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ABBREVIATION 

AIFM2: Apoptosis-inducing factor mitochondrial 2 
AKRs: Aldo-keto reductases 
AKR1: Human aldo-keto reductase family 1 
AKR1C1: Human aldo-keto reductase family 1 member C1 
AKR1C2: Human aldo-keto reductase family 1 member C2 
AKR1C3: Human aldo-keto reductase family 1 member C3 
AKR1C4: Human aldo-keto reductase family 1 member C4 
AKT: Protein kinase B  
BE: Barrett's esophagus  
BRCC3: BRCA1-BRCA2-containing complex 3 
ChIP: Chromatin immunoprecipitation  
CI: Confidence interval 
Co-IP: Co-immunoprecipitation 
CoQ: Coenzyme Q10 
CoQH2: Reduced coenzyme Q10 
CROSS: ChemoRadiotherapy for Oesophageal cancer followed by Surgery Study  
CRT: Chemoradiotherapy 
CSCs: Cancer stem cells 
DAPI: 4 ', 6-diamidino-2-phenylindole, dihydrochloride 
DAU: Daunorubicin  
DEGs: Differentially expressed genes 
DHT: Dihydrotestosterone 
DHODH: Dihydroorotate dehydrogenase 
DMSO: Dimethyl sulfoxide 
DNA: Deoxyribonucleic acid 
DSBs: DNA double strands breaks 
DOX: Doxorubicin 
EAC: Esophageal adenocarcinoma 
EC: Esophageal cancer 
ECAR: Extracellular acidification rate 
EDTA: Ethylenediaminetetraacetic acid 
EGFR: Epidermal growth factor receptor 
EMR: Endoscopic mucosal resection 
EMT: Epithelial-mesenchymal transition 
ER: Endoplasmic reticulum 
ESD: Endoscopic submucosal dissection 
ESCC: Esophageal squamous cancer cells 
ESMO: European Society for Medical Oncology 
FBS: Fetal bovine serum  
FINs: Ferroptosis inducers 
FSP1: Ferroptosis inhibitor protein 1 
GEO: Gene Expression Omnibus 
GEPIA: Gene Expression Profiling Interactive Analysis 
GERD: Gastroesophageal acid reflux disease 
GPX4: Glutathione peroxidase 4 
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GSEA: Gene set enrichment analysis 
GSH: Glutathione 
GSSG: Glutathione disulfide 
HCC: Hepatocellular carcinoma  
HNSCC: Head and neck squamous cell carcinoma 
H2O2: Hydrogen Peroxide 
HUGO: Human genome project 
HR: Hazard Ratio 
IL6: Interleukin 6 
IR: Ionizing Radiation 
KEAP1: Kelch-like ECH associated protein 1 
KRAS gene: Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 
L-OH: Phospholipid alcohols 
L-OOH: Phospholipid hydroperoxides 
MAPK: Mitogen-activated protein kinases 
OCR: Oxygen consumption rate 
PCR: Polymerase chain reaction 
PDAC: Pancreatic ductal adenocarcinoma  
PG: Prostaglandin 
PGD2: Prostaglandins D2 
PGF2: Prostaglandin F2 
PGF2α: Prostaglandins F2α 
PGH2: Prostaglandins H2  
PI3K: Phosphoinositide 3-kinase 
NADPH: nicotinamide adenine dinucleotide phosphate  
NF-κB: Nuclear factor kappa B 
NRF2: Nuclear factor erythroid 2-related factor 2  
NSCLC: Non-small-cell lung cancer 
MFI: Median fluorescence intensity 
MPA: Medroxyprogesterone acetate 
MPTP: Mitochondrial permeability transition pore  
MTT: 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium bromide 
O2▪−: Superoxide 
OH▪: Hydroxyl radical  
OPSCC: Oropharyngeal squamous cell carcinoma 
OS: Overall survival  
PBS: Phosphate buffered saline 
qRT-PCR: Quantitative Reverse Transcription PCR 
RBMS1: RNA-binding motif, single-stranded-interacting protein 1 
RCC: Renal cell carcinoma 
RNA: Ribonucleic acid 
ROS: Reactive oxygen species 
RPA3: Replication protein A 3 
RSL3: RAS-selective lethal 3 
RT: Radiation therapy 
RT-PCR: Reverse transcription polymerase chain reaction 
SDS: Sodium dodecyl sulfate 
shRNA: short hairpin RNA 
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SCD1: Stearoyl-CoA desaturase 1 
SLC3A2: Solute Carrier Family 3 Member 2 
SLC7A11: Solute Carrier Family 7 Member 11 
SNAIL1: snail family transcriptional repressor 1  
SPIONCs: Self-assembled pH-sensitive superparamagnetic iron oxide nanoclusters 
STAT3: Signal transducer and activator of transcription 3  
STC2: Stanniocalcin 2 
TCGA: The Cancer Genome Atlas  
TIM: Triosephosphate isomerase 
TME: Tumors microenvironment 
TMRE: Tetramethyl rhodamine ethyl ester 
VDAC2/3: Voltage-dependent anion channel 2/3 
xCT: Cystine transporter  
 
  



 6 

 ZUSAMMENFASSUNG 

Das Ösophagus-Karzinom (EC) besitzt die sechsthöchste Sterblichkeitsrate und 

siebthöchste Inzidenz weltweit. In Ländern mit hohem Einkommen ist das 

Adenokarzinom des Ösophagus (EAC) der häufigste Subtyp. Trotz der 

bemerkenswerten Verbesserungen in der Diagnose und der Behandlung in den letzten 

Jahrzehnten liegt die 5-Jahres-Gesamtüberlebensrate von EAC-Patienten weltweit 

immer noch unter 15 Prozent. 

Die Strahlentherapie, als traditionelle adjuvante Therapie, hat in den letzten Jahrzehnten 

die Prognose der Patienten verbessert. Allerdings bleibt die Resistenz gegen solch eine 

Therapie ein enormes Hindernis für die Verbesserung der therapeutischen Wirksamkeit. 

AKR1C3 stellt ein vielversprechendes therapeutisches Ziel zur Überwindung der 

Strahlenresistenz bei vielen Krebsarten dar, während der molekulare Mechanismus von 

AKR1C3 bezogen auf die Strahlenresistenz in EAC-Patienten noch unklar ist. Um den 

Mechanismus der Strahlenresistenz in EAC zu untersuchen, haben wir zunächst ein in 

vitro Modell zur Untersuchung der Strahlenresistenz in EAC etabliert. RNA-

Sequenzanalysen und Western Blot Untersuchungen bestätigten, dass AKR1C3 in 

OE33R (der strahlenresistenten EAC-Zelllinie) im Vergleich zu OE33P (der parentalen 

EAC-Zelllinie) hochreguliert war. Basierend auf den transkriptomischen Daten stellten 

wir fest, dass der Ferroptoseweg in der KEGG-Analyse angereichert war.  

Anschließend haben wir bestätigt, dass AKR1C3 die Strahlenresistenz in unseren 

AKR1C3-überexprimierenden und Knockdown-EAC-Zelllinien erhöhen kann. Die 

Überexpression von AKR1C3 führte zu einer Verringerung der DNA-Schädigung, 

während die Unterdrückung von AKR1C3 zu einer erhöhten Schädigung führte. 

Darüber hinaus könnte eine Überexpression von AKR1C3 die mitochondriale Aktivität 

nach der Bestrahlung steigern, während ein Abbau von AKR1C3 diese schwächte. 

Wichtig ist, dass das AKR1C3-Expressionsniveau durch die GEPIA-

Korrelationsanalyse positiv mit SLC7A11 und GPX4 korrelierte. Die Überexpression 

von AKR1C3 führte zu einer verringerten Lipidperoxidation, während eine Hemmung 

von AKR1C3 EAC-Zellen erneut für die Ferroptose sensibilisieren könnte. 

Abschließend lässt sich sagen, dass wir zum ersten Mal berichten konnten, dass 

AKR1C3 die Strahlenresistenz durch Hemmung der Ferroptose in EAC-Zellen in 

erhöhen könnte. Die gezielte Behandlung von AKR1C3 könnte einen neuartigen 

Ansatz zur Überwindung der Strahlenresistenz bei EAC-Patienten darstellen. 
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 ABSTRACT 

Background:  
Esophageal cancer (EC) is the 6th highest mortality and 7th highest incidence worldwide. 

Overall, esophageal adenocarcinoma (EAC) is the most common subtype of EC in high-

income countries. Aldo-keto reductase 1C 3 (AKR1C3) represents a promising 

therapeutic target to overcome radioresistance in many cancers, while the molecular 

mechanism of AKR1C3 in the radioresistance of EAC is still unclear. 

 
Methods:  
The radioresistant model of OE33 was established by long-term small-dose irradiation 

(IR). Colony formations were performed to validate the survival fraction of EAC cells. 

RNA-seq analysis was applied for the in vitro radioresistant model. AKR1C3 

overexpressing cells (generated from OE33) and knockdown cells (modified from SKGT-

4) were established for in vitro analysis. The IR-induced apoptosis levels were measured 

by flow cytometry with DAPI and Annexin V staining. DNA damage levels were measured 

by immunofluorescence with gamma-H2AX staining and by Comet assay. The 

mitochondrial morphology of EAC cells was photographed by transmission electron 

microscope. Seahorse XF cell mito stress tests and Seahorse XF glycolytic rate assays 

were performed to measure oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR), respectively. Tetramethyl rhodamine ethyl ester (TMRE) 

staining was used for measuring mitochondrial activities. SLC7A11 and GPX4 protein 

levels were measured by Western blot. Lipid peroxidation levels were measured by flow 

cytometry with C11-Bodipy staining. MTT assays were applied to measure cell viability 

after erastin-treatment in EAC cells. Furthermore, Kaplan-Meier survival analysis was 

performed to draw the survival curve from the TCGA survival data. 

 
Results:  
Colony formation assay validated the radioresistant model of EAC cell line. The RNA-

seq analysis showed a higher mRNA level of AKR1C3, as well as some ferroptosis-

related genes such as FSP1 and SLC7A11 in the radioresistant cell line than in the 

parental cell line. Western blot and qRT-PCR confirmed the expression of AKR1C3 in 

our radioresistant model. In addition, overexpression of AKR1C3 in EAC cells 

significantly improved the survival fraction and decreased the apoptotic cells after 

irradiation. Overexpression of AKR1C3 could also prevent EAC cells from DNA damage 

after irradiation. The reversed results were observed in AKR1C3 knockdown cells. 
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Transmission electron microscope exhibited mitochondrial morphological changes after 

irradiation in EAC cells. AKR1C3 overexpressing cells showed more oxygen 

consumption rate changes after irradiation than the control cells. Higher TMRE levels 

were observed in AKR1C3 overexpressing cells after irradiation, while TMRE levels were 

lower in AKR1C3 knockdown cells. SLC7A11 and GPX4 expression levels showed a 

positive correlation with AKR1C3 by Western blot and GEPIA database analysis. 

Overexpression of AKR1C3 exhibited more resistant to erastin treatment, while 

knockdown of AKR1C3 sensitized cells to erastin treatment. Lipid peroxidation levels 

were lower in AKR1C3 overexpression cells and radioresistant cells while higher in 

AKR1C3 knockdown cells after irradiation or erastin treatment. MPA, a selective 

AKR1C3 inhibitor, could re-sensitize EAC cells to erastin treatment. The survival curve 

showed the median survival time was 23.1 months in the high AKR1C3 group and 27.1 

months in the low AKR1C3 group in EAC cohort. 

 
Conclusions:  
In this study, we demonstrated AKR1C3 could regulate the radioresistance of EAC cells. 

AKR1C3 renders radioresistance through inhibition of ferroptosis via mediating 

SLC7A11/GSH/GPX4 axis. Targeting AKR1C3 may provide a potential approach to 

increase the treatment response in EAC patients for individualized therapy.  
 
Key words: esophageal adenocarcinoma; Aldo-keto reductase 1C 3 (AKR1C3); 

radioresistance; ferroptosis; lipid peroxidation 
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 INTRODUCTION  

3.1. Esophageal cancer 

3.1.1. Introduction 
Esophageal cancer (EC) is the 6th highest mortality (544,000 deaths in 2020) and 7th 

highest incidence (604,000 new cases in 2020) worldwide, which accounts for an 

estimated 1 in every 18 cancer deaths 1. The incidence is lower in Western countries 

than in Eastern Asia and Southern Africa 2.  

Esophageal squamous cell carcinoma (ESCC) and Esophageal adenocarcinoma (EAC) 

are the two major subtypes of esophageal cancer by histology, while small-cell 

carcinoma, melanoma, sarcoma, and lymphoma are relatively rare 3. Overall, ESCC is 

the most common subtype of EC, while EAC represents approximately two-thirds of total 

EC cases in high-income countries 1. ESCC and EAC differ in etiology and pathogenesis, 

molecular biology, locations in the esophagus and therapeutic sensitivity but are similar 

in prognosis 2.  

