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Targeting stearoyl-coa desaturase enhances radiation induced ferroptosis and 
immunogenic cell death in esophageal squamous cell carcinoma
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ABSTRACT
Overcoming resistance to radiation is a major challenge in cancer treatment. Stearoyl-coa desaturase 
(SCD1) is the enzyme responsible for oleic acid (OA) and palmitoleic acid (POA) formation. Here, we 
provided evidence that targeting SCD1 was capable of inducing ferroptosis and immunogenic cell death 
(ICD), thereby improving the radiation sensitivity of esophageal squamous cell carcinoma (ESCC). ESCC 
cell lines with high SCD1 expression were treated with MF-438 (SCD1 inhibitor) to determine cell viability. 
Colony formation assay was performed to evaluate the radiation sensitization of SCD1 inhibitor. Tumor 
cell ferroptosis and ICD was analyzed in MF-438, radiation therapy (RT) and the combination treatment 
group. The potential molecular mechanisms underlying MF-438 as a novel radiation sensitizer in ESCC 
were explored. We concluded by assessing SCD1 as a prognostic factor in ESCC. MF-438 exhibited 
antitumor activity in ESCC cells. Our outcomes revealed significant improvement of radiation sensitivity 
by MF-438. Moreover, the combination treatment enhanced tumor cell ferroptosis and ICD. Further 
analyses revealed SCD1 conferred radiation resistance via alleviating ferroptosis in tumor cells; targeting 
SCD1 inhibited the biosynthesis of OA and POA, and improved radiation induced ferroptosis in ESCC cells. 
Clinical analysis indicated high expression of SCD1 was associated with unfavorable survival in patients of 
ESCC. In summary, our results demonstrated that MF-438 acted as a ferroptosis inducer. Targeting SCD1 
conferred the immunogenicity of ferroptotic cancer cells and increased the effectiveness of RT in ESCC. 
SCD1 could be considered as a useful prognostic indicator of survival in ESCC.
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Introduction

Esophageal squamous cell carcinoma (ESCC) is a complex 
disease that involves the transition over time from normal 
squamous epithelium to squamous dysplasia, and finally result
ing in tumorigenesis.1,2 This aggressive malignancy occurs 
predominantly in the upper and mid-esophagus. Current evi
dence suggests smoking, hot drinks, dietary lack of vegetables 
and fruits, alcohol abuse, nitrosamines, and human papilloma 
virus infection are primary risk factors.3,4 Surgical resection, 
radiation therapy (RT), chemotherapy, and immunotherapy 
are the main antitumor strategies for ESCC.5 Due to atypical 
symptoms in the early stage, ESCC is mainly diagnosed at 
locally advanced or advanced stages and this may lead to iron 
deficiency anemia.2,6 RT is one of the most common treat
ments for inoperable, locally advanced ESCC.7 However, the 
existence of radiation resistance can result in a lack of treat
ment response, tumor recurrence and distant metastasis.8 

A previous study reported the 5-year survival rate of ESCC 
was less than 10%, and the mechanisms governing radiation 
resistance were still not fully understood.2

Ferroptosis is an iron-dependent form of regulated cell 
death; it is novel and mainly driven by unrestricted lipid 
peroxidation.9 This type of cell death is morphologically and 
biologically distinct from other forms of programmed cell 
death, such as apoptosis.10 A previous study found that RT 

was involved in a mixture of cellular events, including ferrop
tosis, immunogenic cell death (ICD), necrosis, mitotic cata
strophe, methuosis, apoptosis, and senescence.11 Ferrostatin-1 
(Fer-1) is a ferroptosis inhibitor, and this compound could 
alleviate radiation-associated splenic lymphocytes ferroptosis 
by inhibiting lipid reactive oxygen species.12 Although radia
tion-induced ferroptosis has been observed in cancer, tumor 
cells have developed diverse ferroptosis defense systems by 
inducing abnormal fatty acid metabolism or overexpressing 
key regulators of ferroptosis, such as solute carrier family 7 
member 11 (SLC7A11) and glutathione peroxidase 4 
(GPX4).13,14 Several ferroptosis-inducing strategies have been 
explored to eliminate cancer cell radiation resistance.14,15 Ye 
et al. demonstrated that small molecules imidazole ketone 
erastin (a typical ferroptosis-inducing compound, and func
tionally inhibits SLC7A11) and Ras Synthetic Lethal 3 (RSL3, 
a GPX4 inhibitor) significantly enhance radiation-induced 
cytoplasmic lipid peroxidation and promote clonogenic ferrop
totic cell death. Moreover, the synergistic effects of radiation- 
mediated DNA damage and cell apoptosis were not observed 
upon treatment with these two compounds.16 Under metabolic 
stress conditions, cancer cells were able to alter lipid metabo
lism, resulting in ferroptosis resistance and cell survival.17 

Nevertheless, the interaction between lipid metabolism and 
radiation-mediated ferroptosis has not yet been elucidated.
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Recently, Jessalyn et al. revealed that oleic acid (OA) 
from lymph nodes contributed to reduced ferroptosis in 
tumor cells.18 OA is an omega-9 fatty acid that belongs to 
the monounsaturated fatty acids family.19 Stearoyl-CoA 
desaturase (SCD1) has been described as a crucial endo
plasmic reticulum enzyme responsible for converting satu
rated fatty acid (palmitic acid (PA) and stearic acid (SA)) to 
monounsaturated fatty acid (OA and palmitoleic acid 
(POA)).20,21 Impairment of lipid metabolism usually 
increases ferroptotic cell death.22 In several malignant 
tumors, SCD1 was necessary for maintain cell viability 
and stemness of cancer stem cells.23 Moreover, there were 
a few studies demonstrating the immunogenicity of ferrop
tosis in which dying tumor cells promoted the maturation 
of immune cells.24,25 Therefore, we hypothesized that upre
gulation of SCD1 was capable of altering monounsaturated 
fatty acid metabolism, representing an intrinsic cytoprotec
tive mechanism against radiation-induced ferroptosis in 
tumor cells.

