BODIPY staining 

Cells were plated in 6-well cell culture plate (Corning) and then 
pretreated with ferroptosis inducers for 24 h. Before flow cytometry, 
cells were dissociated, resuspended, washed and then stained with 2 
μmol/L C11-bodipy for 30 min. Fluorescence intensity was detected by 
flow cytometry (Beckman). For confocal imaging, cells were plated in 
round coverslip. Before detection, cells were incubated with 2 μmol/L 
C11-bodipy for 30 min. Next, cells were washed, fixed with 4% para
formaldehyde (Thermo Fisher Scientific) and images were acquired 
using inverted microscopy. 

2.11. MDA and GSH/GSSG assay 

Cells were plated in 6-well cell culture plate (Corning). Processing 
factors were consistent with C11-BODIPY assay. After cell homogeni
zation, protein concentrations were measured using BCA protein assay 
kit (beyotime) and then detected MDA using lipid peroxidation MDA 
assay kit (beyotime). After obtaining the content of MDA, the ratio of 
MDA to protein concentration was calculated. The ratio of GSH/GSSG 
was measured according to the instruction (ab138881, Abcam) and 
protein concentrations of the cells lysates were used for normalization. 

2.12. Metabolites analysis 

Targeted cell metabolites analysis was conducted by Shanghai Bellas 
Biotech Co., Ltd. Briefly, amino acids were determined by Ultimate3000 
DGLC (ThermoFisher) and an ACCQ-Tag TMULTRA C18 (100*2.1mm, 
1.8um) liquid chromatography column was used. Medium and long 
chain fatty acids were determined by 7820A-5977B gas chromatograph- 
mass spectrometer (Agilent Technologies Inc. CA, UAS). 

2.13. CoQ10 detection 

CoQ10 was detected by an ELISA Kit. Briefly, Microporous plates 
were precoated with purified human CoQ10 antibody. Next, the solution 
to be detected containing CoQ10 was added to the microplate and then 
combined with HRP- labeled CoQ10 antibody to develop color in an 
acidic environment. The absorbance was measured at 450nm wave
length with a microplate reader. Protein concentrations of the cells ly
sates were used for normalization. 

2.14. H2O2 measurement 

Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen, 
Catalog no. A22188) was used to measure H2O2 released from cells. Cells 
were suspended in Krebs–Ringer phosphate (KRPG) buffer to keep 
active. All the procedures were conducted according to the protocol and 
the fluorescence was measured after incubation for selecting time 
points. 

2.15. Transmission electron microscope (TEM) imaging 

PANC-1 cells were plated in 10cm cell dish (Thermo) and then pre
treated with corresponding factors for 24 h. Next, cells were collected 
and fixed with 2.5% glutaraldehyde. TEM imaging was conducted by 
Servicebio, wuhan, China. 

2.16. Tissue immunofluorescence 

Tissue immunofluorescence was conducted using paraffin sections. 
In brief, paraffin sections underwent the process of deparaffinating, 
antigen retrieval, blocking, antibody incubation, confocal imaging and 
scanning by Servicebio, wuhan, China. 

2.17. Tissue specimens and immunohistochemical (IHC) staining 

The clinical tissue samples used in this study was same as our pre
vious study, which were histopathologically and clinically diagnosed at 
Fudan University Shanghai Cancer Center from 2010 to 2011, and prior 
patient consent and approval from the Institutional Research Ethics 
Committee were obtained [5]. IHC staining was performed as described 
previously [20]. Anti-FBW7 (1:100, Bethyl), anti-NR4A1 (1:50, Abcam), 
anti-SCD1 (1:50, Cell Signaling Technology) were used to detect protein 
expression. 

2.18. Statistical analysis 

Experiments were repeated at least three times. All data were 
analyzed by SPSS version 19.0 software (IBM) or GraphPad Prism 8. 
Two-tailed unpaired Student t tests were used to compare the differences 
between any two groups. The χ2 test was used to analyze the relationship 
between NR4A1 or SCD1 expression and corresponding clinicopatho
logical characteristics. The survival curve was plotted using the Kaplan- 
Meier method and compared by the log-rank test. Differences were 
considered significant at *, P < 0.05; **, P < 0.01. N.S. means there was 
no significant difference. 