Mechanically, ESCC is mainly associated with cigarette and alcohol consumption 4, and 

use of both could increase an approximately threefold risk for ESCC 5. Compared to EAC, 

ESCC is highly associated with the most socially deprived quintile and is more common 

in economically deprived groups and regions 6. However, EAC doesn’t present this trend. 

EAC is associated with excess body weight, gastroesophageal reflux disease and 

Barrett’s esophagus 7. The incidence of EAC is expected to rise rapidly among high-

income countries and has already or will surpass the incidence of ESCC in the next few 

years 8. 

EAC is the predominant histological type in Europe, such as Germany and other Western 

countries, while ESCC is the major subtype in Eastern Asia, especially in China and 

Japan 9. Despite the remarkable improvements in diagnosis and treatment in the past 

decades, the overall 5-year survival of EAC patients is still lower than 15% worldwide 10. 

Most cases are diagnosed in an advanced stage or even with metastasis when the 

prognosis is dismal. Thus, there is an urgent need for effective screening and multi-

disciplinary management strategies to improve the overall prognosis. 

 

 

3.1.2. Management of EAC 
Although ESCC is the major subtype worldwide, in Western Europe and the United 

States, EAC is a more prevalent histological type that has been validated to be 

associated with obesity, gastroesophageal acid reflux disease (GERD) and Barrett’s 
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esophagus (BE) 7,11. GERD affects approximately 15% to 20% of the Western population, 

but only 10% to 15% of these patients have BE 12. Although BE is clearly a precursor, 

only 0.12% to 0.60% of the BE patients develop to EAC each year 13. Nowadays, most 

patients with GERD are undergoing regular upper endoscopy and surveillance for 

Barrett’s esophagus, while only less than 15% of EAC cases are successfully screened 

during BE surveillance 14,15. Only few EAC patients are diagnosed as a localized disease 

at the time of presentation, severely impeding effective treatment approaches 13. 

Barium esophagrams is a classic screening method for upper gastrointestinal tumors, 

which can identify irregular lesions, but the screening accuracy is not enough, and it has 

been abandoned in many regions 16. Upper endoscopy combined with biopsy histologic 

detection is the gold standard for the diagnosis of upper gastrointestinal tumors. 

However, the high cost and severe discomfort prevent endoscopy from being used for 

widespread screening. Computed tomography is an examination method with high 

acceptance by patients, but similar to endoscopy, its high examination cost is a 

disadvantage. A recent study showed screening every two years in the high-risk area 

would be the most cost-effective strategy, and the initial screening age is 40 to 44, which 

is mostly associated with health benefits 17. According to the different morbidity, 

economic status and medical conditions in different regions, choosing the appropriate 

screening to maximize the benefits would be an optimal strategy. 

Treatment strategies for EAC depend on several crucial factors, including tumor size and 

location, tumor stage, underlying health condition, age, and the patient's personal 

expectations. Given the fact that systemic treatment usually cannot cure EAC, surgical 

or endoscopic approaches should be actively performed for patients with early-stage 18. 

For advanced patients, multidisciplinary treatment, including chemotherapy, 

radiotherapy and immunotherapy, have become the consensus among gastroenterology 

oncologists 19. 

Decisions made for the initial treatment of EC are based on clinical staging, which should 

include the complete blood tests and clinical examination, endoscopic diagnosis and 

computed tomography. Endoscopic ultrasound is recommended to perform for the 

accurate assessment of T / N stage in potentially resectable esophageal tumors by 

ESMO Clinical Practice Guideline 20. Endoscopic mucosal resection (EMR) and 

endoscopic submucosal dissection (ESD) are the two major endoscopic resection 

methods for patients with esophageal cancer 21. Both of them provide the accurate 

information of the invasion depth according to the pathological diagnosis. To reach the 

complete resection, multiple endoscopic resections could be performed 18.  

Given the enormous surgical trauma and potential postoperative complications, 

esophagectomy is generally not the first choice for treating superficial tumors. However, 
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esophagectomy is often an alternative for superficial tumors after ESD or EMR failure 
13,22. Clinical trials revealed neoadjuvant chemoradiotherapy followed by surgery could 

improve overall survival than surgery alone in patients with esophageal cancer 23-25. 

Minimally invasive esophagectomy is the trend of surgical development in recent years, 

which relies on the rapid development of thoracoscopy, laparoscopy or robot technology 
26. 

ChemoRadiotherapy for Oesophageal cancer followed by Surgery Study (CROSS) 

comparing neoadjuvant chemoradiotherapy plus surgery versus surgery alone in 

patients with EAC and ESCC showed a significant survival benefit in 5-year overall 

survival for the neoadjuvant chemoradiotherapy with surgery group 27. The result of this 

trial showed: in patients with EAC group, median overall survival was 43.2 months (95% 

CI 24.9-61.4) in the neoadjuvant chemoradiotherapy followed by surgery group and 27.1 

months (95% CI 13.0-41.2) in the surgery alone group (HR 0.73 [95% CI 0.55-0.98]; log-

rank p=0.038). Nowadays, based on a large number of clinical trials and prognostic 

analysis, preoperative neoadjuvant chemoradiotherapy has become the expert 

consensus for advanced EAC as well as ESCC 20,28-31.  

The popularity of biomarker detection technology has improved the accuracy of EC 

diagnosis and targeted therapy. Compared with traditional tissue biopsy, liquid biopsy 

has been increasingly studied and optimized as a minimally invasive diagnostic tool. 

Cell-free DNA (cfDNA) has been proven to be an effective circulating biomarker, which 

can be used in cancer diagnosis and provide a reference for comprehensive treatment 

of cancers 32. Furthermore, target therapy on HER2 and PD-L1 also showed good 

efficacy in EC 33. In the future, targeted therapy based on genetic testing may become a 

routine approach as a supplement to traditional anti-tumor therapy. 

3.1.3. Radiotherapy resistance in EAC 
EAC is relatively more radioresistant than ESCC, all the patients who are resectable with 

local EAC which is potentially curable should be considered for neoadjuvant treatment 

after surgery 34. The overall survival of esophageal cancer has benefited from the 

development of new agents and the popularity of chemoradiotherapy in the past few 

decades, but the overall 5-year survival rate is still dismal 1,35. The main causes of the 

low survival are tumor recurrence and metastasis due to the therapy resistance 36. 

Therapy resistance is a complicated and heterogeneous clinical feature, involving 

multiple molecular and pathophysiological mechanisms (Fig 3.1.3) such as DNA damage 

and repair, physical barriers, tumor microenvironment, gene mutations, epigenetic 

alterations and tumor heterogeneity 37,38. The FLOT regimen, including fluorouracil, 

leucovorin, oxaliplatin, and docetaxel, is recognized as a standard perioperative 
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chemotherapy regimen 39. However, an increasing number of patients are found to be 

chemo-resistant. Our previous study revealed AKR1C3 could enhance chemoresistance 

via AKT / GSH axis 40.  

 

 
Fig 3.1.3 The molecular and pathophysiological mechanisms of radioresistance 
The main molecular and pathophysiological mechanisms of radioresistance were 
exhibited in the figure, such as DNA damage & repair and tumor heterogeneity.  
 

Radiation therapy (RT) is one of the most effective approaches of cytotoxic treatment 

based on ionizing radiation (IR) 41. The key points to radiotherapy for EAC patients are 

to improve the accuracy of localization, reduce the damage to the surrounding tissues 

and assess the dose for individual patients. Despite continuous advances in the 

technology of radiotherapists, radioresistance remains an enormous obstacle to 

increasing RT efficacy 42. With the deepening of molecular mechanism research, 

radioresistance has been gradually revealed in recent years. BRCC3, a novel 

multiprotein participating in the DNA damage response, is associated with poor survival 

in pretreatment patients of nasopharyngeal carcinoma 43. The expression level of DNA 

damage repair marker RPA3 in the post-treatment sample was higher in radioresistant 

nasopharyngeal carcinoma patients who had local recurrence, and it is associated with 

the poor overall survival in patients of head and neck squamous cell carcinoma (HNSCC) 

with RT 44. The radioresistant EAC cells presented a stronger repair capacity of IR-

induced DNA damage 45, suggesting radioresistance is associated with the DNA damage 

repair mechanism in EAC. Besides DNA damage repair, radioresistance in EAC has also 

been reported to be related to other mechanisms, such as hypoxia. Elodie et al. 46 found 

irradiation was less effective in hypoxic tumors (tumor-to-background (T/B) ratios ≥ 3.59) 

compared to normoxic tumors (T/B < 3.59); in vitro, cells pre-treated with nimorazole 



 13 

significantly decreased hypoxic radioresistance (P < 0.01), while in vivo, cancer cell 

proliferation was inhibited by the enhanced efficacy of RT, which was induced by 

nimorazole. Non-coding RNAs (miRNA and lncRNA), immunomodulation and cancer 

stemness have also been reported to be closely related to radioresistance in EAC 47-50. 

Further exploration of the molecular mechanism underlying radioresistance in EAC might 

be helpful in assessing treatment efficiency and improving prognosis in patients with 

radioresistant EAC.  

 

3.2. Aldo-Keto-Reductase 1C3 and the potential role in regulation of 
radiotherapy response  

3.2.1. Aldo-keto reductases family 
Aldo-keto reductases (AKRs), a superfamily of NAD(P)(H)-dependent oxidoreductases, 

are predominantly found in the cytoplasm of nearly all phyla, usually as monomers with 

a molecular weight of 34-37 kDa 51. The AKRs protein superfamily contains 190 

annotated proteins grouped into 16 families 52. In living organisms, their main function is 

to catalyze the reduction of carbonyls to alcohols. Aldehydes are reduced to primary 

alcohols and ketones are reduced to secondary alcohols through the action of AKRs 53. 

Each enzyme has the similar protein fold, a triose-phosphate isomerase TIM barrel or 

(α/β)8-barrel inserted with several additional helices 54. There are three large loops at 

the back of the barrel, which help define substrate specificity and recruit different amino 

acids into the binding pocket based on the substrate 51. AKR families and subfamilies 

are identified by sequence alignment, where associated members are grouped 

according to protein function 55.  

The AKR1C family genes are comprised of 12 exons and located on chromosome 10 

p15-p14 56. These enzymes have an 84-98% similar of amino-acid sequence identity, 

especially AKR1C1 and AKR1C2, with 97% sequence homology and only seven amino-

acid residues are different 57. In the AKR1 subfamily, AKR1C1 (20α(3α)-HSD, DD1), 

AKR1C2 (Type 3, 3α-HSD, DD2), AKR1C3 (Type 2, 3α-HSD, Type 5 17β-HSD, DDX) 

and AKR1C4 (Type 1, 3α-HSD, DD4) are recognized by the human genome project 

(HUGO).  

AKR1C1 is involved in the synthesis and metabolism of numerous crucial substances in 

the body, including steroids, prostaglandins, fats, hormones, glucocorticoids and 

polycyclic aromatic hydrocarbons 58. Given the fact that critical physiological functions 

and widespread expression in tissues, AKR1C1 has been reported to exist in large 

expression differences between tumor and normal tissue, for instance, non-small cell 
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lung cancer, cervical cancer, ovarian cancer, breast cancer, endometrial cancer and 

head and neck squamous cell carcinoma 59-66. As a reductase involved in various 

carbonyl reduction reactions, AKR1C1 has also been reported to be involved in the 

metabolism of various drugs 67-69. Through years of molecular biology and 

pharmacological studies, AKR1C1 is mainly related to gynecological diseases, which 

may be related to its regulation of hormone levels.  

The main function of AKR1C2 is to reduce dihydrotestosterone (DHT) to 3α-diol 70. Qing 

et al. 71 found that selective loss of AKR1C2 in prostate cancer cells could promote cell 

growth by enhancement of androgen-dependent cellular proliferation by regulating DHT 

metabolism. Recent bioinformatic studies revealed AKR1C2 was correlated with a 

positive prognosis in thyroid carcinoma and could activate the PI3K/AKT signaling 

pathway in ESCC, suggesting AKR1C2 is a potential biomarker with prognostic value in 

these types of cancer 72,73.  

Another member of the AKR1C family, AKR1C4, is mainly involved in the peripheral 

synthesis and metabolism of progesterone 74. Genome-wide association studies 

revealed AKR1C4 is associated with human blood metabolites 75, and lipid metabolism 
76. A large-scale trans-ethnic meta-analysis found AKR1C4 is a potential candidate for 

age at menarche of women, which is closely associated with several diseases such as 

cancer 77,78, Alzheimer's disease 79, cardiovascular disease 80,81 and fatty liver 82. Similar 

to AKR1C2, AKR1C4 also exhibits potential value as a biomarker of cancer. Integration 

AKR1C4 and Epstein-Barr virus DNA could stratify patients with nasopharyngeal 

carcinoma at high risk of local recurrence 83. Through the analysis of colorectal cancer 

gene expression and prognosis based on the TCGA database, a prognostic model 

including AKR1C4 was established, providing a promising outlook for colorectal 

diagnosis and treatment 84. 