MF-438 was initially developed as an SCD1 inhibitor 
that impaired the production of monounsaturated fatty 
acids, including OA and POA.26 In the present study, we 
characterized the role of SCD1 in ferroptosis and demon
strated the synergistic effects of SCD1 inhibitor and RT. We 
also evaluated the feasibility of using SCD1 as a prognostic 
factor in ESCC. In addition, both a ferroptosis inducer 
(RSL3) and an inhibitor (Fer-1) were utilized to strengthen 
our conclusion.

Materials and methods

Cell cultures and reagents

ESCC cell lines were purchased from the Type Culture 
Collection of the Chinese Academy of Sciences. The 
human immortalized normal esophageal epithelial cell line 
SHEE was a gift from professor Liu from China-US Hormel 
(Henan) Cancer Institute. MF-438 (CAS: #921605-87-0) 
was purchased from BIOFOUNT, RSL3 (CAS: #MB4723) 
and Fer-1 (CAS: #MB4718) was obtained from Meilun 
Biotechnology. Cancer cells were maintained in RPMI 
1640 medium supplied with 10% heat-inactivated fetal 
bovine serum (FBS) and 1% penicillin/streptomycin 
(100 U/ml/100ug/ml) with a humidified atmosphere at 
37°C and 5% CO2.

Western blotting

Western blot analyses were performed as described 
previously.27 Cells were collected and lysed. The total protein 
concentration was determined by BCA assay (Solarbio) follow
ing the manufacturer's instruction. The proteins extracts were 
loaded onto a gel, separated by SDS-PAGE, and transferred to 
polyvinylidene difluoride (PVDF) membranes. After blocking 
with milk, the protein bands were incubated with diluted 
primary antibody and secondary antibody. Finally, the mem
branes were imaged with the ECL detection reagent (GE 
Healthcare Life Science).

Quantitative real-time PCR

Total RNA was extracted and purified from cultured primary 
cells using TRIzol Reagent (Invitrogen) according to the man
ufacturer’s instruction. RNA reverse transcription was per
formed with the High Capacity cDNA Reverse Transcription 
Kit (Life Technologies) following the manufacturer’s instruc
tion. Quantitative PCR was conducted with SYBR Green PCR 
Master Mix using an Applied Biosystems 7500 Fast Real-Time 
PCR System (Life Technologies). All genes were normalized to 
GAPDH and exhibited as relative expression. The expression 
level of each gene was calculated via the 2−∆∆Ct method. The 
following primers were used:

SCD 5′ primer, AAACCTGGCTTGCTGATG;
SCD 3′ primer, GGGGGCTAATGTTCTTGTCA;
GAPDH 5′ primer, ATGGTGAAGGTCGGTGTGA;
GAPDH 3′ primer, AATCTCTTTGCCACTGC.

MTT assay

Tumor cells were seeded in a 96-well format with 3000 cells per 
well. The next morning, MF-438, RSL3 and Fer-1 were admi
nistered. Viable cells were calculated with MTT assay after 24, 
48, or 72 hours. The results were measured with a microplate 
reader at 490 nm and expressed as the percentage of the value 
of control cells. Each experiment was made in triplicate.

Colony formation assay

Briefly, tumor cells were seeded 200 cells/wells and inoculated 
in six-well plates overnight. Then, the cells were treated with 
MF-438 (0.25 µM/ml), RSL3 (0.2 µM/ml), or Fer-1 (1 µM/ml) 
for 24 hours. Next, the TrueBeam SN1403 accelerator (Varian 
Medical Systems) was used to deliver RT with various doses (2, 
4, 6, 8, 10, 12 Gy) to cancer cells. The medium was replaced and 
maintained for 14 days. After stained with crystal violet, tumor 
colony were calculated with microscope (Olympus 
Corporation) and Image J software (US National Institutes of 
Health, Bethesda). Survival fraction were estimated using lin
ear quadratic model as we previously reported.27 All the experi
ments were performed 3 times.

siRNA transfection

siRNA transfection were conducted as described previously.27 

Generally, ESCC cells were plated in six-well format without 
antibiotics in the medium. The cells were grown to 40–50% 
confluent at the time of transfection. Transfection of siRNAs 
(SunYa Biotechnology, Shanghai) was performed using 
Lipofectamine RNAiMAX (13778150, Thermo Fisher 
Scientific) following the manufacturer’s instructions.

Lipid peroxidation assay

C11-BODPY581/591 is a fluorescent ratio-probe of lipid per
oxidation that has been applied in the quantitation of 
ferroptosis.28 To assess ferroptotic cell death, cells were incu
bated in six-well plates and treated with RT and/or indicated 
compounds (MF-438, RSL3, or Fer-1) for 24 hours continuous 
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culture. These cells were stained with 5 µM C11-BODPY581 
/591 at 37°C for 30 minutes prior to trypsinization. After 
trypsinization and resuspension in phosphate buffered saline 
(PBS), lipid peroxidation was analyzed using a BD 
FACSCalibur Flow Cytometer (BD Biosciences).

Adenosine 5’-triphosphate (ATP) release assay

Tumor cells were seeded in six-well plates and incubated over
night. After treatment with indicated compounds and/or RT 
they were incubated for 6 hours. Then, the supernatants were 
collected and ATP was quantified using Enhanced ATP Assay 
Kit (#S0027, Beyotime) according to the manufacturer’s 
instruction. LuminoskanTM Ascent (Thermo Scientific) was 
applied for ATP quantification, the amount of luminescence 
was reported as fold change in relative luminescent units 
(RLUs).

High mobility group protein B1 (HMGB1) release assay

Cancer cells were incubated in six-well plates. Next day, the 
cells were treated with indicated compounds and/or RT. After 
24 hours of incubation, the supernatants were obtained for the 
measurement of HMGB1 concentration by Human HMGB-1 
ELISA Kit (#D711210, Sangon Biotech), as described by the 
manufacturer. The absorbance value was measured at 450 nm 
using a microplate reader (Thermo Scientific).