3. Results 

3.1. FBW7 promotes lipid peroxidation in pancreatic cancer cells 

To further explore the function of FBW7 in pancreatic cancer, we 
reanalyzed our previous high-throughput gene expression profiling 
array that was conducted in SW1990 transfected with pCMV-FBW7 or 
empty vector (GEO: accession numbers GSE76443). Gene Ontology 
(GO) enrichment analysis showed that the significantly down-regulated 
genes could be categorized into oxidoreductases (Fig. S1A). KEGG 
Pathway analysis revealed that these down-regulated genes involved in 
arachidonic acid metabolism and glutathione metabolism (Fig. S1B). 
Next, we analyzed the effect of wild type FBW7 (FBW7WT), dominant- 
negative FBW7 mutant (FBW7R465H) or phospho-defcient T205A 
FBW7 mutant (FBW7T205A), the latter was resistant to ERK activation 
and enhanced the stability of FBW7 protein in our previous study [6], on 
cellular metabolites in PANC-1 and SW1990 cells. We focused on amino 
acids that were associated with glutathione metabolism and fatty acid 
metabolism. Our results revealed that serine, methionine, glycine and 
cystine were down-regulated by FBW7WT and FBW7T205A, while 
FBW7R465H had no effect on them (Fig. 1A). These amino acids could be 
catalyzed to form GSH (Fig. 1B). Thus GSH level can be speculated to be 
reduced. To confirm this conjecture, we tested GSH/GSSG ratio in 
PANC-1 and SW1990 stable cell lines ectopically expressing empty 
vector, FBW7WT or FBW7T205A. As expected, FBW7WT and FBW7T205A 

resulted in an increase in GSH/GSSG ratio (Fig. 1C). As for fatty acid 
metabolism, metabolites analysis revealed FBW7WT and FBW7T205A 

reduced arachidonic acid, palmitoleic acid and oleic acid level, and 
FBW7R465H had no effect on them (Figs. S2A and B). Palmitoleic acid and 
oleic acid are monounsaturated fatty acid. Further analysis found that 
FBW7WT and FBW7T205A also reduced the ratio of palmitoleic acid or 
linoleic acid compared to their corresponding saturated fatty acids 
(Fig. S2C). GSH is a major antioxidant, which scavenges free radicals 
and reduces ROS (reactive oxygen species). Thus FBW7 might affect ROS 
level. We used DCFH-DA probe to detect ROS and found FBW7 increased 
ROS level (Figs. S2D and E). Since FBW7 also affected fatty acid 
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metabolism, we further surmised ROS occurred as lipid peroxidation. 
We used BODIPY 581/591C11 probe to detect oxidized lipid and further 
analyzed by flow cytometry and confocal microscopy. Fluorescence 
would change from red to green when lipid peroxidation occurred and 
our results revealed FBW7WT and FBW7T205A caused an increase in lipid 

peroxidation level (Fig. 1D and E). This result was further confirmed by 
the phenomenon that FBW7 also increased the level of MDA (malon
dialdehyde), the end product of lipid peroxidation (Fig. S2F). FBW7WT 

and FBW7T205A could also promote the H2O2 release in PANC-1 and 
SW1990 (Fig. S2G). In conclusion, FBW7WT and FBW7T205A promoted 

Fig. 1. FBW7 promotes lipid peroxidation in pancreatic cancer cells. (A) Amino acids were detected in PANC-1 and SW1990 stable cell lines ectopically 
expressing empty vector, FBW7WT, FBW7R465H or FBW7T205A. (B) Schematic diagram demonstrated amino acids that were associated to glutathione metabolism were 
reduced. Amino acids on a white background were reduced. (C) GSH/GSSG ratio were detected in cells that stably expressed empty vector, FBW7WT or FBW7T205A. 
(D) Confocal imaging revealed the effect of FBW7 on lipid peroxidation. (E) BODIPY 581/591C11 was used to detected lipid peroxidation level. 

Z. Ye et al.                                                                                                                                                                                                                                       



Redox Biology 38 (2021) 101807

5

the ROS and lipid peroxidation in pancreatic cancer cells. 

3.2. FBW7 enhances ferroptosis in pancreatic cancer cells 

Lipid peroxidation is the most important hallmark of ferroptosis. 
FBW7 promotes lipid peroxidation. Thus FBW7 might enhance ferrop
tosis. To verify this, we tested the killing effect of ferroptosis inducers 
(RSL3, FIN56, erastin) in PANC-1 and SW1990 stable cell lines ectopi
cally expressing FBW7WT, FBW7T205A or empty vector. Both FBW7WT 

and FBW7T205A enhanced the killing effect of ferroptosis inducers in 
PANC-1 and SW1990 cells, especially RSL3 (Fig. 2A and B, Figs. S3A and 
B). Moreover, ferroptosis inhibitor, ferrostatin-1(fer), could reverse lipid 
peroxidation caused by FBW7 overexpression (Fig. 2C and D). 
Ferrostatin-1 also partly rescued cell viability which was inhibited by 
FBW7 (Fig. 2E). These indicated that FBW7 enhanced ferroptosis in 
pancreatic cancer cells. 