AKR1C3 is the most extensively studied member of the AKR1C family. AKR1C3 mainly 

functions as a prostaglandin (PG) F2α synthase and reduces PGD2 and PGH2 into PGF2α 
85. It can also regulate the synthesis and metabolism of the androgen receptor, estrogen 

receptor and progesterone receptor 86. With diverse functions in hormone metabolism 

and redox reactions, AKR1C3 acts as a potential therapeutic target for hormone-related 

carcinomas and metabolic diseases. AKR1C3 is significantly highly expressed in 

hepatocellular carcinoma (HCC) and associated with poor prognosis. AKR1C3 is 

involved in NF-κB signaling and IL6/STAT3 pathway, resulting in cell proliferation and 

metastasis in HCC cells 87. AKR1C3 was also detected to regulate lipid droplet formation 

in HCC, further conferring sorafenib resistance, suggesting AKR1C3 might be a 

promising therapeutic target in HCC 88. As a gold standard for breast cancer therapy, 

anthracyclines frequently encounter resistance due to AKR1C3. AKR1C3 inhibitors were 
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much studied recently, and co-administration significantly re-sensitized the doxorubicin 

(DOX) in the resistant breast cancer cell line 89. Another study revealed aryl hydrocarbon 

receptor could enhance AKR1C3 promoter activity, and further cause DOX resistance, 

while knockdown AKR1C3 would re-sensitize DOX in triple-negative breast cancer 90. In 

prostate cancer, antiandrogens are used for castration-resistant prostate cancer patients. 

AKR1C3 was validated as a potential upstream regulator in JNJ-pan-AR (a broad-

spectrum AR antagonist) resistant cells, and overexpressing AKR1C3 could further lead 

to androgen receptor resistance 91. Glutathione (GSH) is a critical antioxidant involved in 

reactive oxygen species (ROS) detoxification in vivo 92, AKR1C3 would mediate 

chemoresistance by regulating AKT phosphorylation and GSH level, further remove 

ROS in EAC 93. In general, AKR1C3 plays a vital role in hormone metabolism and 

therapy resistance, which deserves further study. 

3.2.2. The role of AKR1C3 in radiotherapy 
Radiotherapy is the most-effective anti-tumor therapy available for localized solid cancer. 

Approximately 60% of cancer patients in the United States continue to receive 

radiotherapy - a century after its invention, though many other treatment approaches 

have emerged during this period 94. As we mentioned before, AKR1C3 is closely 

associated with drug resistance; however, recent studies have shown it also plays an 

important role in radiotherapy 95-98.  

AKR1C3 was detected with a high expression level both in non-small-cell lung cancer 

(NSCLC) tissues and the radioresistant NSCLC cell lines, knockdown AKR1C3 

significantly sensitized IR and enhanced IR-induced apoptosis, the mechanism may be 

involved in IL-6-mediated signaling pathway and cell cycle arrest 95. Another NSCLC-

related study found that high AKR1C3 expression in nucleus was associated with 

radioresistance, and AKR1C3 expression level was positively correlated with β-catenin 

in nucleus 99. Radon is a radioactive, colorless, tasteless noble gas; because of its 

potential radiation hazards, it is now recognized as one of the leading causes of lung 

cancer and leukemias 100,101. Loiselle et al 102 performed RNA-seq on human lung 

epithelial cells which were exposed to radon-emitting rocks for several months, the 

results showed that the radon-exposed cells experienced significant changes in the gene 

levels of AKR1C3, suggesting that AKR1C3 may involve in radiation response and the 

high expression of AKR1C3 may be a risk factor for lung cancer.  

In the past few years, AKR1C3 was frequently found to be upregulated in castrate 

resistant prostate cancer, and the administration of AKR1C3 inhibitors to treat prostate 

cancer has been more and more explored and reported 103-105. Overexpressing AKR1C3 

in prostate cancer cells could lead to PGF2α accumulation and ROS level downregulation, 
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thus cause radioresistance, while the AKR1C3 inhibitor – indocin could re-sensitize cells 

to irradiation, mechanically, this AKR1C3-induced resistance might be associated with 

the activation of MAPK pathway 96.  

AKR1C3 is also involved in the mechanism of radioresistance in ESCC. Higher 

expression level of AKR1C3 was detected and less IR-induced ROS accumulation was 

found in ESCC radioresistant cell line, AKR1C3 also prevented cells from IR-induced 

DNA damage, while knockdown or inhibition of AKR1C3 could rescue these effects 97. 

Another study revealed that methyl jasmonate, an AKR1C3 inhibitor of PGD2 11-keto 

reductase activity, exhibited a strong sensitizing effect to IR in the AKR1C3 high 

expressed cells, while this effect was not obvious in the AKR1C3 low expressed cells 106. 

Targeting AKR1C3 would be a promising strategy for ESCC treatment in radioresistant 

patients. While whether AKR1C3 could regulate radiosensitivity in EAC is still unclear. 

Previous studies by our group have validated AKR1C3 can enhance chemoresistance 

in EAC cells 93, further exploring the mechanism in AKR1C3 and radioresistance might 

have potential value in improving the prognosis of EAC patients. 

Cell death induced by radiotherapy can be categorized as autophagy-dependent cell 

death, immunogenic cell death, apoptosis, necrosis, pyroptosis and ferroptosis 107. 

Exploring the molecular mechanism of irradiation-induced cell death may be a potential 

approach to overcome radioresistance. 

3.3. Ferroptosis  

3.3.1. Introduction  
The concept of ferroptosis was first proposed by Dixon as an iron-dependent and non-

apoptotic cell death 108. Unlike other programmed cell death, ferroptosis is driven by 

phospholipid peroxidation with features mainly of morphological changes such as 

decreased mitochondria cristae, a rupture of bilayer phospholipid membrane, and a 

condensed mitochondrial membrane 109. Accumulated studies suggest its potential 

mechanism in cancers and metabolic diseases. Numerous inducers and inhibitors of 

ferroptosis have been validated to regulate the level of lipid peroxidation and ROS 

derived from iron-induced Fenton reaction 110. Understanding ferroptosis from multiple 

perspectives such as molecular mechanisms, signaling pathways, cell morphological 

changes, and mitochondrial functions may provide new diagnostic and therapeutic 

approaches to improve the prognosis in cancers. 

The balance of intracellular antioxidant metabolism is regulated by the dynamic synergy 

of many factors such as glutathione peroxidase 4 (GPX4), coenzyme Q10 (CoQ), 

ferroptosis inhibitor protein 1 (FSP1) and dihydroorotate dehydrogenase (DHODH) 111-
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113. GPX4 and CoQ are two independent signaling pathways of antioxidant metabolism 

(Figure 1). GPX4 inhibits ferroptosis by detoxifying lipid peroxidation through the 

following chemical reactions:  

GSH + L-OOH  
𝑮𝑷𝑿𝟒
"⎯⎯$ GSSG + L-OH 

As a pivotal reductant in organisms, Glutathione (GSH) can reduce phospholipid 

hydroperoxides (L-OOH) into phospholipid alcohols (L-OH) under the catalyzing effect 

of GPX4, thereby avoiding the occurrence of ferroptosis 114. The synthesis of GSH 

depends on cystine, and cystine needs the help of xCT system (SLC7A11 and SLC3A2) 

to be taken up into the cell 115. Recent studies have confirmed that SLC7A11 is the key 

hub for regulating ferroptosis 116-118. Erastin and RAS-selective lethal 3 (RSL3), as wildly 

studied ferroptosis inducers, inhibit SLC7A11 and GPX4, respectively, leading to 

accumulation of lipid peroxidation and eventually causing ferroptosis 119.   

CoQ is another vital ferroptosis defense system which is parallel to the 

SLC7A11/GSH/GPX4 pathway. Its reduced form of CoQH2 plays an antioxidant role in 

plasma membrane and mitochondrial membrane, reduce phospholipid hydroperoxides, 

and protect cells from ferroptosis 111,113,120. Ferroptosis inhibitor protein 1 (FSP1), 

previously known as apoptosis-inducing factor mitochondrial 2 (AIFM2), could be 

recruited through N-terminal myristoylation to the plasma membrane where it reduces 

the oxidized form of CoQ to the reduced form of CoQ (CoQH2) as a reductase. CoQH2 

further blocks the accumulation of lipid peroxidation independently from GPX4 111. 

Recently a new study from MD Anderson Cancer Center revealed another metabolic 

pathway of CoQ in mitochondria 113.  Dihydroorotate dehydrogenase (DHODH) is an 

enzyme located on the outer side of the inner mitochondrial membrane 121. Similar to 

FSP1, DHODH also functions as an oxidoreductase to reduce CoQ to CoQH2, thus 

prevents mitochondrial membrane from oxidative damage. 

Iron metabolism and lipid metabolism are also involved in the mechanism of ferroptosis 
122,123. In addition, crosstalk between ferroptosis and canonical signaling pathways has 

been reported, providing more therapy targets in different types of cancer 124-129.  

 



 18 

 
Fig 3.3.1 Two major pathways of ferroptosis 
SLC7A11/GSH/GPX4 and CoQ are the two major ferroptosis defense systems. As a raw 
material for GSH synthesis, cystine is taken up into cells by xCT and further synthesized 
into GSH. GSH and L-OOH undergo redox reactions under the catalysis of GPX4 to 
generate GSSG and L-OH, respectively. CoQ can be reduced to CoQH2 by FSP1 and 
DHODH in plasma membrane and mitochondrial membrane, respectively. CoQH2 

continues to function as a lipid ROS scavenger in membrane. 
 

3.3.2. Ferroptosis in Cancer 
Mounting studies reveal that ferroptosis is a programmed cell death which is vital for 

eradicating the cancer cells 130. Previous evidences show that p53 exhibits its capacity 

to regulate cell cycle arrest, apoptosis and energy metabolism 131.  However, p53 could 

also mediate ferroptosis by directly inhibiting SLC7A11 through binding to the promotor. 

Obvious difference between the effects of p53-null cells versus p53+/+ or p533KR/3KR 

mouse embryonic fibroblasts detected at different time points with the co-culture to 

different concentrations of erastin 132. Another study showed wild-type p53 could delay 

ferroptosis in response to cystine deprivation 133. In general, oncogene activation and 

tumor suppressor inactivation can regulate ferroptosis either positively or negatively, 

depending on the pathway affected and the cellular context 134. 

In recent years, due to the potential therapeutic prospect, ferroptosis inducers (FINs) has 

been more and more developed and researched. Additionally, nanoparticle inducers 

have attracted a lot of attention for cancer therapy, especially for the drug resistant cases 
135. Given the unsatisfied therapeutic efficiency, outcome, and clinical translation of the 



 19 

nanomaterials, a deep mining of nano–bio interaction is required 136. Mounting evidences 

suggest ferroptosis is involved in the response of chemotherapy, radiotherapy, and 

immunotherapy 92,137-139, combination FINs with nanomaterials into cancer therapy would 

be a promising strategy manage cancers. 

3.3.3. The role of ferroptosis in radiotherapy 
Radiotherapy is one of the major anti-tumor approaches, while the growing rate of 

radioresistance results in clinical treatment failure 140. RT could upregulate ROS in 

cytoplasm, mitochondria and plasma membrane by the radiolysis of cellular water and 

the activation of oxidoreductases, such as the peroxides, singlet oxygen and hydroxyl 

radical, which may damage DNA, proteins, and membranes 141. As we mentioned before, 

ROS would lead to lipid peroxidation in plasma membrane further cause ferroptosis. 

Radiotherapy now is also defined as an inducer of ferroptosis due to its radiolysis of 

water 142. Further exploration FINs in the application for radioresistant cancers would be 

promising. 

Kelch-like ECH associated protein 1(KEAP1) is detected as a frequently mutated or 

inactivated gene in lung cancer, and mutated KEAP1 usually result in radioresistance. 

Inhibition of FSP1 would re-sensitize KEAP1 deficient cells / patient-derived xenografts 

to radiotherapy, this study suggests FSP1 is a vital downstream target of KEAP1-NRF2 

signaling pathway 139. SLC7A11 is also proved to be a potent ferroptotic target against 

radioresistance in lung cancer. The RNA-binding protein RBMS1 can regulate the 

translation of SLC7A11 then inhibit ferroptosis, the selective inhibitor of 

RBMS1/SLC7A11 axis significantly re-sensitizes the radioresistant lung cancer cells to 

RT via ferroptotic activation 143. Inhalation of drug-loaded smart nanoclusters with 

targeted modifications through the intratracheal can improve the therapeutic effect for 

lung cancer patients 144. Small pieces of self-assembled pH-sensitive superparamagnetic 

iron oxide nanoclusters (SPIONCs) reach deeply into the lung cancer and release more 

iron ions, while big pieces cannot pass through the upper airway. With the stimulation of 

irradiation, accumulated iron ions can intensify Fenton reaction to generate more ROS, 

further cause ferroptosis 145. For tumors that are difficult to reach with general drugs or 

radiotherapy, nanomaterials provide a new therapeutic approach. 