Quantification of calreticulin on the cell surface

Briefly, tumor cells were treated with indicated compounds 
and/or RT and incubated for 24 hours. Then, these cells were 
harvested and resuspended with PBS. After fixation with 3% 
formaldehyde for 10 minutes at room temperature, the cells 
were resuspended with incubation buffer and incubated with 
human calreticulin antibody (#12238, CST) for 60 minutes. 
Next, the cells were centrifugated and resuspended in Goat 
Anti-Rabbit IgG H&L (Alexa Fluor® 488) (ab150077, Abcam) 
for 30 minutes. Finally, tumor cells were resuspended in cold 
PBS for FACS analysis.

Isolation of dendritic cells (DCs)

Peripheral blood mononuclear cells were isolated from blood 
of healthy donors by means of Ficoll density gradient centrifu
gation. Next, the EasySepTM Human CD11b positive selection 
Kit (STEMCELL Technologies Inc) was used to isolate macro
phages. The harvested cells were then incubated in a medium 
supplemented with granulocyte macrophage colony- 
stimulating factor (500 IU/ml, Gentaur) and IL-4 (248 IU/ml, 
Gentaur). After 5–6 days, a population of immature DCs were 
obtained for cocultures with ESCC cells.

Phagocytosis assay

Tumor cells were divided into four groups including untreated 
control, indicated compounds, RT (6 Gy), and the combination 
treatment group. After treatment for 24 hours, ESCC cells were 
collected, washed three times and stained with CFSE (Abcam). 

Then, they were washed and cocultured with immature DCs 
for 2 hours at ratio of 1:1. At the end of incubation, the cells 
were stained with mouse anti-human CD11c-phycoerythrin 
(PE) (BD Biosciences) or mouse IgG1-PE isotype control (BD 
Biosciences) for half an hour at 37°C. Phagocytosis was esti
mated by the Flow Cytometer (BD Biosciences). The popula
tion of double positive cells (CFSE and CD11c-PE stained cells) 
was calculated to obtain phagocytotic efficiency.

Survival analysis

The Gene Expression Profiling Interactive Analysis (GEPIA, 
http://gepia.cancer-pku.cn) is an online program providing mul
tiple types of cancer and normal gene expression profiling with 
interactive analyses. Therefore, we applied GEPIA database to 
further investigate the expression and prognostic values of SCD1. 
The Kaplan–Meier curves were used to estimate the survival 
function, Hazard ratio (HR) and 95% confidence interval (95% 
CI) were calculated in a univariate Cox regression analysis.

In vivo tumor experiment and ethics statement

The animal experiments were approved by the Institutional 
Animal Care and Ethical Committee. Female severe combined 
immunodeficient (SCID) mice (6–8 weeks of age) were applied 
for animal experiment. Tumor cells suspension were subcuta
neously injected into the SCID mice. After carefully monitoring 
until tumor burden reached to 100 mm3, mice were randomized 
into four groups: vehicle group (PBS), MF-438 group (MF-438 
were dissolved in DMSO and subsequently diluted in PBS, 
orally administered at a dose of 800 μg/kg, once a day for 
2 weeks), RT group (2 Gy*5 f, once every two days), and the 
combined group (RT/MF-438). Mice were monitored and 
tumor volumes were measured two to three times per week 
until average volume reached to 1000 mm3; tumor volume 
(mm3) = (length × width × height × 1/2). Then, mice were 
euthanized and tumors were collected. All animal care and 
experimental procedures were in accordance with, and were 
approved by the Ethics Committee of Zhengzhou University.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (ver
sion 7.0, GraphPad Software). All the data were presented as 
means ± standard deviation (SD). Statistical significance was 
calculated using student’s t-tests, one-way or two-way 
ANOVA. The Kaplan-Meier methodology and log-rank test 
were applied for survival analysis. A two-tailed p ≤ .05 was 
accepted as statistically significant. *p < .05; **p < .01; 
***p < .001; ****p < .0001; n.s., non-significant.

Results

SCD1 inhibitor MF-438 exerts a deleterious effect on ESCC 
cell viability

We first assessed the extent of SCD1 expression in seven 
ESCC cell lines and one normal esophageal epithelial cell 
line SHEE using western blot and qRT-PCR. Generally, both 
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intracellular levels of SCD1 protein and mRNA were broadly 
downregulated in normal SHEE cells when compared with 
ESCC cells (Figure 1a,b, supplementary Figure S1a). Among 
the ESCC cell lines, KYSE70 showed the highest expression of 
SCD1. Moreover, despite SCD1 expression being variable in 
multiple cell lines, there was similar trends between levels of 
protein and mRNA, this indicating that the elevation of SCD1 
is transcriptionally driven. Since SCD1 is commonly over
expressed in ESCC cells, we hypothesized that intracellular 
SCD1 is essential for a wide range of cellular functions. To 
confirm this, we carried out cancer cell proliferation assay 
using MF-438, an orally bioavailable compound that inhibits 
SCD1 enzymatic activity. As presented in Figure 1c–i, MF- 
438 reduced cell viability in a dose-dependent manner in 
tumor cells. It was calculated that the 50% inhibitory concen
tration (IC50) of MF-438 in ESCC cells was between 1 and 
2.4 μM. In contrast to the outcomes in tumor-derived cell 
lines, no deleterious effects were observed in SHEE cells 
treated with MF-438 (Figure 1j); 0.25 μM MF-438 is safe 
with minimal side effects and was utilized in the subsequent 
investigation.

Cell viability assays were also performed with the com
pounds RSL3 and Fer-1. RSL3 was able to effectively suppress 
cell proliferation in ESCC cells (supplementary Figure S1b–d) 
in a concentration-dependent manner. Both RSL3 and MF-438 
were effective in inhibiting tumor cell growth. In contrast, Fer- 
1 was associated with no cytotoxic activity on both tumor cells 
and normal cells (Figure 1k–m). Altogether, these findings 
suggested that SCD1 inhibitor MF-438 and GPX4 inhibitor 
RSL3 were tumor cell-specific and potentially safe for antic
ancer therapy, whereas ferroptosis inhibitor Fer-1 exposure 
produced no cancer cell toxicity.

