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Significance

 Lymph node (LN) metastasis  
is a critical step in cancer 
progression, yet the metabolic 
adaptations that enable tumor 
cells to survive and colonize this 
microenvironment remain 
unclear. This study identifies  
a rare subpopulation of 
metastasis-initiating cells (MICs) 
that drive early LN metastasis by 
relying on fatty acid oxidation 
(FAO)–fueled oxidative 
phosphorylation (OXPHOS)  
for energy production in  
the lipid-rich LN niche. NRF2-
SLC7A11 signaling enhances MIC 
stress resilience by promoting 
glutathione synthesis and 
mitigating oxidative stress. 
Targeting FAO-OXPHOS 
metabolism and NRF2-mediated 
stress resistance represents  
a promising therapeutic strategy 
for improving treatment 
outcomes in metastatic 
esophageal cancer.
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Metastasis is an inefficient process requiring cancer cells to adapt metabolically for 
survival and colonization in new environments. The contributions of tumor metabolic 
reprogramming to lymph node (LN) metastasis and its underlying mechanisms remain 
elusive. Through single-cell RNA sequencing, we identified rare metastasis-initiating 
cells (MICs) with stem-like properties that drive early LN metastasis. Integrated tran-
scriptome, lipidomic, metabolomic, and functional analyses demonstrated that MICs 
depend on oxidative phosphorylation (OXPHOS) fueled by fatty acid oxidation (FAO) 
in the lipid-rich LN microenvironment. Mechanistically, the NRF2-SLC7A11 axis 
promotes glutathione synthesis to mitigate oxidative stress, thereby enhancing stress 
resistance and metastatic potential of MICs. Inhibition of NRF2-SLC7A11 reduced 
LN metastasis and sensitized tumors to cisplatin. Clinically, elevated NRF2-SLC7A11 
expression was observed in tumors, with high expression correlating with LN metastasis, 
chemoresistance, and poor prognosis in esophageal squamous cell carcinoma (ESCC). 
These findings highlight the pivotal roles of FAO-fueled OXPHOS and NRF2 in LN 
metastasis and suggest targeting these pathways as a promising therapeutic strategy for 
metastatic ESCC.

lymph node metastasis | metabolic reprogramming | oxidative phosphorylation | NRF2 |  
esophageal cancer

 Metastasis is the principal cause of mortality in esophageal squamous cell carcinoma 
(ESCC), with lymph node (LN) metastasis being a pivotal early event that often dictates 
subsequent systemic spread and poor prognosis ( 1 ,  2 ). Most previous studies of tumor 
metastasis have focused on distant metastasis, leaving fundamental questions about how 
tumor cells survive in LNs largely unanswered.

 Throughout the metastatic cascade, disseminating tumor cells face strong selective 
pressure, and only a small subset possesses the ability to establish manifest metastases 
( 2   – 4 ). This inefficiency suggests the existence of a specialized population known as 
metastasis-initiating cells (MICs), which possess unique adaptive properties that enable 
metastatic colonization ( 5 ). Increasing evidence indicates that MICs within heterogeneous 
tumor populations exhibit distinct metabolic programs that facilitate their survival in new 
microenvironments ( 6 ).

 Metabolic reprogramming is a hallmark of tumors, essential for their development and 
progression ( 7 ). Tumor cells dynamically adjust multiple metabolic pathways to meet 
energy and biosynthetic demands, adapting to the varying nutrient availability across 
metastatic niches ( 8 ,  9 ). Emerging evidence suggests that MICs exhibit a distinct metabolic 
program that enables them to endure the metabolic stress of dissemination ( 10 ,  11 ). In 
particular, MICs in breast cancer and oral squamous cell carcinoma have been shown 
preferentially utilize dietary lipids as a primary energy source, fueling fatty acid oxidation 
(FAO) and the oxidative tricarboxylic acid cycle to sustain their metastatic potential  
( 12 ,  13 ). Additionally, upregulation of oxidative phosphorylation (OXPHOS) has been 
observed in micrometastases of various cancers, with pharmacological inhibition of mito-
chondrial respiration impairing metastatic seeding ( 14 ). Despite these insights, the met-
abolic dependencies of MICs in ESCC and their role in LN metastasis remain largely 
unexplored.

 During metastasis, tumor cells encounter oxidative stress due to increased mitochondrial 
respiration and fluctuating nutrient availability ( 15 ). To survive these challenges, met-
astatic cells require adaptive mechanisms to maintain redox balance ( 8 ,  16 ,  17 ). Nuclear 
factor-erythroid 2-related factor 2 (NFE2L2, NRF2), a key transcriptional regulator of 
oxidative stress response, modulates redox homeostasis and lipid peroxidation defense 
( 18 ). While NRF2 activation has been implicated in tumor progression and 
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chemoresistance, its role in metastatic adaptation remains incom-
pletely understood ( 19   – 21 ). However, how redox regulation inter-
acts with metabolic adaptation and stress resilience of MICs 
requires further investigation to determine its contribution to LN 
metastasis.