3.3. FBW7 promotes ferroptosis and apoptosis by down regulating SCD1 

To find how FBW7 regulated ferroptosis, we reviewed our previous 
high-throughput gene expression profiling array. In these down- 
regulated genes, we noted that SCD1 was reported to inhibit both fer
roptosis and apoptosis. Inhibition of SCD1 could induce ferroptosis [21, 
22]. We then speculated that FBW7 might promote ferroptosis by 
inhibiting the expression of SCD1. We conducted qRT-PCR and western 
blot to verify that FBW7 reduced SCD1 mRNA and protein level 
(Fig. 3A). Our preceding results demonstrated T205A mutant FBW7 had 
a more prominent effect in regulating ferroptosis, while T205A mutant 
FBW7 only enhanced the stability of FBW7 protein, thus in the next 
experiments, we mainly used T205A mutant FBW7 as the subject. To 
confirm FBW7 promotes ferroptosis via SCD1. We constructed 
pCMV-SCD1 plasmid to over express SCD1 in PANC-1 and SW1990 
stable cell lines ectopically expressing T205A mutant FBW7 (Fig. 3B). 

Fig. 2. FBW7 enhances ferroptosis in pancreatic cancer cells. (A, B) Heatmap demonstrated FBW7 enhanced the sensitivity to ferroptosis inducers (RSL3, FIN56 
and Erastin). (C) Flow cytometry analyzed the fluorescence of BODIPY 581/591C11 (left) and the relative content was calculated (right). (D) Concentrations of MDA 
were detected in FBW7 overexpressed PANC-1 and SW1990 cell lines in the presence or absence of 2 μmol/L Fer-1. (E) Cell viability was detected in FBW7 over
expressed PANC-1 and SW1990 cell lines in the presence or absence of 2 μmol/L Fer-1. 

Z. Ye et al.                                                                                                                                                                                                                                       



Redox Biology 38 (2021) 101807

6

Fig. 3. FBW7 promotes ferroptosis and apoptosis by down regulating SCD1. (A) qRT-PCR (upper) and western blot (lower) to analyze the change of SCD1 
caused by FBW7 overexpression. (B) FBW7 and SCD1 were detected in PANC-1 and SW1990 cells that overexpressed with FBW7T205A, SCD1 or both. (C, D) MDA and 
BODIPY 581/591C11 were detected in the presence of SCD1 or FBW7 or both in PANC-1 and SW1990 cells. (E) PANC-1 and SW1990 cells were pretreated with small 
interfering RNA of FBW7 for 48–72 h and then detected protein level of SCD1. (F) FBW7 silencing PANC-1 and SW1990 cells were treated with RSL3 (2 μmol/L) or 
CAY10566 (5 μmol/L) for 48–72 h and then detected cell viability. (G) Apoptosis was analyzed in the presence of SCD1 or FBW7 or both in PANC-1 and SW1990 
cells. (H) TEM imaging was conducted in FBW7T205A overexpressed PANC-1 cells. RSL3 (2 μmol/L) and CAY10566 (5 μmol/L) treated PANC-1 cells functioned as the 
positive control. Red arrows showed the shrunken mitochondria. Blue arrows showed lipid droplets. The values below the western blot band represent the relative 
mean gray values of three independent experiments. Gray values were calculated by Adobe Photoshop CS6. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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Then we found overexpression of SCD1 could mostly reverse the lipid 
peroxidation caused by FBW7T205A (Fig. 3C and D). Moreover, we used 
small interfering RNA to silence FBW7 expression and detected the level 
of SCD1. FBW7 silencing leaded to high level SCD1 protein (Fig. 3E). 
More importantly, FBW7 silencing could partly reverse the cell viability 
reduced by RSL3 or SCD1 inhibitor (CAY 10566) (Fig. 3F). Both FBW7 
and SCD1 were reported to regulate apoptosis in other cancer cells [13], 
thus we further validated whether FBW7 regulated apoptosis through 
inhibiting SCD1 in pancreatic cancer cells. The results revealed that 
overexpression of SCD1 could mostly reduce apoptosis caused by 
FBW7T205A overexpression (Fig. 3G). In order to observe the effect of 
FBW7 on cells more intuitively, we conducted TEM imaging in PANC-1 
cells. Overexpression of FBW7T205A led to cells shrink, mitochondria 
shrink, and lipid droplets form, which was similar to the structure 
caused by combination of RSL3 and CAY 10566 (Fig. 3H). Further study 
demonstrated single ferroptosis inhibitor (Fer-1), apoptosis inhibitor 