Targeting SCD1 boosts the effect of RT

Next, we test SCD1 inhibitor as an RT-boosting drug for ESCC 
treatment by colony formation assays. Both KYSE70 and 
KYSE410 cells were utilized in the subsequent analysis. 
Nontoxic concentration of MF-438 was applied prior to RT. 
As shown in Figure 2a,b, MF-438 significantly decreased the 
surviving fraction of tumor cells compared to RT alone. 
Notably, when cells were irradiated with a single dose of 2 Gy 
combined with MF-438, KYSE70 cells were much less clono
genic than KYSE410 cells. These data implied a synergistic 
effect between RT and SCD1 inhibitor in ESCC cells.

To further evaluated SCD1 in radiation resistance, we per
formed siRNA inference experiments. As presented in 
Figure 2c–f, knockdown of SCD1 caused minimal side effects 
on cell viability. In parallel with the above interpretation, 
knockdown of SCD1 attenuated survival fractions in both 
KYSE70 and KYSE410 cells when combined with RT 
(Figure 2g,h). In addition, we confirmed whether ferroptosis 
inducer works well to improve the effectiveness of RT. As 
expected, RSL3 significantly attenuated the surviving fraction 
of KYSE70 and KYSE410 cells when combined with RT (sup
plementary Figure S1e,f). Conversely, there was no synergistic 
effect between Fer-1 and RT, and pharmacological blockade of 
ferroptosis was even shown to increase cancer cell surviving 
fraction when combined with RT (Figure 2i,j).

Overall, these data clearly illustrated stimulating ferroptosis 
was accompanied by radiosensitization, targeting SCD1 and 
GPX4 were appealing strategies to sensitize ESCC cells to RT.

MF-438 induces ferroptotic cell death and synergizes with 
RT

With regard to SCD1 as an enzyme that catalyzes the rate- 
limiting step in monounsaturated fatty acid synthesis, investi
gators have paid attentions on alterations that occurred in lipid 
metabolism during ferroptosis.20,22 Thus, we examined 
whether inhibition of SCD1 causes cell death by triggering 
ferroptosis. As seen in Figure 3a,b, blocking SCD1 with small 
molecule inhibitor MF-438 induced C11-BODIPY staining in 
ESCC cells. This indicated that targeting SCD1 increased lipid 
peroxidation and caused ferroptosis, and the effect was con
centration dependent. Similarly, RT mediated lipid peroxida
tion accumulation was detected in the current analysis 
(Figure 3c,d). Additionally, the combination of RT and SCD1 
inhibitor resulted in a higher lipid peroxidation than RT alone 
in tumor cells (Figure 3c,d), indicating that reduction of SCD1 
activity synergist with RT in inducing ferroptotic cell death. 
These results demonstrate both SCD1 inhibitor and RT were 
able to trigger ferroptosis in tumor cells.

We also evaluated ferroptotic cell death rates in SHEE cells. 
Although RT was efficient in triggering ferroptosis, the extent 
of lipid peroxidation in the combined group (RT/MF-438) 
remained similar to these in the RT group (Figure 3e,f). The 
outcome confirmed there was limited toxicity of MF-438 in 
normal cells.

Furthermore, ESCC cells treated with RSL3 showed 
a consistent increase of lipid peroxidation; RSL3 combined 
with RT exhibited synergistic effect in stimulating ferroptosis 
for tumor cells, but not for normal esophageal epithelial cells 
(supplementary Figure S2). As a negative control, Fer-1 
showed a trend to attenuate the production of lipid peroxida
tion, and the administration of Fer-1 significantly decreased 
RT induced lipid peroxidation (Figure 2g–l). These outcomes 
strongly supported ferroptosis inducer could be utilized as 
a novel radiosensitizer. Taken together, our data denoted that 
triggering ferroptosis by targeting SCD1 and GPX4 contribu
ted to improve the radiation sensitivity of ESCC cells.

Targeting SCD1 combined with RT triggers immunogenic 
ferroptosis

Immunogenic cell death (ICD) is an essential biological pro
cess during anticancer therapy.29 Generally, ICD has been 
characterized by the translocation of calreticulin to cell surface 
and the release of ATP and HMGB1 into extracellular space.30 

ICD-associated tumor cells contributes to the activation of 
dendritic cells, thereby facilitating antitumor immune 
response. In addition to just a simple eradicating of tumor 
cells, radiation-induced ICD has been demonstrated in several 
types of tumors.31,32 Recently, a group explored the immuno
genicity of ferroptotic cancer cells.24 The induction of ferrop
tosis may contribute to overcome radiation resistance by 
improving antitumor immune response. Therefore, we exam
ined the immunogenicity of ferroptotic cancer cells.
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Figure 1. SCD1 protein and mRNA expression is variable across multiple cell lines, MF-438 inhibits the growth of ESCC cells. Fer-1 has minimal effect on tumor cells and 
normal cell. (a) The expression of SCD1 in ESCC cells and normal esophageal epithelial cells (SHEE) was analyzed by western blot. (b) Quantification of SCD1 mRNA 
expression in ESCC cells and SHEE cells. (c–j) Dose-survival curves of MF-438 on KYSE30, KYSE70, KYSE140, KYSE150, KYSE410, KYSE450, KYSE510 and SHEE cells were 
generated by MTT assay at 24 hours. (k–m) Dose-survival curves of Fer-1 on KYSE70, KYSE410, and SHEE cells and were generated by MTT assay at 24 hours. ESCC: 
esophageal squamous cell carcinoma; SCD1: stearoyl-coa desaturase. Data are expressed as means ± SD (n = 3), n.s., non-significant, p > .05; *p ˂ 0.05; **p ˂ 0.01; ***p ˂ 
0.001; ****p ˂ 0.0001.