 Single-cell RNA (scRNA-seq) sequencing has revolutionized 
our understanding of tumor heterogeneity by analyzing transcrip-
tome diversity within tumors at high resolution ( 14 ). This tech-
nology is particularly effective in identifying the metabolic profiles 
of rare cell populations with high metastatic potential, such as 
MICs. Furthermore, scRNA-seq can trace the metabolic evolution 
of tumors over time, providing a temporal aspect to our compre-
hension of tumor metabolism. These insights are crucial for unrav-
eling the metabolic adaptations underlying metastasis.

 In this study, we employed scRNA-seq, lipidomic, and meta-
bolic profiling to explore the properties of metastatic tumor cells 
in a human xenograft model of spontaneous LN metastasis 
( Fig. 1 ). Our findings identify MICs as a key subpopulation driv-
ing early LN metastasis, with a reliance on FAO-fueled OXPHOS. 
Additionally, NRF2-regulated glutathione (GSH) synthesis sup-
ports MIC survival and adaptation within the LN environment. 
These results highlight metabolic vulnerabilities and antioxidant 
pathways as promising therapeutic targets for combating LN 
metastasis in ESCC.         

Results

Establishment of a Xenograft Model for Analyzing LN Metastasis 
in ESCC. To investigate the LN metastatic progression of ESCC, we 
established a xenograft spontaneous ankle-popliteal LN metastasis 
model in mice. In this model, GFP-labeled human ESCC 
KYSE-180 cells were injected into the hocks of nude mice, enabling 
real-time visualization of tumor growth and metastasis in  vivo 
(SI Appendix, Fig. S1 A and B). Within 2 to 3 wk postinoculation, 
micrometastases (micromet) were observed in the popliteal LN, 
with most mice displaying sporadic, low-density metastases near 
the LN margin. At this stage, the proportion of metastatic tumor 

cells in the popliteal LN was below 0.1%, with approximately 50 
to 100 disseminated tumor cells (SI Appendix, Fig. S1C). By 5 to 
6 wk, macrometastases (macromet) had developed, occupying the 
popliteal LN in half of the mice (SI  Appendix, Fig.  S1D). This 
progression allowed us to assess the varying degrees of metastasis and 
to explore the early events of metastatic seeding and colonization 
at more advanced stages.

Single-Cell Transcriptomics Reveal Intratumor Heterogeneity 
and Molecular Signatures of LN Metastasis. To investigate the 
intratumor heterogeneity and molecular characteristics associated 
with LN metastasis, we conducted a comparative single-cell 
transcriptomics analysis on tumor cells harvested from various 
stages of metastatic LNs in mice. Tumor cells were collected 
from 20 primary tumors, 35 LNs with micromet, and 3 LNs 
with macromet, then pooled for single-cell RNA sequencing. 
After rigorous quality control and doublet removal processes, 
we analyzed a total of 18,577 cells, which included 7,334 
from primary tumors, 2,037 from micromet, and 9,206 from 
macromet LNs.

 Utilizing principal component analysis and the Uniform 
Manifold Approximation and Projection (UMAP) algorithm, we 
identified eighteen distinct subclusters showing differential gene 
expression patterns, highlighting the extensive heterogeneity 
within tumor cell populations ( Fig. 2A  ). Gene Ontology analysis 
of highly expressed gene markers allowed us to categorize the 
biological functions of each subcluster into eight groups: hypoxia 
(clusters 0 and 14), cell adhesion (clusters 1 and 13), cell cycle 
(clusters 2, 3, 6, 7, and 11), ribosome or mitochondrial overex-
pression (cluster 4), neutrophil aggregation (clusters 5 and 15), 
serine metabolic process (clusters 8 and 10), pluripotency (clusters 
9 and 12), mesenchyme development (cluster 16), and interferon 
signaling (cluster 17) ( Fig. 2 B  and C  ).        