(zVAD), or endproducts of SCD1 activity (POA, palmitoleic acid; OA, 
oleic acid) only partly restored cell viability reduced by FBW7T205A 

overexpression. But combination Fer-1 with zVAD, POA or OA entirely 
restored cell viability reduced by FBW7 T205A overexpression 
(Figs. S4A–C). SCD1 depletion was also reported to triggered ferroptosis 
by depleting CoQ10. We then tested the level of CoQ10 in PANC-1and 
SW1990 cells. Results showed that FBW7T205A leaded to a decrease in 
CoQ10 and overexpression of SCD1 could reverse this consequence 
(Fig. S4D). To eliminate the potential that FBW7 might inhibite the 
expression of SCD1 by promoting ferroptosis. We then detected whether 
ferroptosis inducer, RSL3, could affected the level of SCD1. Results 
showed that RSL3 had no significant influence on the protein level of 
SCD1 (Fig. S4E). Moreover, ferroptosis inhibitor, Fer-1, could not 
reverse the decreased SCD1 caused by FBW7T205A overexpression 
(Fig. S4F). These indicated FBW7 promotes both ferroptosis and 
apoptosis by down regulating SCD1. 

Fig. 4. FBW7 inhibits SCD1 transcription via NR4A1. (A) qRT-PCR detected NR4A1 and NR4A2 mRNA in FBW7T205A or FBW7R465H overexpressed PANC-1 and 
SW1990 cells. (B) Western bolt detected the changes of NR4A1, NR4A2 and SCD1 in FBW7T205A or FBW7R465H overexpressed PANC-1 and SW1990 cells. (C, D) SCD1 
protein and mRNA change were detected in NR4A1 silencing PANC-1 and SW1990 cells. (E) CHIP assay was conducted with NR4A1 antibody. Schematic diagram 
(left) demonstrated the potential binding site of NR4A1 on SCD1 promoter. Agarose gel electrophoresis (right) was used to confirm the binding site. (F) Schematic 
diagram (left) demonstrated the wild type and mutant binding site. Dual-luciferase reporter system (right) was used to confirm the effect of NR4A1 on SCD1 promoter 
activity. (G) Agarose gel electrophoresis demonstrated the effect of FBW7T205A or FBW7R465H on the binding of NR4A1 to SCD1 promoter. (H) Dual-luciferase re
porter system was used to explore the effect of FBW7T205A or FBW7R465H on SCD1 promoter activity. (I) SCD1 protein was detected in PANC-1 and SW1990 cells that 
was overexpressed with NR4A1 in the presence or absence of FBW7T205A. The values below the western blot band represent the relative mean gray values of three 
independent experiments. 
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3.4. FBW7 inhibits SCD1 transcription via NR4A1 

To clarify how FBW7 regulate SCD1, we noted that NR4A family of 
nuclear receptors (NR4A1, NR4A2) were FBW7 down-regulated genes in 
our gene expression profiling array. Both NR4A1 and NR4A2 were re
ported to regulate apoptosis. Generally, NR4A2 functions as apoptosis 
suppressor genes, while NR4A1 has a proapoptotic role [23]. However, 
in pancreatic cancer, inhibition of NR4A1 could also cause apoptosis by 
reducing transcription of NR4A1-dependent antiapoptotic genes [24]. 
Thus we speculated FBW7 might inhibit SCD1 transcription via NR4A1 
or NR4A2. To confirm our gene expression profiling, we conducted 
qRT-PCR and western blot to test the level of NR4A1 and NR4A2 in 
FBW7T205A overexpressed PANC-1 and SW1990 cells. FBW7T205A 

reduced both NR4A1 and NR4A2 in mRNA and protein level. Besides, 
we generated a dominant-negative FBW7 mutant, which lost its E3 
ligase activity and was designated as FBW7R465H. Compared with 
FBW7T205A, FBW7R465H only marginally reduced NR4A1, NR4A2 and 
SCD1 expression (Fig. 4A and B). To probe NR4A1 or NR4A2 could 