Growing studies found ferroptosis is associated with radioresistance in esophageal 

cancer. NRF2 and SLC7A11 were detected overexpressed in ESCC and positively 

correlated with each other. By ChIP-sequencing analysis, NRF2 was validated to bind to 

the promoter of SLC7A11 directly, further mediating the expression of SLC7A11. 

SLC7A11 induced by hyperactive NRF2 could lead to radioresistance via suppressing 

ferroptosis, while silencing of SLC7A11 re-sensitized ESCC cells to irradiation 146. As an 
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important enzyme responsible for reducing saturated fatty acid to monounsaturated fatty 

acid, Stearoyl-CoA desaturase 1 (SCD1) is confirmed as a promising target to sensitize 

ESCC to irradiation 147. Another newly validated gene - stanniocalcin 2 (STC2), 

contributed to radioresistance in ESCC by activating protein methyltransferase 5 through 

regulation of DNA damage repair and ferroptosis 148. So far, we have found a 

considerable number of studies on ferroptosis and radioresistance in ESCC, but the 

ferroptotic mechanism of radioresistance in EAC is still unclear. With the emergence of 

clinical treatment resistance, deep learning of ferroptosis in EAC may have the potential 

to improve prognosis. 
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 AIM OF THE STUDY 

In this study, we will establish a unique model to study radioresistance of EAC in vitro. 

Then perform RNA-sequencing analysis to compare the radioresistant model, to find the 

different expressed genes. We will validate whether AKR1C3 could enhance 

radioresistance and inhibit IR-induced ferroptosis in EAC cells. Lastly, we will check 

whether cells could be re-sensitive to irradiation after AKR1C3 targeting treatment. 

 

 
 

  

To explore if targeting AKR1C3 could be a potential approach for re-sensitizing EAC to 
radiotherapy

To validate whether ferroptosis is associated with AKR1C3-induced radioresistance 

To explore which mechanism is involved in AKR1C3 and radioresistance of EAC

To detect whether AKR1C3 could mediate radioresistance in EAC
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5. MATERIALS AND METHODS 

5.1. Materials 

5.1.1. Cell lines 
The human EAC cell lines SKGT-4, FLO-1 and OACP4C were kindly provided by Prof. 

Axel M. Hillmer from the Laboratory of Genomic Pathology at the Institute of Pathology 

of University of Cologne (Cologne, Germany), while OE33 was obtained from the Sigma 

Cell Line Bank (Sigma, 96070808). All the EAC cell lines were maintained in RPMI1640 

medium (Life technology, Germany) with 10% fetal bovine serum (FBS) (Invitrogen, 

Carlsbad, CA, USA), penicillin and streptomycin (100 U/mL penicillin + 0.1 mg/mL 

streptomycin) (PAN Biotech, Aidenbach, Germany) in a humidified atmosphere of 5% 

CO2 at 37 °C. Furthermore, all cell lines were tested and confirmed free from 

mycoplasma contamination.  

5.1.2. Materials for cell culture 

Materials  Company 

RPMI1640  Life technology, Germany 

Fetal bovine serum (FBS)  
Cat#FBS12-A, Capricorn Scientific 

GmbH, Germany 

Penicillin-Streptomycin (10 units/mL of 

penicillin and 10 µg/mL of streptomycin) 
 

Cat#15140122, Gibco Invitrogen, 

Germany 

Trypsin-EDTA 0.25%, phenol red  
Cat#25200056, Gibco Invitrogen, 

Germany 

Doxycycline hyclate  Cat#2431450, Peprotech, Germany 

Trypan blue stain (0.4%)  Cat#T10282, Invitrogen, Germany 

Dimethylsulfoxide (DMSO)  
Cat#A36720100, AppliChem, 

Germany 

Dulbecco's phosphate-buffered saline 

(DPBS) 
 

Cat#14190094, Gibco Invitrogen, 

Germany 
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5.1.3. Medium for cell culture and cryopreservation 

5.1.3.1.  Medium for cell culture 

Medium  Supplements 

OE33, SKGT-4   

RPMI1640         

 
 

10% FBS 

0.1 units/mL Penicillin 

1 μg/mL Streptomycin 

5.1.3.2.  Medium for cryopreservation 

FBS (90%)   DMSO (10%) 

   

5.1.4. Materials for PCR 

5.1.4.1.  RNA extraction 

Name  Company 

NucleoSpin® Tissue  
Cat# 740952, MACHEREY-NAGEL, 

Germany 

TRI reagent  Cat# T9424, Sigma, Germany 

NucleoSpin® Gel and PCR Clean-up  
Cat# 740609, MACHEREY-NAGEL, 

Germany 

AllPrep DNA/RNA/Protein Mini Kit  Cat# 80004, QIAGEN, Germany 

5.1.4.2.  Quantitative real-time PCR 

Name  Company 

High-Capacity cDNA Reverse 

Transcription Kit 
 

Cat#4368814, Applied Biosystems, 

USA 

Fast SYBR™ Green Master Mix  
Cat#4385612, Applied Biosystems, 

USA 
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MicroAmp™ Clear Adhesive Film  
Cat#4306311, Applied Biosystems, 

USA 

MicroAmp™ Optical 96-Well Reaction 

Plate 
 

Cat#N8010560, Applied Biosystems, 

USA 

   

5.1.5. Materials for protein analysis 

5.1.5.1.  Reagents 

Name  Company 

RIPA Buffer (10X)  
Cat#9806, Cell Signaling Technology, 

USA 

Pierce™ BCA Protein Assay Kit  
Cat#23225, Thermo Scientific™, 

Germany 

PMSF Protease Inhibitor  
Cat#36978, Thermo Scientific™, 

Germany 

Pierce™ LDS Sample Buffer, Non-

Reducing (4X) 
 

Cat#84788, Thermo Scientific™, 

Germany 

PageRuler™ Prestained Protein Ladder 

10 to 180 kDa 
 

Cat#26617, Thermo Scientific, 

Germany 

SuperSignal™ West Pico PLUS 

Chemiluminescent Substrate 
 

Cat#34577, Thermo Scientific, 

Germany 

Roti®-Block (10X)  Cat#A151,2, Carl Roth, Germany 

5.1.5.2.  Buffers  

Running buffer, pH 8.3 

Tris (25 mM) 

Glycine (190 mM) 

SDS (0.1%) 

ddH2O 
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Transfer buffer, pH 8.3 

Tris (25 mM) 

Glycine (190 mM) 

Methanol (10%) 

ddH2O 

 

Washing buffer (TBST), pH 7.4 

Tris (20 mM) 

Sodium Chloride (150 mM) 

ddH2O  

Adjust pH to 7.4 with HCl 

Tween-20 (1:1000) 

 

Blocking buffer 

Roti-Block (10X) 

ddH2O 

 

Primary antibody dilution solution 

Roti-Block (10X) 

BSA (0.1%) 

Sodium azide (0.05%) 



 26 

ddH2O 

 

Striping buffer 

Glycine (20 mM) 

SDS (1%) 

Adjust pH to 2.0 with HCl 

ddH2O 

5.1.5.3.  Antibodies 

Antibody  Company  Catalog Specificity Host 

α-tubulin Cell signaling technology 3873 Human Mouse 

AKR1C3 
R&D Systems 

Abcam 

MAB7678 

ab209899 
Human 

Mouse 

Rabbit 

SLC7A11 Cell signaling technology mAb#12691 Human Rabbit 

GPX4 Abcam ab125066 Human Rabbit 

H2AX ThermoFisher scientific MA1-2022 Human Mouse 

2nd antibody Invitrogen 31430 Mouse Goat 

2nd antibody Invitrogen 31460 Rabbit Goat 

 

5.1.6. Materials for comet assay and electrophoresis 

5.1.6.1.  Reagents 

Name Company 

Agarose Low Melt Nr. 6351.1, Carl Roth, Germany 
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Agarose Normal Melt Cat#9012-36-6, Merck KGaA, Germany 

DNA Gel Loading Dye (6X) 
Cat#R0611, Thermo Scientific™, 

Germany 

Nancy-520 Cat#01494, Sigma, Germany 

DNA Ladder (100 bp) 
Cat#P087, New England Biolabs, 

England 

5.1.6.2. Buffers 

TBE buffer pH 8.3 

Tris (100 mM) 

Boric acid (100 mM) 

EDTA (2 mM) 

ddH2O 

Neutralization buffer pH 7.5  

Tris (400 mM) 

HCl (for pH adjustment) 

ddH2O 

5.1.7. Materials for plasmids construction and lentiviral transduction of 
mammalian cells 

Name  Company 

CutSmart® Buffer   
Cat#B7204S, New England Biolabs, 

England 

NEBuffer™ 2  
Cat#B7002S, New England Biolabs, 

England 

T4 DNA Ligase  
Cat#M0202S, New England Biolabs, 

England 
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AgeI-HF  
Cat#R3552S, New England Biolabs, 

England 

XhoI-HF  
Cat#R0146S, New England Biolabs, 

England 

EcoRI-HF  
Cat#R3101S, New England Biolabs, 

England 

pMDLg/pRRE  Cat#12251, Addgene, USA 

pMD2.G  Cat#12259, Addgene, USA 

pRSV-Rev  Cat#12253, Addgene, USA 

Tet-pLKO-puro  Cat#21915, Addgene, USA 

Polyethylenimine, branched (PEI)  Cat#408727, Sigma, Germany 

Hexadimethrine bromide/polybrene  Cat#H9268, Sigma, Germany 

Puromycin  Cat#5855822, PeproTech, USA 

Ampicillin Trihydrat  Cat#SIALA1593, VWR, Germany 

Mix & Go! Competent Cells-TG1  Cat#T3017, Zymo Research, USA 

NucleoSpin® Plasmid  
Cat#740588, MACHEREY-NAGEL, 

Germany 

NucleoBond® Xtra Midi  
Cat#740412, MACHEREY-NAGEL, 

Germany 

LB Broth (without agar)  Cat#L2542, Sigma, Germany 

LB Broth (with agar)  Cat#L3147, Sigma, Germany 

   

5.1.8. Materials for flow cytometry 

5.1.8.1.  Reagents and staining dyes 

Name Company 
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Tetramethylrhodamine ethyl ester (TMRE) 
PK-CA707-70016, PromoCell GmbH, 

Germany 

APC Annexin V Cat#640920, Biolegend, USA 

DAPI (4 ', 6-diamidino-2-phenylindole, 

dihydrochloride) 
Cat#62247, Thermo Scientific, Germany 

MitoSox - Mitochondrial Superoxide 

Indicators 

Cat#M36008, Thermo Scientific, 

Germany 

BODIPY™ 581/591 C11 
Cat#D3861, Thermo Scientific, 

Germany 

5.1.8.2.  Buffers for flow cytometry 

Annexin V Binding buffer 

10 mM HEPES, pH 7.4 

150 mM NaCl 

Gey′s Balanced Salt Solution                          Cat#G9779, Sigma-Aldrich, Germany 

 

5.1.9. Materials for Co-immunoprecipitation (Co-IP) 

5.1.9.1.  Reagents 

Name Company 

Dynabeads™ Protein G for 

Immunoprecipitation 
Cat#10004D, Invitrogen, Germany 

Dynabeads™ Protein A for 

Immunoprecipitation 
Cat#10002D, Invitrogen, Germany 

Normal mouse IgG 
Cat#sc-2025, Santa Cruz Biotechnology, 

Germany 

Normal Rabbit IgG Cat#sc-2025, Merck KGaA, Germany  
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5.1.9.2.  Buffers 

Lysis buffer / dilution buffer 

Cell Lysis Buffer (1X)                         Cat#9803, Cell signaling technology, Germany 

PMSF Protease Inhibitor (1:200)         Cat#36978, Thermo Scientific™, Germany 

 

Washing buffer 

DPBS 

Tween 20 (0.05%) 

 

5.1.9.3.  Antibodies 

Antibody  Company  Catalog Specificity Host 

AKR1C3 Abcam ab209899 Human Rabbit 

SLC7A11 Cell signaling technology mAb#12691 Human Rabbit 

GPX4 Abcam ab125066 Human Rabbit 

5.1.10. Materials for Seahorse experiments 

Name  Company 

Seahorse XF Cell Mito Stress Test Kit  
Nr: 103015-100, Agilent Technology, 

USA 

Seahorse XF Glycolysis Stress Test Kit  
Nr: 103020-100, Agilent Technology, 

USA 

 

5.1.11. Chemicals and chemotherapy agents 

5.1.11.1. Chemicals 

Name Company 
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MTT Cat#cay- 21795, Biomol, Germany 