 In general, cancer cells from macromet and PT displayed similar 
yet diverse transcriptional patterns, while tumor cells from 
micromet exhibited unique transcriptional activities and biological 
functions. Notably, three rare clusters (clusters 9, 12, and 16) 
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Fig. 1.   Schematic overview of the study. (A) LN metastasis mouse model: Establishment of a LN metastasis mouse model to investigate tumor progression in 
primary tumors, micrometastatic (Micromet) LNs, macrometastatic (Macromet) LNs. (B) Single-cell RNA-seq analysis: Subclustering, marker identification, and 
signature extraction were performed to characterize tumor cell populations in LN metastases. (C) Lipidomic and metabolic analysis: Liquid chromatography 
was used to profile lipid composition and metabolic alterations in the LN metastatic microenvironment and tumor cells. (D) Experimental validation: Functional 
assays, including mitochondrial respiration measurements, lipid and drug treatments, in vivo metastasis models, and clinical relevance analysis were conducted 
to validate key findings.
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representing less than 3% of cells in primary tumors were signif-
icantly enriched up to 70% in micromet but were scarcely present 
in macromet ( Fig. 2D  ). This observation suggests a pivotal role of 
these cell subsets in initiating LN metastasis. Clusters 9 and 12, 
associated with pluripotency, predominantly expressed stemness- 
regulating genes such as SOX2 , SPP1 , PSCA , CD44 , KLF4 , CD9 , 
and PARP1  ( 22 ) (SI Appendix, Fig. S2 ). Meanwhile, the mesenchyme- 
like cluster 16 displayed increased expression of mesenchymal 
development-related genes, including ACTA2 , VIM , TPM1 , and 
﻿FN1  ( Fig. 2 C –E  ). A quantitative analysis of pluripotency and mes-
enchymal signatures across these tumor cells demonstrated signifi-
cantly higher levels of these signatures in micromet sites compared 
to primary and macromet LNs ( Fig. 2F  ). Collectively, single-cell 
analysis revealed distinct subpopulations, highlighting the heter-
ogeneity and identifying potential MICs that support a hierarchical 
model of metastasis ( 23 ,  24 ).  

Distinctly Enhanced Metastatic Behavior of Tumor Cells Isolated 
from Micrometastatic LNs. Given the predominant enrichment 
of potential MICs in micromet LNs, we isolated tumor cells from 
this context (LNM) and conducted comparative molecular and 
functional analyses against tumor cells derived from primary 
tumors (PT) (Fig. 3A). The upregulation of stemness regulatory 
genes was detected in LNM cells compared with PT (Fig. 3B). 
LNM cells also exhibited a superior capacity to form tumor 
spheroids with elevated SOX2 levels, indicating enhanced stem-
like characteristics (Fig. 3 C and D). Although LNM cells showed 
comparable proliferation rates to PT cells (SI Appendix, Fig. S3A), 

they demonstrated increased mobility and invasive properties, as 
evidenced by Transwell assays and the expression of mesenchymal 
markers (SI Appendix, Fig. S3 B and C).

 To compare the tumorigenic and metastatic potentials of LNM 
and PT cells, we reinoculated tumor cells into mice and monitored 
tumor growth and metastasis in LNs and lungs. Our findings 
revealed that LNM cells exhibited extensive spontaneous metastasis 
to both LNs and lungs compared to PT cells ( Fig. 3 E  and F  ), with 
no significant difference in primary tumor size (SI Appendix, 
Fig. S3D ). Further investigation through tail vein injection of 
LNM cells into mice demonstrated prolonged circulatory persis-
tence and a marked increase in lung colonization compared to PT 
cells ( Fig. 3 G  and H  ), ultimately leading to reduced survival 
( Fig. 3I  ). Together, these results underscore the critical role of MICs 
in promoting metastatic dissemination through lymphatic and 
hematogenous routes.  

OXPHOS Dependency Characterizes MICs. Metabolic rewiring 
is essential for tumor cells to adapt to the metastatic cascade. 
scRNA-seq analysis of MIC clusters with non-MIC clusters 
revealed a pronounced shift toward OXPHOS and enhanced 
responses to oxidative stress, indicating a reliance on OXPHOS 
in LN metastatic cells (Fig. 4A). Whole-transcriptome analysis 
corroborated the upregulation of OXPHOS-related genes in 
LNM compared to PT cells (SI Appendix, Fig. S4 A and B). The 
enhanced reliance on OXPHOS in LNM, was evident through 
increased mRNA expression of mitochondrial biogenesis and 
electron transport chain components (PGC1α, MT-RNR, 
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Fig. 2.   Characterizing intratumor heterogeneity and molecular signatures of LN metastasis using single-cell transcriptomics. (A) Subclustering of tumor cells from 
primary tumor tissues (N = 7,334) and LNs with micromet (N = 2,037) or macromet (N = 9,206). (B) Categorization of the biological functions of each subcluster. 
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COX5B, and COX7B) (Fig. 4B). Elevated mitochondrial mass 
and functionality were confirmed by enhanced Mito Tracker 
signal and elevated TMRE fluorescence (Fig.  4 C and D). 
Transmission electron microscopy revealed healthy mitochondria 
with well-defined cristae in LNM cells, contrasting with the 
compromised mitochondria in PT cells (Fig.  4E). Seahorse 
Mito Stress assay results showed that LNM cells have higher 
respiratory capacities indicative of robust mitochondrial 
oxidative metabolism (Fig. 4F). These results affirm OXPHOS 
as a critical metabolic pathway for MICs.