ONCOIMMUNOLOGY e2101769-5



Figure 2. MF-438 enhances the radiation sensitivity of both KYSE70 cells and KYSE410 cells. Fer-1 decreases the radiation sensitivity of tumor cells. (a) Colony formation 
assay was performed in KYSE70 cells following RT (0, 2, 4, 6, 8, 10, and 12 Gy), or RT/MF-438 treatment (0.25 μM). (b) Colony formation assay was performed in KYSE410 
cells following RT (0, 2, 4, 6, 8, 10, and 12 Gy), or RT/MF-438 treatment (0.25 μM). (c) Dose-survival curves of KYSE70 cells infected with siRNAs targeting SCD1 were 
generated by MTT assay at 24 hours. (d) Dose-survival curves of KYSE410 cells infected with siRNAs targeting SCD1 were generated by MTT assay at 24 hours. (e) qRT- 
PCR of KYSE70 cells infected with siRNAs targeting SCD1. (f) qRT-PCR of KYSE410 cells infected with siRNAs targeting SCD1. (g) Colony formation assay was performed in 
KYSE70 cells infected with siRNAs targeting SCD1. (h) Colony formation assay was performed in KYSE410 cells infected with siRNAs targeting SCD1. (i) Colony formation 
assay was performed in KYSE70 cells following RT (0, 2, 4, 6, 8, 10, and 12 Gy), or RT/Fer-1 treatment (1 μM). (j) Colony formation assay was performed in KYSE410 cells 
following RT (0, 2, 4, 6, 8, 10, and 12 Gy), or RT/Fer-1 treatment (1 μM). Data are expressed as means ± SD (n = 3), n.s., non-significant, p > .05; *p ˂ 0.05; **p ˂ 0.01; ***p ˂ 
0.001; ****p ˂ 0.0001.  
Abbreviations: RT: radiation therapy; siNC: negative control siRNA; SCD1: stearoyl-coa desaturase.
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Figure 3. Targeting SCD1 was capable of inducing ferroptosis. MF-438 enhanced the efficacy of RT-induced ferroptosis in ESCC cells, while Fer-1 attenuated RT-induced 
ferroptosis. (a) C11-BODIPY staining was performed in KYSE70 cells following different concentrations of MF-438. (b) C11-BODIPY staining was performed in KYSE410 
cells following different concentrations of MF-438. (c) C11-BODIPY staining was performed in KYSE70 cells following NC (DMSO), MF-438 (0.25 μM), RT (6 Gy), or RT/MF- 
438. (d) C11-BODIPY staining was conducted in KYSE410 cells following NC (DMSO), MF-438 (0.25 μM), RT (6 Gy), or RT/MF-438. (e) C11-BODIPY staining was performed 
in SHEE cells following different concentrations of MF-438. (f) C11-BODIPY staining was performed in SHEE cells following NC (DMSO), MF-438 (0.25 μM), RT (6 Gy), or RT/ 
MF-438. (g) C11-BODIPY staining was performed in KYSE70 cells following different concentrations of Fer-1. (h) C11-BODIPY staining was performed in KYSE70 cells 
following NC (DMSO), Fer-1 (1 μM), RT (6 Gy), or RT/Fer-1. (i) C11-BODIPY staining was performed in KYSE410 cells following different concentrations of Fer-1. (j) C11- 
BODIPY staining was performed in KYSE410 cells following NC (DMSO), Fer-1 (1 μM), RT (6 Gy), or RT/Fer-1. (k) C11-BODIPY staining was performed in SHEE cells 
following different concentrations of Fer-1. (l) C11-BODIPY staining was performed in SHEE cells following NC (DMSO), Fer-1 (1 μM), RT (6 Gy), or RT/Fer-1. Data are 
expressed as means ± SD (n = 3), n.s., non-significant, p > .05; *p ˂ 0.05; **p ˂ 0.01; ***p ˂ 0.001; ****p ˂ 0.0001.  
Abbreviations: ESCC: esophageal squamous cell carcinoma; NC: normal control; RT: radiation therapy; SCD1: stearoyl-coa desaturase.
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As shown in Figure 4a, extracellular ATP release was 
observed in KYSE70 cells exposed to different concentrations 
of MF-438; after treatment with 0.25 μM, the RLU fold 
increased significantly compared with untreated control 
group. Meanwhile, radiation-induced ATP release was 
detected, and correlated directly with RT dose. The combined 
strategies resulted in an RLU increase compared with RT alone 
(Figure 4b). Similar results were obtained from KYSE410 cells 
(Figure 4c,d). These outcomes indicated radiation-induced 
ATP release was enhanced by MF-438. Next, we analyzed the 
amount of calreticulin on the surface of cancer cells. Although 
MF-438 failed to induce cell-surface expression of calreticulin, 
RT-mediated calreticulin translocation was noticed and this 
effect appears to occur in a dose dependent manner 
(Figure 4e–h). Interestingly, there was no synergistic effect 
between MF-438 and RT in inducing the translocation of 
calreticulin to cell membrane. Finally, extracellular HMGB1 

was measured among the treatment groups. Similar to the 
results of ATP extracellular release, both MF-438 and RT 
contributed to the secretion of HMGB1 from tumor cells to 
extracellular space. The combination of RT and MF-438 
resulted in enhanced HMGB1 extracellular release 
(Figure 4i–l).