Albumin Fraction V (BSA) Cat#8076.2, Carl Roth, Germany 

Tris Cat#9127.2, Carl Roth, Germany 

SDS Cat#A72495000, AppliChem, Germany 

TCEP Cat#C4706, Sigma, Germany 

Sodium azide Cat#8690, Th. Geyer, Germany 

Chloroform Cat#C7559, Sigma, Germany 

Sodium Chloride Cat#3957.2, Carl Roth, Germany 

Tween 20 Cat#9127.2, Carl Roth, Germany 

Triton X-100 Cat#8013, Th. Geyer, Germany 

Nonidet® P40 Cat#A1694, AppliChem, Germany 

EDTA Cat#E-5134, Merck, Germany 

Hydrochloric acid (2N) Cat#182108, Th. Geyer, Germany 

Sodium hydroxide (1N) Cat#1340, Th. Geyer, Germany 

2-Propanol (99%) Cat#9866.5, Carl Roth, Germany 

Ethanol (99%) Cat#2212, Th. Geyer, Germany 

Methanol Cat#4627.5, Carl Roth, Germany 

5.1.11.2. Therapy agents 

Name  Company 

Erastin  Cat#Cay17754-1, Biomol, Germany 
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Ferrostatin-1  Cat#SML0583, Merck KGaA, Germany 

Medroxyprogesterone acetate  CAS: 71-58-9, Thermo scientific, USA 

Z-VAD-FMK  
CAS: 187389-52-2, Merck KGaA, 

Germany 

   

5.1.12. Laboratory equipments 

Name  Company 

Class II Safety Cabinets  
Herasafe KS, Thermo Scientific™, 

Germany 

BIOBEAM GM 8000  
Gamma-Service Medical GmbH, 

Germany 

CO2-incubators Heracell 150i,  
Thermo Scientific™, Germany  

MCO-230AICUV-PE, Panasonic, Japan 

Centrifuge  Megafuge 1.0R, Heraeus, Germany 

Microcentrifuge  Thermo Scientific™, Germany 

Automatic pipettes   Eppendorf, Germany 

Vortex  Lab dancer, VWR, Germany 

Phase Contrast Microscope  DFC450C, Leica, Germany 

IX83 Inverted Microscope  Olympus, Japan 

Automated Cell Counter  Countess II, Invitrogen, USA 

Attune NxT Flow Cytometer  ThermoFisher scientific, USA  

Seahorse XFe96 Analyzer  Agilent Technology, USA 

Fridge 4°C  Liebherr, Germany 

Freezer -20°C  Bosch, Germany 
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Freezer (-80°C and -150°C)  Sanyo, Japan 

Plate Reader  
FLUOstar Omega, BMG Labtech, 

Germany 

CellCamper® Mini, freezing box  NeoLab, Germany 

Water bath  Störk-Tronic, Germany 

Mini-PROTEAN® System  Bio-Rad, USA 

Trans-Blot® Turbo™ Transfer System  Bio-Rad, USA 

INTAS ECL CHEMOSTAR  Intas Science Imaging, Germany 

Thermocycler  Tpersonal, Biometra, Germany 

Thermomixer  ThermoMixer C, Eppendorf, Germany 

Spectrophotometer  
NanoDrop One, Thermo Scientific™, 

Germany 

Real time PCR  
QuantStudio 7 flex, Applied Biosystems, 

USA 

Sonicator  Bioruptor® Pico, Diagenode, Belgium 

   

5.1.13. Consumable materials 

Name  Company 

Tube (5, 15 and 50mL)  Sarstedt, Germany 

SafeSeal tube  Sarstedt, Germany 

Centrifuge tube (15 and 50ml)  Sarstedt, Germany 

Cryotubes (1.8 mL)  Sarstedt, Germany 

Serological pipettes (5, 10 and 25mL)  Sarstedt, Germany 
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Pipette tips (10, 200 and 1000µL)  Sarstedt, Germany 

Tissue culture dish, (ØxH): 100 x 20 

mm, 30 x 10 mm 
 Sarstedt, Germany 

Cell culture flask, T-25, T-75, surface: 

Cell+, Filter cap 
 Sarstedt, Germany 

Cell culture plates (6, 12, 24 and 96-

well) 
 Sarstedt, Germany 

Cell culture chamber (8 well)  Sarstedt, Germany 

Western Blotting Filter Paper, Extra 

Thick, 8.5 cm x 9 cm 
 Cat# 88610, Thermo Scientific, Germany 

PVDF membrane (0.2µM)  
Cat# 741260, MACHEREY-NAGEL, 

Germany 

Cell counting slide  Cat# 734-2676, VWR, Germany 

Syringe filters (0.2 and 0.45µm)  Cat# 512-3180/3182, VWR, Germany 

Cell strainer (40, 70 and 100 µm pore 

size) 
 Cat# 734-2760, VWR, Germany 

   

5.1.14. Software 

Name  Company 

Microsoft Office   Microsoft Corporation, USA 

macOS Ventura (13.0.1)  Apple, USA 

ImageJ / Fiji  National Institutes of Health, USA 

GraphPad Prism 9  GraphPad Software, Inc., USA 

Endnote X20  Thomson Reuter, U.S.A. 

RStudio 4.2.1  Posit Software, USA 
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FlowJo   BD, USA 

Wave Desktop  Agilent Technology, USA 

 

5.2. Methods 

5.2.1. Cell culture 
EAC cells were cultured in the 10 cm dish or T-25 / T-75 flask in the incubator, with a 

humidified air of 5% CO2 at 37 °C. Medium is changed every 2-3 days. Cells were 

passaged from 1:3 to 1:10 according to a different growth speed of the cells when they 

reached the confluence of 75%-95%. 

For passage, the medium was removed from the dish, and DPBS was added for washing. 

Then 0.25% Trypsin-EDTA was used for digestion. After 3-5 mins, the medium was 

added, then pipette several times, choose the appropriate passage ratio according to the 

requirement of the experiment. 

For storage, firstly, cells were collected by trypsinization and centrifugation; cell counting 

were done during this step. Then, cells were resuspended in cryopreservation medium, 

and every two million cells mixed with 1 mL cryopreservation medium were aliquoted 

into a tube. The tubes were removed into a CoolCell LX Freezing Container and kept in 

a -80 ℃ freezer for short-term storage. The aliquots were transferred from the -80 ℃ 

freezer the next day into the -150 ℃ freezer for long-term storage.   

For re-cultivation, cells were taken out of the -80 ℃ / -150 ℃ freezer and put into the 37 ℃ 

water bath immediately. After complete thawing (usually 1-2 mins), cells were removed 

into a 15mL tube with 10mL prewarmed medium inside then pelleted by centrifugation, 

afterwards the supernatant was discarded. Lastly, cells were re-suspended with the pre-

warmed medium and transferred into the 10 cm dish. 

5.2.2. Cell counting 
Countess II Automated Cell Counter (Invitrogen) was used for the cell counting. The 

procedure was as follows: after collecting and resuspending the cells, mix 20 µL of the 

cell suspension and 20 µL of the trypan blue solution with a pipette. Then transfer 10 µL 

of the mixture to a Countess chamber slide and insert into Countess II Automated Cell 

Counter. Cell concentration and viability are determined and shown directly on the 

screen. 
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5.2.3. Establishment of the radioresistant cell line 
OE33 was chosen for the radioresistant cell line establishment. Two flasks of cells from 

the same dish of OE33 were labeled as OE33P (the parental cell line) and OE33R (the 

radioresistant cell line). OE33R received 2 Gy gamma ray once it reached 50 - 70% 

confluence (BIOBEAM GM 8000, Gamma-Service Medical GmbH, Germany). OE33P 

was mock-irradiated (in order to ensure the same environment as OE33R). Cells were 

passaged when they reached 90% confluence. After 23 cycles (46 Gy in total), the cells 

rested for 3 weeks before proceeding to the next experiments. To validate the models, 

colony formation was performed, the averaged data were fitted into single-hit multi-target 

formula: S= 1 − (1 − e−D/ D0)N.  S is the fraction of cells surviving, D0 is the “mean lethal 

dose”, the dose on the straight-line portion of the survival curve to decrease the survival 

to 37%. Dq is the quasi-threshold dose, is the width of the “shoulder,” and correlates with 

repair capacity. N is the extrapolation number. 

5.2.4. Colony formation assay 
EAC cells (300 – 2 × 103 cells / well) were seeded in 6-well plates with 2 mL full RPMI 

1640 medium each well at 37˚C with 5% CO2. After 24 hours, test groups were treated 

with irradiation or related agents, while control groups were under mock treatment. After 

7 - 14 days, when the complete colonies were formed, remove the medium, wash once 

with DPBS, then fix with formalin at room temperature for 30 minutes, then stain with 

crystal violet (Sigma-Aldrich, Germany) for 20 minutes, and finally wash gently with water 

twice, then let them dry. Colonies with more than 50 cells were recorded under the 

microscope (Leica, DMIL, Germany).  

5.2.5. Immunofluorescence 
EAC cells were seeded in 8-well chamber slides (ibidi) with 2 - 4 x 104 / well and 

incubated at 37˚°C with 5% CO2 for 24h. Then the test groups were irradiated with 3 - 8 

Gy. After another 24h, the cells were gently washed with PBS twice. Then fix the cells 

with 4% formalin for 15 min, wash with PBS 5 min x 3 times, permeabilize with 0.2% 

Triton X-100 for 15 min, wash with PBB (PBS + 0.5% BSA) 5 min x 3 times, then block 

with normal serum block for 40 min at room temperature, wash with PBB once for 5 min. 

Then cells were incubated with primary antibody of anti-H2AX (1:800) overnight at 4°C. 

The next morning, cells were washed with PBB 5 min x 3 times, then incubated with 

secondary antibody (Alexa 488-conjugated anti-mouse, 1:1000) for 1h at RT. DAPI 

(1:4000) was also stained for nuclear staining for 5 min. Afterwards, wash cells 5 min x 

3 times, cover slides with mountain medium and keep them in darkness. Images were 

taken with IX83 Inverted Microscope. Further image processing was done by ImageJ. 
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5.2.6. Quantitative Real-time PCR (qRT-PCR) 
TRI reagent (Sigma-Aldrich, Germany) was used for extracting total RNA from the 

cultured EAC cells. Then, the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Thermo Fisher Scientific, USA) was used for cDNA synthesis according to 

the manufacturer’s protocol. Primers are listed (Table 4.1). Relative expression of 

target mRNAs was measured by using Fast SYBR Green Master Mix (Invitrogen) with 

QuantStudio 7 Flex (Applied Biosystems, Thermo Fisher Scientific, USA) and analyzed 

by the delta-delta-CT method. 

 
Table 4.1 Primers for qRT-PCR  

Gene  Sequence (5’ to 3’) 

GAPDH-for  GAAGGTGAAGGTCGGAGTC 

GAPDH-rev  GAAGATGGTGATGGGATTTC 

hAKR1C3-for  GTCATCCGTATTTCAACCGGAG 

hAKR1C3-rev  CCACCCATCGTTTGTCTCGTT 

 

5.2.7. Western blot 
Cells were harvested and lysed with RIPA buffer supplemented with protease and 

phosphatase inhibitors when the dishes reached 95% confluence. Then, cell lysates 

were sonicated for 5 min, then centrifuged at 13000× g for 10 minutes at 4°C. The 

supernatant was collected, and the protein concentration was then measured by BCA 

protein assay (Thermo Fisher Scientific). Protein was cooked with bolt loading buffer 

in 1x NuPAGE LDS sample buffer (Invitrogen) at 70 ℃ for 10 min. Twenty microgram 

protein samples were electrophoresed for 80-90 min in the SDS-PAGE gel (Tris-Glycine, 

self-made) and transferred to PVDF membrane (MA-CHEREY-NAGEL, Germany) by 

semi-dry electroblotting (Bio-Rad, Singapore). The membranes were blocked for 1 h in 

1× Roti-Block buffer (Carl Roth, Germany) at RT on the shaker, then incubated with 

specific primary antibodies at 4 °C overnight on the rotator. Membrane was incubated 

with HRP-conjugated secondary antibody (Invitrogen, 31430 and 31460) for 1h at RT 

and visualized with SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo 

Fisher Scientific, USA) and detected by ChemoStar ECL Imager (Intas Science Imaging, 

Germany).  

5.2.8. Flow cytometry analysis 
For the apoptosis analysis, cells were treated with irradiation for 6-10 Gy. After 48h, 

cells (including the floating cells) were harvested by trypsinization, then incubated in 
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annexin V binding buffer, with annexin V (BioLegend, USA) and DAPI staining at RT 

for 20 min. Then, samples were washed with binding buffer twice. 

For the C11-Bodipy assay, cells were treated with irradiation or erastin. After 48h, 

cells were harvested and stained with 1μM C11-Bodipy and DAPI for 15min at 37 ℃. 

Cells were then washed twice with PBS. 

Experiments are performed on Attune NxT Flow Cytometer. Data analysis is done 

with FlowJo software (Tree Star, Ashland, USA). 

5.2.9. Publicly available data analysis 
The public database TCGA (http://cancergenome.nih.gov/) and FerrDb2 

(http://www.zhounan.org/ferrdb/current/) were used to analyze prognosis and 

ferroptosis-related genes in EAC. Survival analysis was performed using the Kaplan–

Meier method and the difference was tested with the log-rank test. A p-value < 0.05 was 

considered statistically significant. 