regulate SCD1, we used small interfering RNA to silence NR4A1 or 
NR4A2 and detected the change of SCD1. Only NR4A1 silencing 
decreased SCD1 expression (Fig. 4C and D), NR4A2 silencing did not 
show significant difference (data not shown). Thus, FBW7 might regu
lated SCD1 trough NR4A1. We found NR4A1 had several binding sites in 
SCD1 promoter region and we then conducted CHIP assay used NR4A1 
antibody to verify NR4A1 bound to SCD1 promoter. Our results showed 
NR4A1 bound to SCD1 promoter in the site corresponding to primer 2 
(Fig. 4E). To further confirm the binding specificity and tested the effect 
of NR4A1 on SCD1 promoter, we conducted a luciferase reporter gene 
assay used a pGL3-SCD1 promoter plasmid that possessed mutations in 
NR4A1 binding site (MUT) and a wild type pGL3-SCD1 promoter 
plasmid (WT) as the control. NR4A1 silencing significantly reduced the 
luciferase activity in WT pGL3-SCD1 promoter but not MUT pGL3-SCD1 
promoter (Fig. 4F). These indicated NR4A1 bound to SCD1 promoter 
and promoted SCD1 transcription. We further explored how FBW7 
affected the relationship between NR4A1 and SCD1. CHIP assay with 
NR4A1 antibody demonstrated that overexpression of FBW7T205A 

Fig. 5. Pharmacological inhibition of NR4A1 promotes ferroptosis in pancreatic cancer cells. (A) Dual-luciferase reporter system was used to explore the effect 
of DIM-C-pPhOH on SCD1 promoter activity. (B) SCD1 protein was detected in PANC-1 and SW1990 cells pretreated with DIM-C-pPhOH for 48–72 h. The values 
below the western blot band represent the relative mean gray values of three independent experiments. (C) IC50 was tested in PANC-1 and SW1990 cells in the 
presence or absence of DIM-C-pPhOH. (D, E) Lipid peroxidation was detected using MDA or BODIPY 581/591C11 in PANC-1 and SW1990 cells pretreated with 
DMSO, DIM-C-pPhOH (15 μmol/L), DIM-C-pPhOH (15 μmol/L) and Fer-1 (2 μmol/L) for 48 h. (F, G) DIM-C-pPhOH or small interfering RNA was used to inhibit or 
silence NR4A1 in PANC-1 and SW1990 cells. Then these cells were treated Fer-1 (2 μmol/L), zVAD (10 μmol/L), POA (80 μmol/L), OA (80 μmol/L) for 24 h. Cell 
viability was detected by calcein-AM. 
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reduced the binding of NR4A1 to SCD1 promoter, but overexpression of 
FBW7R465H did not show significant difference (Fig. 4G). The same trend 
was also obtained in luciferase assay and the group of MUT pGL3-SCD1 
promoter did not show significant difference (Fig. 4H). Moreover, we 
found NR4A1 overexpression could counteract the effect of FBW7 T205A 

on SCD1 (Fig. 4I). Summing up, FBW7 inhibited SCD1 transcription by 
reducing the binding of NR4A1 to SCD1 promoter. 

3.5. Pharmacological inhibition of NR4A1 promotes ferroptosis in 
pancreatic cancer cells 

NR4A1 antagonist DIM-C-pPhOH was reported to induce apoptosis 
by inhibiting NR4A1 transactivation activity [24]. We then probed 
whether DIM-C-pPhOH influenced the transactivation activity of NR4A1 
to SCD1. Luciferase reporter gene assay demonstrated DIM-C-pPhOH 
reduced the luciferase activity, but in the group possessed mutations 

in NR4A1 binding site (MUT), the luciferase activity did not show sig
nificant difference (Fig. 5A). This indicted DIM-C-pPhOH inhibited 
SCD1 transcription via NR4A1. Moreover, DIM-C-pPhOH could also 
reduce SCD1 protein in PANC-1 and SW1990 cells (Fig. 5B). We further 
explored whether DIM-C-pPhOH regulated ferroptosis in pancreatic 
cancer cells. DIM-C-pPhOH significantly reduced the IC50 (half maximal 
inhibitory concentration) of RSL3 in PANC-1 and SW1990 cells 
(Fig. 5C). DIM-C-pPhOH could also increase the level lipid peroxidation, 
and ferroptosis inhibitor, Fer-1, could largely reverse lipid peroxidation 
caused by DIM-C-pPhOH (Fig. 5D and E). Moreover, ferroptosis inhibitor 
(Fer-1), apoptosis inhibitor (zVAD), or endproducts of SCD1 activity 
(POA, OA) could partly rescue the cytotoxic effect caused by 
DIM-C-pPhOH (Fig. 5F). The same trends were also obtained in NR4A1 
silencing cells (Fig. 5G). 