To validate the role of ferroptosis in mediating ICD, tumor 
cells were incubated with both RSL3 and Fer-1. For a positive 
control, we noted the generation of both ATP and HMGB1 in 
extracellular milieu after treatment with ferroptosis inducer RSL3 
and there was a synergistic effect between RSL3 and RT. 
Consistent with the MF-438 data, RSL3 had no effect on the 
translocation of calreticulin to the cell membrane (supplementary 
Figure S3a–m). In the meantime, RT-induced ATP and HMGB1 
release could be attenuated by ferroptosis inhibitor Fer-1, and we 
were unable to detect an alteration of the exposure of calreticulin 
to the cell surface (supplementary Figure S4). Importantly, 

Figure 4. Targeting SCD1 combined with RT triggers immunogenic ferroptosis. Suppressing ferroptosis attenuates the uptake of cancer cells by DCs. (a) Extracellular ATP 
release in KYSE70 cells following different concentrations of MF-438. (b) RT combined with MF-438 resulted in enhanced extracellular ATP release in KYSE70 cells. (c) 
Extracellular ATP release in KYSE410 cells following different concentrations of MF-438. (d) RT combined with MF-438 resulted in enhanced extracellular ATP release in 
KYSE410 cells. (e) Calreticulin cell surface exposure in KYSE70 cells following different concentrations of MF-438. (f) Calreticulin cell surface exposure in KYSE70 cells 
following different doses of RT combined with MF-438. (g) Calreticulin cell surface exposure in KYSE410 cells following different concentrations of MF-438. (h) 
Calreticulin cell surface exposure in KYSE410 cells following different doses of RT combined with MF-438. (i) Extracellular HMGB1 release in KYSE70 cells following 
different concentrations of MF-438. (j) RT combined with MF-438 resulted in enhanced extracellular HMGB1 release in KYSE70 cells. (k) Extracellular HMGB1 release in 
KYSE410 cells following different concentrations of MF-438. (l) RT combined with MF-438 resulted in enhanced extracellular HMGB1 release in KYSE410 cells. (m-n) The 
uptake of ferroptotic cells by DCs after treated with MF-438, RT, or the combined regimen. (o-p) The uptake of ferroptotic cells by DCs after treated with Fer-1, RT, or the 
combined regimen. Data are expressed as means ± SD (n = 3), n.s., non-significant, p > .05; *p ˂ 0.05; **p ˂ 0.01; ***p ˂ 0.001; ****p ˂ 0.0001.  
Abbreviations: ATP: adenosine triphosphate; DCs: dendritic cells; HMGB1: High mobility group box protein 1; RT: radiation therapy; SCD1: stearoyl-coa desaturase.
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ferroptosis was accompanied by extracellular release of ATP and 
HMGB1, also known as immunogenic ferroptosis. MF-438, in 
combination with RT, was highly efficient in triggering ICD.

MF-438 and RT combined resulted in enhanced DC 
phagocytosis of dying tumor cells

Afterward, we sought to identify whether immunogenic 
ferroptosis could facilitate cancer cell recognition and pha
gocytosis by DCs. As illustrated in Figure 4m,n, ESCC cells 
were efficiently phagocytosed by DCs within a few hours 
after the administration of MF-438; compared with RT 
alone, a higher phagocytotic efficiency was observed when 
tumor cells were treated with the combined regimen. 
Moreover, RSL3 seems much more efficient than MF-438 
in assisting phagocytosis of ESCC cells by DCs (supplemen
tary Figure S3n–p). For a negative control, we inhibited 
immunogenic ferroptosis by treating ESCC cells with Fer- 
1. Inhibiting ferroptosis significantly reduced radiation- 
mediated phagocytic clearance (Figure 4o,p). Hence, the 
results suggest that the immunogenic ferroptosis- 
associated dying tumor cells were recognized and phagocy
tosed efficiently by the DCs, causing DC activation.

MF-438 induces ferroptosis through decreasing the 
formation of monounsaturated fatty acids

It is well-known that SCD1 is involved in lipid remodeling 
and inhibition of SCD1 leads to decreased production of 
monounsaturated fatty acids – OA and POA.20,21 Thus, we 
focused on the role of lipid metabolism in regulating fer
roptosis. Phospholipids containing polyunsaturated fatty 
acids were the type of lipids that are distinctly susceptible 
to peroxidation.33 In addition to reactive oxygen species 
accumulation, RT is also involved in lipid metabolism and 
contributed to the biosynthesis of phospholipids containing 
polyunsaturated fatty acids. Altogether, RT can lead to lipid 
peroxidation and promotion of ferroptosis.34,35 

Monounsaturated fatty acids, including OA and POA, 
have been described to suppress ferroptosis in cells.18, 28 

Therefore, we hypothesized that SCD1-mediated monoun
saturated fatty acids synthesis played an essential role in 
radiation resistance by reducing ferroptosis.

As shown in Figure 5a–d, ferroptoic cell death triggered by 
RT exposure could be recapitulated with exogenous OA or 
POA, two monounsaturated fatty acids formed by SCD1 activa
tion. Conversely, RT-induced ferroptosis could not be rescued 
by PA (Figure 5e,f) or SA (Figure 5g,h), the two corresponding 
saturated fatty acids. Similarly, tumor cells exposed to either OA 
or POA showed increased radiation resistance (Figure 5i–l) and 
this effect was not detected after cancer cells incubated with PA 
or SA (supplementary Figure S5a–d). Collectively, SCD1 was 
a crucial component that participates in lipid peroxidation as 
both OA and POA conferred treatment resistance by alleviating 
radiation-induced ferroptosis. MF-438 decreased OA and POA 
synthesis and acted as a novel radiosensitizer that weakened 
cancer cells by inducing lipid peroxidation.

MF-438 sensitizes tumor cells to RT and suppress ESCC 
growth in vivo

Given all the above data, we decided to investigate the ther
apeutic potential of SCD1 inhibitor combined with RT 
in vivo. Mice with subcutaneous ESCC tumors were treated 
with either vehicle alone, MF-438 alone, RT alone, or the 
combination of RT and MF-438. Untreated control mice or 
MF-438 treated mice rapidly developed noticeable tumor 
growth throughout the analysis (Figure 6a,b). Conversely, 
treatment of mice with RT led to a dramatically stronger 
suppression of tumor growth than those from the untreated 
control or MF-438 treated mice. Remarkably, mice that 
received combination therapy resulted in the most extensive 
tumor shrinkage compared with untreated control, MF-438, 
or RT-treated mice (supplementary Figure S5e). Furthermore, 
there was no apparent toxicity in mice treated with MF-438 
(Figure 6c). Together with, these findings clearly demon
strated the antitumor activity of MF-438 in vivo and revealed 
that the compound can be exploited to enhance radiation 
response in the treatment of ESCC.