5.2.10. RNA sequencing and data analysis 
OE33P and OE33R triplicates were cultured and kept in a good condition. AllPrep 

DNA/RNA/Protein Mini Kit was used for the RNA extraction. Samples were sent to 

Macrogen Europe (Amsterdam, Netherlands) for total RNA sequencing. RNA-seq was 

performed by Illumina- NovaSeq 6000. The quality control of the raw data was finished 

by FastQC. Trimmomatic was used for trimming reads and removing adapter sequences. 

BWA-MEM, Samtools and FeatureCounts were applied for the next analysis. The 

following R packages were used for further data analysis and the graphing of volcano 

plot, heatmap and dotplot: ggplot2, ggrepel, ggpubr, DOSE, clusterProfiler, org.Hs.eg.db, 

enrichplot, pathview, ggnewscale, pheatmap, DESeq2 and dplyr. 

5.2.11. Statistical analysis 
Statistical analysis was finished by GraphPad Prism 9. The Kaplan–Meier method was 

used to calculate the overall survival. Data was presented as mean ± SD, * p < 0.05, ** 

p < 0.01, *** p < 0.001, ns: non-significant, p > 0.05. Statistical significance was 

determined by two-sided unpaired t-test. 
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6. RESULTS 

6.1. Establishment and validation of the radioresistant EAC cell line model 

6.1.1. Establishment of the radioresistant EAC cell line model 
In order to deeply explore the mechanism of EAC and radioresistance, we decided to 

establish a radioresistant model of EAC cell line. The setup of the radioresistant model 

was referred to Dr. Maher, who was the first one successfully established the 

radioresistant EAC cell line model as we know 45. OE33 cells were subcultured into two 

plates, labeled as OE33P (the parental cell line) and OE33R (the radioresistant cell line). 

OE33R was exposed to 2 Gy of gamma-ray irradiation each time when it reached 50 - 

70% confluence. We passaged the cells when they grew to 90% confluence (Figure 6.1.1. 

A). Generally, a rest period of 7-10 days was required between two irradiation treatments. 

When 25 cycles were completed, which means a total dose of 50 Gy, the cells rested for 

one week. Then we performed a single-cell colony formation experiment on OE33R, and 

after one week, we selected a healthy colony as the radioresistant model of OE33R. 

During the establishment process, in order to ensure the accuracy of the model, OE33P 

was always in the same environment and conditions as OE33R.  

6.1.2. Validation of the radioresistant EAC cell line model in vitro 
To validate the radioresistant model in vitro, colony formation assay was performed in 

OE33P and OE33R. 300 - 1200 cells were seeded in the 6-well plates, then received 0 

- 6 Gy irradiation after 24h. OE33R had obviously higher survival fraction than OE33P at 

2, 4 and 6 Gy (Figure 6.1.1. B, D). The single-hit multi-target model was applied to this 

model, showing that the D0 and Dq values of OE33R were significantly higher than the 

parental cell line OE33P (Figure 6.1.1. C). We further performed RNA-seq for OE33P / 

OE33R, the sequencing data showed AKR family genes (AKR1C1, AKR1C2, AKR1C3 

and AKR1C4) were significantly upregulated in OE33R compared to OE33P (Figure 1. 

E, F). Interestingly, SLC7A11, a ferroptosis-related gene, was also highly expressed in 

OE33R. Then, we validated AKR1C3 expression in OE33P and OE33R by qRT-PCR 

and Western blot, both of them indicated a high expression level of AKR1C3 in OE33R 

(Figure 6.1.1. G, H).   
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Figure 6.1.1. Establishment and validation of the radioresistant EAC cell line model.  
(A) The schematic diagram of the radioresistant model establishment. (B, D) Colony 
formation assay was performed to check the survival curves of OE33P and OE33R. Means 
± SD, N = 3. Statistical comparisons were made using a paired two-tailed Student’s t-test; 
*P < 0.05, **P < 0.01, ***P < 0.001. (C) The single-hit multi-target model was applied to this 
model. D0 and Dq values were calculated. D0 is the “mean lethal dose”, the dose on the 
straight-line portion of the survival curve to decrease the survival to 37%. Dq is the quasi-
threshold dose, is the width of the “shoulder,” and correlates with repair capacity. (E) The 
volcano map shows the differentially expressed genes between OE33P and OE33R by the 
result of RNA-seq data. |logFC| > 2, log10 (adj.P.Value) > 2. (F) The major differentially 
expressed genes were exhibited in the heatmap. (G) AKR1C3 mRNA relative expression 
level in OE33P and OE33R was measured by qRT-PCR analysis. Mean ± SD, N = 3. (H) 
AKR1C3 protein expression level in OE33P and OE33R was validated by Western blot. 
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6.2.  AKR1C3 could enhance the radioresistance in EAC cells  

6.2.1. AKR1C3 improves colonies survival fraction after irradiation 
Our group has already successfully established the AKR1C3 knockdown and 

overexpressing EAC cell line models by short-hairpin RNA, and relevant functional 

experiments have also been validated, such as cell proliferation assay and wound 

healing assay 93. To better explore the mechanism of AKR1C3 and radioresistance in 

EAC cells, we chose OE33 VEC / OE33 AKR1C3 as the overexpressing model, and 

SKGT-4 shNC / SKGT-4 shAKR1C3 as the knockdown model for the further experiments. 

We performed Western blot to validate the transfection effect again, the results showed 

the knockdown and overexpression effect worked well (Figure 6.2.1. A). In the colony 

formation assay, OE33 AKR1C3 had a higher survival rate than OE33 VEC at 4 Gy and 

6 Gy, while SKGT-4 shAKR1C3 had a lower survival rate than SKGT-4 shNC at 2 Gy, 4 

Gy and 6 Gy (Figure 6.2.1. B, C). In order to avoid the colonies of SKGT-4 shAKR1C3 

from being too less after 6 Gy, the cell seeding number in SKGT-4 shAKR1C3 was twice 

of that in SKGT-4 shNC.  

 
Figure 6.2.1. AKR1C3 could enhance the radioresistance in EAC cells  
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(A) Validation of stable overexpression of AKR1C3 in OE33 and knockdown of AKR1C3 
in SKGT-4 by Western blot. (B, C) Survival fraction after 0 - 6 Gy irradiation in OE33 
VEC / OE33 AKR1C3 and SKGT-4 shNC / SKGT-4 shAKR1C3. Data are presented as 
mean ± SD, N = 3, ns = no significant difference, * p < 0.05, ** p < 0.01. 

6.2.2. AKR1C3 regulates the irradiation-induced apoptosis in EAC cells 
To further characterize the role of AKR1C3 in the radioresistance of EAC, apoptosis 

assay was performed under flow cytometry. Annexin V and DAPI were selected as 

staining to identify the early and late apoptotic cells. The data showed there was no 

significant difference neither between OE33 VEC / OE33 AKR1C3 nor SKGT-4 shNC / 

SKGT-4 shAKR1C3 before irradiation. While 48h after 6 Gy irradiation, OE33 AKR1C3 

had remarkably fewer apoptotic cells than OE33 VEC (Figure 6.2.2. A, B). On the 

contrary, 48h after 10 Gy irradiation, SKGT-4 shAKR1C3 had more apoptotic cells than 

SKGT-4 shNC (Figure 6.2.2. C, D). 
 

 
Figure 6.2.2. AKR1C3 could regulate the irradiation-induced apoptosis in EAC 
cells  
(A, C) Cells were treated with 0 - 10 Gy gamma-ray irradiation. Flow cytometry was 
performed 48h after treatment. Dot plots showed the early and late apoptotic cells before 
or after irradiation in OE33 VEC / OE33 AKR1C3 and SKGT-4 shNC / SKGT-4 
shAKR1C3 by Annexin V and DAPI staining. (B, D) Bar charts showed the percentage 
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of apoptotic cells in different groups. Data was presented as mean ± SD, N = 3, ns = no 
significant difference, * p < 0.05, ** p < 0.01. 
 

6.3.  AKR1C3 reduces the DNA damage after irradiation in EAC cells 

To verify whether AKR1C3 is related to DNA damage after radiotherapy, we performed 

comet assay and immunofluorescence.  

Comet assay, also known as the single-cell gel electrophoresis assay, is a simple and 

sensitive technique to detect DNA damage at single-cell level 149. When the damaged 

DNA migrates through the electrophoresis gel, the “tail” looks like a comet passing by. 

The longer and thicker tails indicated more severe DNA damage. The percentage of Tail 

DNA had no significant difference between OE33 VEC / OE33 AKR1C3 or OE33P / 

OE33R before irradiation, while OE33 AKR1C3 and OE33R showed shorter DNA tails 

than OE33 VEC and OE33P after 6 Gy irradiation (Figure 6.3. A). It means OE33 

AKR1C3 and OE33R had less DNA damage after irradiation compared to OE33 VEC 

and OE33P. In addition, SKGT-4 shAKR1C3 presented significantly longer DNA tails 

than SKGT-4 shNT after 10 Gy irradiation. However, we found SKGT-4 shAKR1C3 also 

had a higher percentage of Tail DNA before irradiation, this may be related to the 

knockdown effect. 

γH2AX is a sensitive molecular marker of DNA damage and repair widely used for cancer 

and aging research 150-152. Phosphorylation of H2AX is an early response to double-

strand breaks. We treated cells with 3 - 8 Gy irradiation, and then fix after 30min.  DAPI 

was stained for localizing the nucleus. The nuclear γH2AX foci were recorded and the 

fold change was calculated. OE33 AKR1C3 and OE33R presented lower fold change of 

nuclear γH2AX foci than OE33 VEC and OE33P (P < 0.001 and P < 0.01, respectively), 

suggesting less DNA damage after irradiation. While SKGT-4 shAKR1C3 showed a 

higher fold change of nuclear γH2AX foci than SKGT-4 shNC after irradiation (P < 0.05), 

suggesting more DNA damage after irradiation (Figure 6.3. B). 
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Figure 6.3. AKR1C3 reduces the DNA damage after irradiation in EAC cells  
(A) Cells were treated with irradiation (6 Gy for OE33 and 10 Gy for SKGT-4). 4h after 
irradiation, cells were harvested and then electrophoresed. Nuclei were stained by 
Nancy-520 (Cat#01494, Sigma, Germany). Bar charts presented the percentage of Tail 
DNA in each group. 
(B) Cells were treated with irradiation (3 Gy for OE33 and 8 Gy for SKGT-4). The fold 
change of the nuclear γH2AX foci was presented in the bar charts. Mean ± SD, three 
independent experiments, * p < 0.05, ** p < 0.01, *** p < 0.001, ns: no significant 
difference, p > 0.05.  
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6.4.  AKR1C3 influences the mitochondrial function in EAC cells 

6.4.1. Mitochondrial morphology alters in the radioresistant model 
To better understand the changing of mitochondrial function after radiotherapy, we first 

explored the morphological feature of the radioresistant model by transmission electron 

microscope. OE33P and OE33R were fixed 24h after 2.5 Gy irradiation, the control 

groups didn’t get treatment. We observed the distinctive morphological change in OE33P 

after radiotherapy, which appeared to have a more condensed membrane and more 

elongated mitochondrial characteristic (Figure 6.4. A), consistent with the typical 

ferroptosis morphology 108. While OE33R already had this morphological change before 

radiotherapy, which we considered to be related to its long-term low-dose radiotherapy. 

After radiotherapy again, OE33R morphology did not alter significantly, which seemed to 

imply that it had become resistant to this external stimulus. 

6.4.2. AKR1C3 regulates mitochondrial metabolism in EAC cells 
To validate whether AKR1C3 can regulate mitochondrial metabolism, we performed 

Seahorse XF cell mito stress test and Seahorse XF glycolytic rate assay to measure 

oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), 

respectively. OE33 AKR1C3 showed more obvious OCR changes after radiotherapy 

than OE33 VEC, for the ECAR part, the change between the two cell lines was about 

the same (Figure 6.4. B). SKGT-4 shNC also had higher OCR and ECAR changes 

than SKGT-4 shAKR1C3 after radiotherapy (Figure 6.4. C). OE33R had both higher 

OCR and ECAR after radiotherapy, while neither OCR nor ECAR of OE33P changed 

significantly (Figure 6.4. D). 