Fig. 6. FBW7 potentiates cytotoxic effect of gemcitabine via ferroptosis and apoptosis. (A, B) PANC-1 and SW1990 cells were seeded with gemcitabine (0, 2.5, 
5 or 10 μmol/L) or a combination of gemcitabine with either RSL3 (2 μmol/L) or Fer-1(2 μmol/L). After incubation for 48 h, cell viability was detected by calcein-AM. 
(C, D) PANC-1 and SW1990 cells that stably expressed empty vector, FBW7T205A or FBW7R465H were seeded with gemcitabine (0, 2.5, 5 or 10 μmol/L) for 48 h. Then 
cell viability was detected by calcein-AM. (E, F) PANC-1 and SW1990 cells that stably expressed empty vector or FBW7T205A were seeded with Fer-1(2 μmol/L), zVAD 
(10 μmol/L), or combination Fer-1 and zVAD in the presence or absence of gemcitabine (5 μmol/L). After incubation for 48 h, cell viability was detected by cal
cein-AM. 
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3.6. FBW7 potentiates cytotoxic effect of gemcitabine via ferroptosis and 
apoptosis 

Ferroptosis inducer, erastin, was reported to potentiate cytotoxic 
effect of gemcitabine and cisplatin in pancreatic cancer cells [25]. We 
further confirmed ferroptosis inducer, RSL3, could also increase the 
lethality of the gemcitabine in pancreatic cancer cells and ferroptosis 
inhibitor, Fer-1, had the opposite effect (Fig. 6A and B). These indicated 
activations of ferroptosis could mitigate gemcitabine resistance in 
pancreatic cancer. We then tested the effect of FBW7 on the gemcitabine 
sensitivity. Overexpression of FBW7T205A distinctly enhanced cytotoxic 
effect of gemcitabine, while overexpression of FBW7R465H did not show 
significant changes (Fig. 6C and D). Activation of ferroptosis or 
apoptosis could potentiate cytotoxic effect of gemcitabine, while FBW7 
promoted both ferroptosis and apoptosis. Thus, we conjectured that 
FBW7 might potentiate cytotoxic effect of gemcitabine via both fer
roptosis and apoptosis. To probe this, we pretreated FBW7T205A 

over-expressed cells with fer-1 or zVAD or both. Results revealed that 
both fer-1 and zVAD could partly rescue the cell viability caused by 
FBW7T205A overexpression, but combination of fer-1 and zVAD could 
entirely recuse it (Fig. 6E and F). These indicated that FBW7 potentiated 
cytotoxic effect of gemcitabine via both ferroptosis and apoptosis. 

3.7. FBW7 is correlated with NR4A1 and SCD1 in pancreatic cancer 
tissues 

In our previous study, we had confirmed FBW7 was lower expressed 
in most pancreatic cancer tissues and lower expression of FBW7 pre
dicted a poor prognosis [5]. In this study, we examined the relationship 
between FBW7, NR4A1 and SCD1 expression in tissues from PADC pa
tients. We conducted tissue immunofluorescence assay and FBW7, 
NR4A1, SCD1 were labeled with different fluorescent signals. Results 
showed that when FBW7 was low, NR4A1 and SCD1 were highly 
expressed. The opposite phenomenon was also found (Fig. 7A). These 
results were further confirmed by IHC staining (Fig. 7B). In IHC staining, 
we ranked the expression strength as negative, weak, moderate and 
strong, and defined strong as high expression, moderate as medium 
expression, negative and weak as low expression. The results revealed 
that FBW7 was negatively correlated with NR4A1 and SCD1 (Fig. 7C, 
and Fig. S5A). Both NR4A1 and SCD1 were high expression in pancreatic 
cancer tissues (Fig. S5B). We further confirmed the correlation between 
NR4A1 and SCD1 expression. IHC scores demonstrated NR4A1 was 
positively correlated with SCD1 in pancreatic cancer tissues (Fig. 7D, 
and Fig. S5C). Correspondingly, TCGA and GTEx data also demonstrated 
that NR4A1 and SCD1 were high expressed in pancreatic cancer and 
NR4A1 was positively correlated with SCD1 pancreatic cancer tissues 
(Fig. 7E and F). Next, we explored the relationship between NR4A1 
expression and the clinicopathological features of PDAC. In our clinical 
data, we found that the high level of NR4A1 correlated with bigger 
tumor size and poor tumor differentiation (Table S1). The Kaplan-Meier 
survival curves and log rank test showed that high NR4A1 expression 
significantly correlated with poor overall survival (OS) in PDAC 
(Fig. 7G). Intriguingly, high level of SCD1 also correlated with bigger 
tumor size, poor tumor differentiation and poor overall survival in PDAC 
(Fig. 7H and Table S2). 