Overexpression of SCD1 in ESCC is correlated with 
unfavorable survival

As consistently demonstrated in the study, SCD1 activity 
confers radiation resistant in tumor cells. To clarify and 
distinguish the role of SCD1 in patients with ESCC, we 
next investigated GEPIA database according to gene- 
expression profile. ESCC patients were divided into two 
groups based on the levels of SCD expression: high and 
low. High SCD expression was associated with shorter dis
ease-free survival in patients of ESCC compared with low 
SCD expression group (17.9 months versus 26.7 months, 
P = .025; Figure 6d). In addition, SCD was significantly 
upregulated in tumor tissues compared with normal epithe
lium in esophagus (Figure 6e). These observations were 
consistent with the outcomes from cell lines. Accordingly, 
our results strongly suggest that SCD expression could be 
a useful biomarker to identify subsets of ESCC that would 
be sensitive or resistant to this combination treatment.

Discussion

Over the last few years, it is noteworthy that the successive 
discovery and ongoing study of ferroptosis have shown it to be 
a promising form of non-apoptotic cell death in the develop
ment of innovative cancer therapies.9,10 In the present analysis, 
we characterized the variable expression of SCD1 in multiple 
ESCC cell lines and a normal esophageal epithelial cell line. OA 
and POA, two products of SCD1 activity, conferred radiation 
resistance in tumor cells by reducing accumulation of lipid 
peroxidation. Consistently, targeting SCD1 caused immuno
genic ferroptosis and improved the efficacy of RT. Meanwhile, 
radiation-induced ferroptosis and ICD were also observed in 
our study. Additionally, our data revealed SCD1 as 
a prognostic factor for survival in patients of ESCC, with higher 
expression of SCD1 being associated with poor survival.
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Lipids are essential regulators of various cellular processes, 
and lipid metabolism is involved in regulated cell death.36 It 
has been shown that the extensive lipid peroxidation of phos
pholipids in the cell membrane is a prerequisite to 

ferroptosis.14 Previous analysis showed that inhibiting SCD1 
disturbed intracellular lipid homeostasis and induced ferrop
tosis in tumor cells.26 The two monounsaturated fatty acids OA 
and POA have been reported to protect tumor cells from 

Figure 5. Monounsaturated fatty acids (OA and POA) protect tumor cells from radiation-induced ferroptosis and lead to radiation resistance. However, RT-induced lipid 
peroxidation could not be mitigated by saturated fatty acids (PA and SA). (a) C11-BODIPY staining analyzed by flow cytometry in KYSE70 cells following NC (DMSO), OA 
(0.1 mM), RT (6 Gy), or RT/OA. (b) C11-BODIPY staining analyzed by flow cytometry in KYSE410 cells following NC (DMSO), OA (0.1 mM), RT (6 Gy), or RT/OA. (c) C11- 
BODIPY staining analyzed by flow cytometry in KYSE70 cells following NC (DMSO), POA (0.1 mM), RT (6 Gy), or RT/POA. (d) C11-BODIPY staining analyzed by flow 
cytometry in KYSE410 cells following NC (DMSO), POA (0.1 mM), RT (6 Gy), or RT/POA. (e) C11-BODIPY staining analyzed by flow cytometry in KYSE70 cells following NC 
(DMSO), PA (0.1 mM), RT (6 Gy), or RT/PA. (f) C11-BODIPY staining analyzed by flow cytometry in KYSE410 cells following NC (DMSO), PA (0.1 mM), RT (6 Gy), or RT/PA. (g) 
C11-BODIPY staining analyzed by flow cytometry in KYSE70 cells following NC (DMSO), SA (0.1 mM), RT (6 Gy), or RT/SA. (h) C11-BODIPY staining analyzed by flow 
cytometry in KYSE410 cells following NC (DMSO), SA (0.1 mM), RT (6 Gy), or RT/SA. (i-j) Colony formation assay was performed in tumor cells following RT (0, 2, 4, 6, 8, 10, 
and 12 Gy), or RT/OA treatment (0.1 mM). (k-l) Colony formation assay was performed in cancer cells following RT (0, 2, 4, 6, 8, 10, and 12 Gy), or RT/POA treatment 
(0.1 mM). Data are expressed as means ± SD (n = 3), p > .05; *p ˂ 0.05; **p ˂ 0.01; ***p ˂ 0.001; ****p ˂ 0.0001.  
Abbreviations: NC, normal control; OA, oleic acid; PA, palmitic acid; POA, palmitoleic acid; RT, radiation therapy; SA, stearic acid; SCD1, stearoyl-coa desaturase; n.s, non- 
significant.
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Figure 6. SCD1 inhibitor (MF-438), RT, or the combination of RT and MF-438 attenuated ESCC growth in vivo. (a) Treatment with MF-438, RT, or RT/MF-438 decreased the 
tumor volume compared with vehicle treatment. (b) Tumor weight was decreased after MF-438, RT, or RT/MF-438 compared with vehicle (c) MF-438 treatment had 
limited effect on mice body weight. (d) Low SCD expression (n = 118) is associated with favorable disease-free survival in ESCC patients. (e) SCD was overexpressed in 
cancer tissues compared with normal epithelium in esophagus. Data are expressed as means ± SD (n = 5), p > .05; *p ˂ 0.05; **p ˂ 0.01; ***p ˂ 0.001; ****p ˂ 0.0001. 
Abbreviations: ESCC, esophageal squamous cell carcinoma; RT, radiation therapy; SCD, stearoyl-coa desaturase; n.s, non-significant.
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ferroptosis.18,26 However, ferroptotic cell death could not be 
mitigated with exogenous saturated fatty acids, indirectly 
emphasizing the crucial role of SCD1 in regulating 
ferroptosis.26 Consistent with these analyses, in the current 
study, we observed that blockade of SCD1 with small molecular 
compound MF-438 was able to trigger lipid peroxidation. 
Furthermore, intracellular lipid peroxidation could be attenu
ated by supplementation of OA and POA.