6.4.3. AKR1C3 regulates mitochondrial activity after radiotherapy in EAC cells 
Tetramethyl rhodamine ethyl ester (TMRE), a cell-permeant, cationic, red-orange 

fluorescent dye, is widely used for labeling active mitochondria. We stained knockdown 

and overexpressing cell lines before and after radiotherapy with TMRE and found that 

the median fluorescence intensity (MFI) was upregulated in OE33 AKR1C3 while 

downregulated in SKGT-4 shAKR1C3 after radiotherapy (Figure 6.4. E, F), suggesting 

AKR1C3 regulate mitochondrial activity in EAC cells. 
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Figure 6.4. AKR1C3 influences the mitochondrial function in EAC cells. 
(A)  Transmission electron microscopy images of OE33P / OE33R before and after 
radiotherapy (2.5 Gy, fixation after 24h). Black arrow: mitochondria. A minimum of five 
cells in each group were examined. (B, C, D) Agilent Seahorse XF showed the 
corresponding OCR and ECAR. In the cell mito stress test, Oligomycin (at 20 minutes), 
FCCP (at 40 minutes), and Rotenone & Antimycin A (at 60 minutes) were added to the 
reaction separately. In the glycolytic rate assay, Rotenone & Antimycin A (at 20 minutes) 
and 2-deoxy-D-glucose (at 40 minutes) were added to the reaction separately. Mean ± 
SD, n = 5. (E, F) TMRE was stained for detecting mitochondrial activity. Bar charts 
showed the fold change of the TMRE MFI before and after radiotherapy. * p < 0.05, ** p 
< 0.01. 
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6.5.  AKR1C3 inhibits irradiation-induced ferroptosis in EAC cells 

6.5.1. AKR1C3 is closely related to ferroptosis 
To further explore the mechanism between AKR1C3 and radioresistance, we performed 

KEGG pathway analysis based on our RNA-sequencing data. We found that some 

classic cellular pathways were enriched, such as: Notch, NF-kappa B and Wnt signaling 

pathways. 

At the same time, we also found 7 of the 41 ferroptosis-associated genes were enriched 

from the DEGs of OE33P / OE33R which caught our attention (Figure 6.5.1. A). Our 

previous research found AKR1C3 could regulate GSH levels which was a critical 

antioxidant to detoxify ROS in cells 93. Next, we merged the 238 ferroptosis suppressors 

from FerrDb2 database with the DEGs of OE33P / OE33R, five genes (AKR1C3, 

AKR1C2, AKR1C3, ADAMTS13 and PANX2) were found (Figure 6.5.1. B). We 

examined the SLC7A11 and GPX4 protein level in our cell lines, we found both of them 

were upregulated in OE33 ARK1C3 and OE33R compared to OE33 VEC and OE33P, 

while downregulated in SKGT-4 shAKR1C3 compared to SKGT-4 shNC (Figure 6.5.1. 

C). Furthermore, based on GEPIA database, we found AKR1C3 was positively 

correlated with SLC7A11 and GPX4 (Figure 6.5.1. D, E). The above data suggested that 

AKR1C3 is closely associated with ferroptosis in EAC cells. Unfortunately, through the 

Co-IP assay, we did not find a binding interaction between AKR1C3 and SLC7A11 / 

GPX4 (Figure 6.5.1. F). So far, no literature has reported the direct interaction between 

AKR1C3 and SLC7A11. There may be an indirect regulatory mechanism, which is 

worthy of our further exploration. 
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Figure 6.5.1. AKR1C3 is closely related to ferroptosis in EAC cell lines.  
(A) Top 20 KEGG pathways ranked by fold enrichment were analyzed based on the 
DEGs of OE33P / OE33R. (B) Venn diagram analysis presented the five overlapped 
genes merged by 238 ferroptosis suppressors and 375 DEGs of OE33P / OE33R. 
(C) Representative immunoblot of the indicated proteins in OE33P / OE33R, OE33 VEC 
/ OE33 AKR1C3 and SKGT-4 shNC / SKGT-4 shAKR1C3. (D, E) The correlation 
between AKR1C3 and SLC7A11 (D), AKR1C3 and GPX4 (E) was shown, analysis was 
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done in GEPIA based on TCGA database. (F). The interaction between AKR1C3 and 
SLC7A11 / GPX4 was validated by an endogenous Co-IP assay in OE33 AKR1C3 and 
SKGT-4 shNT cells. The input group served as a positive control, and IgG served as a 
negative control. 

6.5.2. AKR1C3 suppresses erastin-induced ferroptosis in EAC cells 
To continue to explore how AKR1C3 regulates ferroptosis, we first selected ferroptosis 

inducer erastin to treat our cell lines. We performed MTT assay to examine the sensitivity 

of erastin, the results showed the IC50 of erastin was significantly higher in OE33R and 

OE33 AKR1C3 than in OE33P and OE33 VEC, while lower in SKGT-4 shAKR1C3 than 

in SKGT-4 shNC, suggesting AKR1C3 would lead to erastin resistance in EAC cells 

(Figure 6.5.2. A). Next, we chose C11-Bodipy staining on flow cytometry to check the 

lipid peroxidation level, the fold change of the median fluorescence intensity (MFI) was 

calculated as: %&'	)*	+,-	-./0+12	3.)45
%&'	)*	+,-	6)..-05)27123	8%9:	3.)45

. The fold change of MFI in OE33R and 

OE33 AKR1C3 was lower than in OE33P and OE33 AKR1C3, while the fold change of 

MFI in SKGT-4 shAKR1C3 was higher than in SKGT-4 shNC (Figure 6.5.2. B). This 

indicated AKR1C3 could prevent cells from lipid peroxidation which further caused 

ferroptosis after erastin treatment. 

 

 
Figure 6.5.2. AKR1C3 suppresses erastin-induced ferroptosis in EAC cells.  
(A) OE33P / R, OE33 VEC / AKR1C3 and SKGT-4 shNT / shAKR1C3 cells were treated 
with 0.315 - 5 µM, 0.25 - 5 µM and 1.25 - 20 µM erastin respectively for 72h. The relative 
cell viability was measured by the MTT assay. (B) Lipid peroxidation level was detected 
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by C11-Bodipy staining on flow cytometry. The concentration of C11-Bodipy for staining 
was 1 µM. OE33 and SKGT-4 cells were treated with 1 µM and 2 µM erastin for 48h, 
respectively. Bar graphs showing erastin-induced relative fold change of lipid 
peroxidation levels. Minimum of ten thousand cells were recorded. Data was shown as 
mean ± SD of at least triplicates. * p < 0.05, ** p < 0.01, *** p < 0.001. 

6.5.3. AKR1C3 inhibits the irradiation-induced ferroptosis in EAC cells 
In order to verify whether AKR1C3 can inhibit irradiation-induced ferroptosis, we 

continued to detect C11-Bodipy level after radiotherapy. OE33P and OE33R had the 

slightly different MFI level before irradiation (891.67±6.51 vs 1,069.67±10.26), while after 

irradiation MFI was much higher in OE33P than in OE33R (1,733.67±20.84 vs 

1,226.00±15.59). OE33 VEC and OE33 AKR1C3 had the similar trend, MFI was similar 

before irradiation (1,049.33±14.57 vs 1,085.33±28.02), while OE33 VEC had higher MFI 

than OE33 AKR1C3 after irradiation (1,896.67±20.21 vs 1,346.00±12.12). The MFI of 

SKGT-4 shNC was lower than that of SKGT-4 shAKR1C3 before irradiation 

(1,590.00±15.13 vs 2,462.00±31.00), but the difference of MFI between them was further 

exaggerated after radiotherapy (2,083.00±20.22 vs 4,377.67±42.10). We found the fold 

change of MFI was lower in OE33R and OE33 AKR1C3 but higher in SKGT-4 shAKR1C3 

than in OE33P, OE33 VEC and SKGT-4 shNC respectively after radiotherapy (Figure 

6.5.3.). The experimental results had the same trend as the results of erastin-induced 

ferroptosis, suggesting AKR1C3 could also inhibit the irradiation-induced ferroptosis in 

EAC cells.  
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Figure 6.5.3. AKR1C3 inhibits the irradiation induced ferroptosis in EAC cells.  
OE33P / R, OE33 VEC / AKR1C3 and SKGT-4 shNT / shAKR1C3 cells were treated 
with 6 Gy. After 48h, lipid peroxidation level was detected by C11-Bodipy staining on 
flow cytometry. The concentration of C11-Bodipy for staining was 1 µM. Bar graphs 
showing irradiation-induced relative fold change of lipid peroxidation levels. Minimum 
of ten thousand cells were recorded. Data was shown as mean ± SD of at least 
triplicates. * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

6.6.  AKR1C3 inhibitor could re-sensitize EAC cells to erastin.  

6.6.1. Ferrostatin-1 (Ferr-1) could cause the radioresistance in AKR1C3 
knockdown cells. 

Ferrostatin-1 (Ferr-1), a synthetic antioxidant, acts as a classic hydroperoxyl radical 

scavenger which could suppress erastin-induced ferroptosis 153. We first tested the effect 

of Ferr-1 in EAC cells. Z-VAD-FMK, a well-known apoptosis inhibitor, was also selected 

to test whether erastin-induced ferroptosis could be reversed. OE33 and SKGT-4 cells 

were treated with erastin, erastin + Ferr-1 or erastin + Z-VAD-FMK. Our results showed 

the cell viability of OE33P obviously decreased after erastin treatment; however, it 

recovered significantly after combination with Ferr-1; while in OE33R, Ferr-1 didn’t 
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reverse the cell death caused by erastin. In the other two groups, Ferr-1 showed varying 

degrees of capacity to inhibit erastin-induced cell death (Figure 6.6.1. A). Interestingly, 

like in OE33P / R, Ferr-1 exhibited weaker “repair capacity” for cells with higher AKR1C3 

expression level, but stronger “repair capacity” for cells with lower AKR1C3 expression 

level. At the same time, we also found that Z-VAD-FMK could not rescue erastin-induced 

cell death in all of our EAC cells. 

The data mentioned above showed AKR1C3 could lead to radioresistance, and could 

also regulate irradiation induced-ferroptosis.  Next step, we tried to demonstrate whether 

AKR1C3-induced radioresistance was due to ferroptosis inhibition. We performed colony 

formation assay, treated cells with 1 Gy irradiation, the 2nd day Ferr-1 or DMSO was 

added. The relative survival fraction presented the rescue effect of Ferr-1 in OE33P, 

OE33 VEC and SKGT-4 shAKR1C3 was more obvious than in OE33R, OE33 AKR1C3 

and SKGT-4 shNC (Figure 6.6.1. B). The results indicated Ferr-1 could lead to cell 

survival after radiotherapy, and this effect was more obvious in lower AKR1C3 expressed 

cells. 

 
Figure 6.6.1. AKR1C3 inhibits the irradiation-induced ferroptosis in EAC cells.  
(A) OE33P / R, OE33 VEC / AKR1C3 and SKGT-4 shNT / shAKR1C3 cells were treated 
with erastin (2 µM, 2 µM and 5 µM respectively) for 72h, with 5 µM Ferr-1 for 48h, with 
Z-VAD-FMK 5 µM for 48h. The relative cell viability was measured by the MTT assay. 
Data was normalized with the DMSO groups. (B) 500 cells were seeded in the 6-well 
plated, 1 Gy irradiation after 24h, the concentration of Ferr-1 was 0.3µM. Cells were 
fixed and counted after 7-12 days. Data was shown as mean ± SD of at least triplicates. 
* p < 0.05, ** p < 0.01, *** p < 0.001. ns: no significant difference, p > 0.05. 

6.6.2. AKR1C3 inhibitor could re-sensitize EAC cells to erastin 
Our data has previously demonstrated that AKR1C3 can inhibit erastin-induced 

ferroptosis and cause erastin resistance. We wondered whether the AKR1C3 inhibitor 
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could rescue this resistance and re-sensitize cells to erastin. Medroxyprogesterone 

acetate (MPA), a hormonal medication of the progestin type, was reported as a selective 

inhibitor to suppress the enzyme activity of AKR1C3 105. We first tested the cytotoxicity 

of MPA by MTT assay, we found MPA had almost no damage on cells within 15 µM 

(Figure 6.6.2. A, B, C). We further checked the AKR1C3 expression level by Western 

blot with MPA treatment. The AKR1C3 protein level didn’t change with 1-10 µM MPA 

treatment after 72h (Figure 6.6.2. B). Then, we performed an MTT assay to check the 

cell viability after treatment with erastin alone, MPA alone or erastin plus MPA. We found 

that the combined use of erastin and MPA resulted in a significant decrease in cell 

viability than using erastin alone (Figure 6.6.2. C, D, E). It indicated the inhibition of 

AKR1C3 could sensitize EAC cells to erastin in EAC cells. 

 

 
Figure 6.6.2. AKR1C3 inhibitor re-sensitizes EAC cells to earstin  
(A) OE33P / R, OE33 VEC / AKR1C3 and SKGT-4 shNT / shAKR1C3 cells were treated 
with MPA (up to 15 µM) for 72h. The relative cell viability was measured by the MTT 
assay. Data was normalized with the DMSO groups. Mean ± SD of five replicates, three 
independent experiments performed. (B) OE33 and SKGT-4 cells were treated with 1 
and 10 µM MPA for 72h. DMSO set as a control. Protein level was measured by 
Western blot. (C, D, E) OE33P / R, OE33 VEC / AKR1C3 and SKGT-4 shNT / 
shAKR1C3 cells were treated with erastin (1, 1.5 and 1.5 µM respectively), 10 µM MPA 
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and combined use of erastin / MPA for 48h. The relative cell viability was measured by 
the MTT assay. Data was normalized with the DMSO groups. Mean ± SD of five 
replicates, three independent experiments performed. * p < 0.05, ** p < 0.01, *** p < 
0.001. ns: no significant difference, p > 0.05. 
 