4. Discussion 

Pancreatic cancer is a highly aggressive tumor. The overall 5-year 
survival for pancreatic cancer has changed little over the past few de
cades (less than 10%) [26]. Furthermore, therapeutic strategies for 
pancreatic cancer have not progressed significantly in recent years. The 
recommended chemotherapy regimens are still gemcitabine, FOLFIR
INOX, and albumin-bound paclitaxel. But due to the rapid and common 
development of chemoresistance, the prognosis is still poor [27]. For 
instance, pancreatic cancer cells can quickly acquire the ability to 

mitigate gemcitabine-induced apoptosis within weeks. Although evi
dence revealed that inducing apoptosis could sensitize pancreatic cells 
to gemcitabine in vitro, it is still a long way from clinical application 
[28]. Hence, it is imperative to seek other methods to efficiently kill 
pancreatic cancer cells. 

Ferroptosis is a non-apoptotic form of cell death. Emerging evidence 
shows that ferroptosis can be harnessed for cancer therapy, particularly 
for eradicating aggressive malignancies that are resistant to traditional 
therapies. Furthermore, pathological differences between cancerous and 
normal cells, such as the intracellular levels of iron, GSH, H2O2, etc. can 
be harnessed for targeting ferroptosis therapy [8,29]. Notably, nano
technology provides additional options in ferroptosis-based cancer 
therapy [30]. Ferroptosis also has potential in the treatment of pancre
atic ductal adenocarcinoma (PDAC). Kenneth P. Olive et al. confirmed 
that exogenous cystine was needed for pancreatic cancer cells to avert 
ferroptosis and deletion of Slc7a11, a subunit system xc

–, in KPC mice 
induced tumor ferroptosis and extended survival [31]. It was also veri
fied that pharmacologic inhibition of system xc

– potentiated the cytotoxic 
effects of both gemcitabine and cisplatin in PDAC cell lines [25]. Hence, 
in-depth exploration of the role of ferroptosis in pancreatic cancer is 
conducive to the treatment of pancreatic cancer. 

In this study, we found FBW7 could reduce GSH/GSSG ratio and 
increase lipid peroxidation. Both reduced GSH/GSSG ratio and 
increased lipid peroxidation could induce ferroptosis and apoptosis [32, 
33]. Further experiments confirmed FBW7 activated both ferroptosis 
and apoptosis. To elucidate the underlying mechanism, we screened our 
previous gene expression profiling. In FBW7 down-regulated genes, we 
noticed that SCD1 was reported to inhibit both apoptosis and ferropto
sis, which was opposed to the function of FBW7. SCD1 is a 
lipid-modifying enzyme that is up-regulated in numerous malignancies. 
It was reported that FBW7 could reduce SCD1 and regulate lipid meta
bolism in the mouse liver [34]. SCD1 depletion inhibited the synthesis of 
oleic acid and altering the ratio of monounsaturated to saturated fatty 
acids, which was corresponding to the change of cellular metabolites 
caused by FBW7 overexpression (Figs. S2A–C). Oleic acid could protect 
melanoma cells from ferroptosis in an Acsl3-dependent manner [35]. 
Moreover, oleic acid can be nitrated to form nitro-oleic acid. Nitro-oleic 
acid could induce multiple pleiotropic signaling responses, including 
anti-inflammatory and antioxidant effects, such as inhibiting inflam
matory cell function, inducing HO-1 expression, inhibiting of NF-κB, 
promoting Keap1/Nrf2 activation and so on [36,37]. SCD1 depletion 
could also reduce the level of CoQ10 and then triggered ferroptosis [21]. 
We verified that FBW7 inhibited the transcription of SCD1, and over
expression of SCD1 or combination using endproducts of SCD1 activity 
could significantly alleviate FBW7-induced apoptosis and ferroptosis. 
Correspondingly, ferroptosis inhibitors or apoptosis inhibitors could 
partly rescue the cell viability reduced by FBW7 overexpression. But 
combination using ferroptosis inhibitors and apoptosis inhibitors could 
entirely rescue the cell viability caused by FBW7 overexpression. 