It was not until relatively recently that the role of RT in 
mediating cancer cell ferroptosis had started being investigated 
and analyzed.9,13 Lei et al. reported that RT was capable of 
inducing the production of reactive oxygen species and high 
expression of ACSL4, resulting in accumulation of lipid per
oxidation and tumor cell ferroptosis.14 Similarly, RT-induced 
lipid peroxidation biosynthesis was detected in the present 
analysis. MF-438 was effective in inhibiting the production of 
POA and OA, resulted in impaired lipid metabolism; the 
combination of RT and MF-438 caused a great amount of 
intracellular lipid peroxidation accumulation. Immediately, 
cancer cell membrane structures were destroyed and it resulted 
in ferroptotic cell death. On the other hand, radiation-induced 
lipid peroxidation could be alleviated by treatment with exo
genous monounsaturated fatty acids, resulting in protection 
from ferroptosis (Figure 7).

With respect to RT, there have been several studies focused 
on ferroptosis and radiation resistance. High expression of 
SCL7A11 has been described to promote radiation resistance 

by decreasing ferroptosis in ESCC.15 Indeed, SLC7A11 and 
GPX4 have been shown to be upregulated as an adaptive 
response to RT, thereby alleviating ferroptosis in tumor cells.14 

p53 deficiency conferred radiation resistance via upregulating 
SLC7A11 expression and suppressing glutathione synthesis, 
resulting in decreased lipid peroxidation in tumor cells.37 

Nevertheless, another study found that RT-derived IFNγ acti
vated ATM kinase and immunotherapy-activated CD8 + T cells 
were able to promote ferroptosis by inhibiting SLC7A11.38 

Given the complicated nature of lipid metabolism, it is not 
surprising to find conflicting reports. The current study con
firmed that stimulating ferroptotic cell death was associated with 
enhanced efficacy of RT by using RSL3, whereas Fer-1 alleviated 
the radiation sensitivity of ESCC cells by attenuating ferroptosis. 
Additionally, our analyses indicated that SCD1 was involved in 
radiation resistance by regulating lipid metabolism and SCD1 
inhibitors have been recognized as novel radio-sensitizers by 
suppressing lipid metabolism. This provides a novel target for 
new and innovative approaches in radiation sensitization.

Emerging evidence have implicated ferroptosis in activation 
of antitumor immunity.25,39 During the early stage of ferropto
sis, cancer cells have been shown to release damage-associated 
molecular patterns (DAMPs), stimulating immunogenicity.24 In 
our study, we explored the immunogenicity of ferroptotic tumor 
cells. We found that ferroptotic tumor cells assisted the activa
tion of DCs; suppressing SCD1 or GPX4 enhanced radiation- 
mediated immunogenic ferroptosis, representing a novel ICD 

Figure 7. Proposed mechanism of MF-438-associated boost RT efficacy in human ESCC cell lines with high SCD1 expression by induction of immunogenic ferroptosis. 
Abbreviations: ATP, adenosine triphosphate; DAMP, damage-associated molecular patterns; DC, dendric cell; ESCC, esophageal squamous cell carcinoma; HMGB1, High 
mobility group box protein 1; ROS, reactive oxygen species; RT, radiation therapy; SCD1, stearoyl-coa desaturase.
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inducer. Although induction of ferroptosis was less efficient in 
stimulating calreticulin translocation to the membrane, RT was 
able to stimulate it efficiently, and further investigation is needed 
to clarify whether membrane calreticulin was expressed in early 
ferroptotic cancer cells. These findings present strong evidence 
of a novel strategy to improve the efficacy of RT.

Since difficulty swallowing and unintended weight loss 
were the most common symptoms of esophageal cancer, 
iron deficiency anemia may exist in the affected 
individuals.40 Besides, tumor cells themselves exhibit an 
increased iron uptake to support survival .41 Anemia was 
an unfavorable factor with regards to treatment response 
and survival in cancer patients.6 In a mouse glioma model, 
administration of iron-containing water prior to RT stimu
lated ferroptotic cell death and decreased tumor size. 
Moreover, there was significant difference in tumor volume 
between mice treated with RT alone and mice treated with 
RT followed by the iron-containing water.42,43 Tumor cells 
containing high iron levels caused increased hydrogen per
oxide generation, an early and crucial step for ferroptosis.44 

In addition, lactoferrin was an iron-binding multifunctional 
cationic glycoprotein that capable of treating iron deficiency 
anemia.45 Holo-lactoferricin – a protein incorporated in 
food supplements to increase iron levels – exhibited antic
ancer properties via reactive oxygen species generation and 
GPX4 downregulation, resulting in tumor cell ferroptosis 
and enhanced radiation response in triple-negative breast 
cancer.46 Consequently, the efficacy of RT combined with 
MF-438 may be improved with an increased cellular iron, 
especially in gastrointestinal tract tumors, and further study 
is warranted.

Emerging data from recent investigations identified several 
ferroptosis-based prognostic and therapeutic biomarkers in 
cancer.47 SLC7A11 is an essential ferroptosis regulator that 
associated with poor outcomes in ESCC patients treated with 
RT.15 The ferroptosis-associated long non-coding RNAs sig
natures can be considered accurate and stable predictors of 
radiation response and survival outcomes in glioma.48 Our 
analysis addressed SCD1 as an attractive target and a poor 
prognostic indicator of ESCC, this can contribute to future 
patient stratification and individualized treatment. 
Regardless, abnormal overexpression of SCD1 in ESCC cells 
should to be examined further.

In summary, our findings established that SCD1 protects 
ESCC cells from ferroptosis by mediating OA and POA synth
esis, which promote radiation resistance. Targeting SCD1 with 
new drugs is a promising strategy that safely boosts RT. Overall, 
the essential role of lipid metabolism represents a novel thera
peutic target to trigger immunogenic ferroptosis in cancer cells.
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