6.7.  AKR1C3 mRNA expression level was upregulated in esophageal cancer 
and related to poor prognosis 

We previously found AKR1C3 expression level was regulated in EAC from GSE26886 

and GSE92396 93. Additionally, from TCGA database, we could also find AKR1C3 

expression was upregulated in esophageal cancer which included both EAC and 

ESCC (Figure 6.7. A). The survival curve showed the median survival time was 23.1 

months in the high AKR1C3 group and 27.1 months in the low AKR1C3 group 

revealing that high AKR1C3 expression would confer the poor prognosis in EAC 

(Figure 6.7. B).  

Figure 6.7. AKR1C3 expression level was upregulated in esophageal cancer and 
related to poor prognosis 
(A) AKR1C3 expression level was higher in tumor tissue than in normal tissue in 
esophageal cancer. Data was from TCGA. Figure was composed with GEPIA. (B) 
Survival data of esophageal cancer was downloaded from TCGA, EAC subgroup was 
sorted. Kaplan-Meier survival analysis showed that higher AKR1C3 expression was 
associated with a trend of poor prognosis. Low AKR1C3 group number = 25, High 
AKR1C3 group number = 62. * p < 0.05. 
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7. DISCUSSION 

Although the mounting multimodal approaches for cancer treatment is remarkable, the 

prognosis of EAC is still dismal. Therapy resistance including chemoresistance and 

radioresistance might be mainly responsible for the poor prognosis 2,154,155. Our previous 

study revealed AKR1C3 could mediate chemoresistance via detoxification of ROS; on 

the other hand, growing evidence suggested AKR1C3 enhanced radioresistance in 

ESCC 97,106,156. However, the radioresistant mechanism of AKR1C3 has not been deeply 

studied in EAC.  

Xiong et al. 97 found AKR1C3 expression level was extremely higher in ESCC 

radioresistant cell lines - KY170 and TE13 and acted a vital role in oxidative stress. We 

wondered whether AKR1C3 functions similarly to ESCC in EAC, or whether there are 

other distinct phenotypes and mechanisms in EAC. The first dilemma in front of us was 

how to establish radioresistance cell line. Different EAC cell lines had different responses 

to irradiation, SKGT-4 and OE19 were relatively less responsive, while OE33 was 

relatively more sensitive to irradiation. Finally, we successfully established OE33 as a 

radioresistance model according to Dr. Maher’s suggestion 45. Our work validated OE33 

radioresistant cell line (OE33R) has more survival fraction than OE33 parental cell line 

(OE33P). The RNA-seq data revealed AKR1C3 was obviously upregulated in OE33R, 

which was consistent with the radioresistant model in ESCC 97. We confirmed AKR1C3 

expression level again both in protein and mRNA levels, the results were consistent. In 

addition, besides AKR1C3, AKR family including AKR1C1, AKR1C2 and AKR1C4 was 

also upregulated in OE33R, suggesting AKR family played a critical role in the 

modulation of radioresistance. Interestingly, the ferroptosis-associated genes, such as 

FSP1, IRP1, IRP2 and SLC7A11 exhibited significantly differential expression in 

OE33P/OE33R. Mounting studies have found AKR1C3 was a potential ferroptosis-

related biomarker in prostate cancer, thyroid cancer, kidney renal papillary cell 

carcinoma, chronic lymphocytic leukemia, colon adenocarcinoma and HCC 157-162. 

Furthermore, AKR1C3 was recently reported to inhibit ferroptosis in HCC via 

YAP/SLC7A11 signaling pathway 163. Exploring the function of AKR1C3 in IR-induced 

ferroptosis might be a meaningful attempt. 

Irradiation is able to release electrons to generate high-energy damage to induce DNA 

double strands breaks (DSBs), but it can also generate ROS to cause DNA damage 

through water radiolysis 164. We demonstrated AKR1C3 could enhance the 

radioresistance in our overexpressing and knockdown cell lines. On the other hand, 

AKR1C3 also reduced DNA damage after irradiation. Flow cytometry analysis exhibited 
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that AKR1C3 inhibited IR-induced apoptosis. This might be due to the regulation of ROS 

by AKR1C3. Our previous study has already confirmed AKR1C3 could reduce 

intracellular ROS levels in EAC cells, which partly explained the effect of ARK1C3 on IR-

induced DNA damage and apoptosis. While the total ROS level is not enough to support 

the effect of AKR1C3 on ferroptosis. To further validate the hypothesis, we performed 

TEM in our radioresistant model. OE33P showed more condensed and elongated 

mitochondrial changes after IR than before IR, which was consistent with the typical 

morphological changes of ferroptosis. While OE33R already showed condensed and 

elongated mitochondria before IR, and it didn’t have obvious changes after IR. OE33R 

may have adapted to such long-term IR stimulation, and thus maintained its “defensive 

state”. TMRE staining results showed AKR1C3 could mediate mitochondrial activity. To 

further explore the effect of AKRC13 on mitochondrial function, we checked OCR and 

ECAR levels by Seahorse assay. OE33 AKR1C3 and OE33R showed a higher degree 

of upregulation than OE33 VEC and OE33P, respectively in OCR level after IR. Similar 

trend was found in SKGT-4 shNT/AKR1C3, SKGT-4 shNT had a higher upregulation 

than SKGT-4 shAKR1C3 in OCR level. C11-Bodipy, a sensitively fluorescent radio-probe 

for detecting lipid peroxidation in living cells, has been wildly used in ferroptosis-related 

research 165. Our C11-Bodipy staining exhibited AKR1C3 could reduce the lipid 

peroxidation after IR or ferroptosis inducer-erastin 166, further demonstrating AKR1C3 

could regulate ferroptosis. We also found ferroptosis associated pathway was enriched 

in our RNA-seq data by KEGG pathway analysis. SLC7A11 and GPX4 are two critical 

proteins to regulate ferroptosis through the canonical SLC7A11/GSH/GPX4 pathway 167. 

We found SLC7A11 and GPX4 protein level was upregulated in OE33 AKR1C3 and 

OE33R, while downregulated in SKGT-4 shAKR1C3. Furthermore, GEPIA database 

showed a positive correlation between AKR1C3 / SLC7A11 and AKR1C3 / GPX4 168. 

However, the result of the co-IP assay didn’t detect the direct binding interaction in 

AKR1C3 and SLC7A11 / GPX4. We speculated that AKR1C3 might regulate SLC7A11 

or GPX4 through some other mechanisms which need to be further explored.  

The suppressor of cytokine signaling 2 (SOCS2) was found to have direct interaction 

with SLC7A11 in HCC cells by co-IP assay, acting as a bridge to transfer ubiquitin to 

SLC7A11, further causing the polyubiquitination degradation of SLC7A11; this finding 

indicated SOCS2 could regulate ferroptosis and sensitize HCC cells to irradiation 169. 

Another study showed the binding interaction between SLC7A11 and NEDD4L was 

enhanced after irradiation by co-IP assay in breast cancer cells, and NEDD4L 

knockdown could significantly decrease the ubiquitination of SLC7A11 170. P53 was also 

found to play a critical role in ferroptosis, it could repress the transcription of SLC7A11, 

further block the cystine uptake, eventually cause ferroptosis 171. P53-mediated 
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suppression of SLC7A11 could lead to the activation of arachidonate 12-lipoxygenase 

(ALOX12), resulting ROS stress and ferroptosis, it is worth mentioning that the p53-

ALOX12 axis was independent of GPX4 172. CAMP response element-binding protein 

(CREB), a transcription factor highly expressed in lung adenocarcinoma, could directly 

bind to CREB motif in the GPX4 promoter to inhibit ferroptosis 173. In future studies, 

further exploring the interaction between AKR1C3 and the above genes may bring some 

new clues for ferroptosis. 

Erastin is a highly effective ferroptosis inducer that can decrease GSH level by directly 

suppressing xCT system 135. Erastin is involved in the RAS–RAF–MEK signaling 

pathway which regulates the basic cell functions such as proliferation, differentiation and 

survival 174,175. Mitochondrial voltage-dependent anion channel is proven as a therapeutic 

target of erastin, knockdown of VDAC2 or VDAC3 could cause resistance to erastin 176. 

Scott J Dixon et al. isolated five clonal cell lines from prostate cancer cells strongly 

resistant to erastin and then performed RNA-seq for these clonal cell lines versus the 

parental cell line. AKR1C3, as well as AKR1C1/AKR1C2, were significantly upregulated 

in the RNA-seq data, implicating AKR1C family might cause erastin-resistance by 

enhance the prevention of lipid peroxidation-induced destruction in plasma membrane 

during ferroptosis 177. In our study, we demonstrated that AKR1C3 exhibited a robustly 

resistant capacity to erastin in EAC cells, which was consistent to the results mentioned 

above. Moreover, ferr-1, a ferroptosis inhibitor, was found to have a stronger capacity to 

rescue the cell death induced by erastin or IR in AKR1C3 low-expressed cells than in 

AKR1C3 high-expressed cells in our present study. Then, we performed MTT assays to 

check the cell viability by co-culture with erastin, MPA (an AKR1C3 inhibitor) and erastin 

+ MPA. The result proved AKR1C3 inhibition would sensitize cells to erastin. So far, we 

have demonstrated AKR1C3 could inhibit IR-induced ferroptosis via 

SLC7A11/GSH/GPX4 pathway. While our previous study revealed AKR1C3 could 

mediate GSH level by regulating AKT/GSH pathway, implicating AKR1C3 affected GSH 

levels in multiple pathways (Figure 7.1.). 

In addition to the canonical SLC7A11/GSH/GPX4 pathway, we also found that the mRNA 

level of FSP1 was significantly upregulated in OE33R from our RNA-seq data (Figure 

5.5.1 F). As we mentioned before in the introduction part, FSP1 could reduce CoQ to 

CoQH2 in the plasma membrane; CoQH2 could detoxify lipid peroxidation as an 

antioxidant 120. CoQ-FSP1 axis is an emerging ferroptosis pathway independent of GPX4, 

which has been extensively studied in recent years 139,178,179. However, it is still unknown 

whether FSP1 may also mediate the radioresistance in EAC, maybe there are some 

unexplored direct or indirect interactions between FSP1 and AKR1C3. At the same time, 
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we will focus our future study on target treatment of AKR1C3 in vivo, to provide more 

valuable evidence for the clinical treatment of radioresistance. 

So far, numerous studies showed AKR1C3 could be a potential biomarker for multiple 

cancers. Peraldo-Neia et al reported that inhibition of AKR1C3 could suppress cell 

proliferation and sensitize the chemotherapy in oropharynx squamous cell carcinoma 

(OPSCC), a subtype of HNSCC; additionally, AKR1C3 expression level in 111 

independent OPSCC patients was positively correlated with a poor prognosis 180. In 

addition, other studies indicated that AKR1C3 had a potential value in the clinical 

diagnosis of T acute lymphoblastic leukemia/lymphoma 181,182. In prostate cancer, 

AKR1C3 expression was positively correlated with Gleason score, suggesting AKR1C3 

could serve as a promising biomarker for the prognosis 183. In our studies, we have 

validated AKR1C3 could both mediate chemoresistance and radioresistance in EAC 

cells, however, to consider AKR1C3 as a biomarker of EAC, we still need more clinical 

data support. In our further study, collecting more clinical evidence will be our main 

exploration goal.  

In this study, we revealed that AKR1C3 plays a critical role in radioresistance of EAC. 

AKR1C3 could enhance radioresistance and potentially act as a promising biomarker 

and therapeutic target in radioresistant EAC patients. AKR1C3 could regulate ferroptosis 

through detoxification of lipid peroxidation, which is involved in the canonical 

SLC7A11/GSH/GPX4 signaling pathway. Combined with our previous study on AKR1C3 

regulating chemotherapy resistance, we believe that AKR1C3 is a promising biomarker 

to predict and access adjuvant therapy. In the future, in vivo experiments and clinical 

trials targeting AKR1C3 might bring more therapeutic evidence for the adjuvant therapy 

of EAC. 
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Figure 7.1. The molecular mechanism of AKR1C3 mediating ferroptosis of EAC 
cells. 
AKR1C3 inhibits ferroptosis via regulation of SLC7A11/GSH/GPX4 signaling pathway. 
GSH is a critical antioxidant that undergoes redox reaction with phospholipid 
hydroperoxides (L-OOH) with the catalysis by GPX4. Overexpressing AKR1C3 could 
upregulate the expression of SLC7A11 and GPX4. Upregulated SLC7A11 provides more 
cystine for GSH synthesis. Moreover, upregulated GPX4 detoxifies more L-OOH through 
GSH-involved redox reaction. Radioresistance leads to AKR1C3 upregulation which 
significantly suppresses erastin-induced ferroptosis. Inhibition of AKR1C3 re-sensitizes 
EAC cells to erastin. 
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