To elucidate how FBW7 inhibit the transcription of SCD1. We 
screened transcription factors in previous gene expression profiling. 
Furthermore, this transcription factor should involve in apoptosis or 
ferroptosis. Intriguingly, NR4A1 and NR4A2, numbers of nuclear re
ceptor subfamily 4 group A (NR4A), were inhibited by FBW7. Generally, 
NR4A2 inhibits apoptosis, while NR4A1 plays a proapoptotic role. 
However, inhibition of NR4A1 could also cause apoptosis in pancreatic 
cancer by reducing transcription of NR4A1-dependent antiapoptotic 
genes [23]. More coincidentally, NR4A could regulate fatty acid 
oxidation and glucose metabolism, which conformed to the function of 
FBW7 [38]. Further study confirmed that FBW7 regulated SCD1 via 
NR4A1. However, the limitation of this study was that we did not 
elucidate how FBW7 regulates NR4A1. We speculated that FBW7 might 
mediate ubiquitination of a transcription factor, which could bind to 
NR4A1 promotor to facilitate NR4A1 transcription. Because 
dominant-negative FBW7 mutant, FBW7R465H did not inhibit the 
expression of NR4A1 (Fig. 4B). 
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Fig. 7. FBW7 is correlated with NR4A1 and SCD1 in pancreatic cancer tissues. (A, B) Representative tissue immunofluorescence and IHC staining of FBW7, 
NR4A1, SCD1 in patients’ tissues. (C) Statistical analysis of the correlation between levels of FBW7 and NR4A1, or FBW7 and SCD1 (P value was obtained using a 
Pearson χ2 test). (D) The method to calculate IHC scores was shown in Fig. S5C. The correlation between levels of NR4A1 and SCD1 was analyzed (n = 86, spearman 
r = 0.8048, p < 0.001). (E) NR4A1 or SCD1 transcription was significantly higher in pancreatic cancer tissues than in normal tissues in the GEPIA dataset. Mean and 
SD are shown (num (T) = 179, num (P) = 171, P < 0.05 as determined by t-test). (F) NR4A1 was positively correlated with SCD1 in the GEPIA dataset. (G, H) Kaplan- 
Meier analysis of overall survival rate of pancreatic cancer patients according to the expression of NR4A1 (n = 86, P = 0.0022, log-rank test) or SCD1 (n = 86, P =
0.0004, log-rank test). 
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Intriguingly, another study on FBW7 reported that FBW7 deficient 
macrophages would inhibit the pentose phosphate pathway and aggra
vate the generation of intracellular ROS [39]. This seems contrary to our 
conclusion, because we confirmed that FBW7 would promote ROS, 
especially lipid peroxidation in pancreatic cancer. Indeed, these two 
conclusions are not drawn in the same context. In this research, the 
ubiquitin substrate of FBW7 is PKM2. In the case that cellular glucose 
uptake is not affected, reduced PKM2 would inhibit glycolysis and in
crease substrate flux through the pentose phosphate pathway to produce 
more NADPH and GSH. However, in our previous study, the downstream 
of FBW7 was TXNIP [6]. TXNIP functioned as a potent negative regu
lator of glucose uptake and aerobic glycolysis. Thereby, reduced TXNIP 
would inhibit aerobic glycolysis and decrease substrate flux through the 
pentose phosphate pathway to produce less NADPH and GSH. Moreover, 
the former occurs in the immune system, while ours conducted in 
pancreatic cancer cells. Contrary conclusions are possible in these two 
systems. However, we will further study the mechanism of this 
difference. 

As for the clinical significance of this study, we confirmed that 
FBW7-NR4A1-SCD1 significantly potentiated cytotoxic effect of gemci
tabine, which provided new targets for chemotherapeutic intervention. 
For instance, targeting FBW7 can overcome resistance to targeted 
therapy [40]. Novel agents targeting NR4A have been developed, due to 
NR4A modulating response to conventional chemotherapy [23]. 
Numerous chemical compounds that inhibit SCD1 have been developed 
and preclinically tested [41,42]. Furthermore, we also demonstrated 
that activating ferroptosis and apoptosis immensely increased gemcita
bine sensitivity, which might provide strategies for the combination 
therapy for pancreatic cancer. 
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