Metabolic Shift Toward FAO Fuels Metastatic Phenotypes in 
LN Disseminated Tumor Cells. Tumor cells adapt to lipid-rich 
environments, like LN or omentum, by leveraging lipid for energy 
production, especially in conditions where glucose availability is 
limited (25, 26). FAO, a primary pathway in lipid catabolism, 
efficiently generates energy through OXPHOS. Lipidomic 
profiling of LN tissues revealed a significant depletion of overall 
lipid content in metastatic LNs compared to healthy ones 
(Fig.  5A and SI Appendix, Fig.  S5A). Among the dysregulated 
lipid species, triacylglycerols (TGs) and diacylglycerols (DGs) 
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showed the most pronounced reductions (Fig.  5 A and B and 
SI  Appendix, Fig.  S5 B–D), suggesting lipid mobilization 
during metastasis. Metabolomic analysis revealed increased 
acyl-carnitines in LNM cells, reflecting elevated FAO activity 
(Fig. 5C). Transcriptomic data further demonstrated upregulated 
lipid catabolism and downregulated lipogenesis in MICs (Fig. 5D 
and SI Appendix, Fig. S5E). RT-PCR confirmed the upregulation 
of lipid catabolism genes, including CD36, ATGL, and CPT1, 
alongside downregulation of fatty acid synthase (FASN) in LNM 
(Fig. 5E). Enhanced fatty acid uptake and storage were further 
validated by increased BODIPY FL- C12 and BODIPY 493/503 
staining in LNM (Fig. 5 F and G). Collectively, these findings 
suggest that MICs adapt to the lipid-rich LN microenvironment 
by enhancing lipid uptake and FAO-driven OXPHOS to meet 
their energy demands.

 To assess the impact of fatty acids (FAs) on tumor progression, 
we analyzed the changes in specific FAs in LNs during metastasis. 
The predominant saturated and unsaturated FAs—palmitic (PA) 
and linoleic acid (LA)—were reduced in metastatic LNs compared 
to healthy LNs ( Fig. 6 A  and B  ). In vitro, supplementation with 
PA and LA enhanced mitochondrial respiration ( Fig. 6C  ), sphe-
roid formation with increased SOX2 expression ( Fig. 6 D  and E  ), 
and cell mobility ( Fig. 6F  ), indicating their role in promoting 
metastatic properties. In vivo, tumor cells pretreated with PA and 
LA exhibited increased LN and lung metastasis ( Fig. 6 G  and H  ), 
and tumor-bearing mice on a high-fat diet exhibited higher met-
astatic burden compared to those on a control diet ( Fig. 6I  ). 

Pharmacological inhibition of FAO using etomoxir selectively 
reduced LN metastasis without affecting primary tumor growth 
or lung metastasis ( Fig. 6J   and SI Appendix, Fig. S6 A and B ). 
These findings highlight FAO as a key metabolic pathway facili-
tating lymphatic metastasis in cancer.          

NRF2 Regulates Ferroptosis Resistance Through GSH System in 
MICs. Metabolic reprogramming toward OXPHOS inherently 
produces mitochondrial superoxide (mtROS), a major source of 
intracellular ROS, posing significant oxidative stress to tumor cells 
and requiring robust antioxidant defenses. Bioinformatic analyses 
and WB revealed elevated NRF2 and its downstream target 
SLC7A11 in MICs, key regulators of GSH synthesis and oxidative 
defense (Fig. 7 A–C and SI Appendix, Figs. S7 A and B and S12) 
(18, 27, 28). Tumor cells cultured in FA-supplemented medium 
exhibited increased NRF2 and SLC7A11expression (SI Appendix, 
Figs. S7C and S13), highlighting their role in adapting tumor cells 
to the LN microenvironment.

 Though there was no significant difference at baseline, mtROS 
levels were markedly lower in LNM cells than in PT cells upon 
oxidative induction with the GSH-depleting agent IKE 
(SI Appendix, Fig. S8 A and B ). LNM also displayed lower baseline 
lipid peroxidation and only modest elevation upon oxidative 
induction, further confirming their superior redox balance and 
enhanced antioxidant capacity ( Fig. 7D  ). Moreover, LNM dis-
played higher GSH level and GSH/GSSG ratio relative to PT 
cells, reflecting enhanced intracellular GSH capacity in MICs 
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( Fig. 7E  ). NAC or Ferr-1 treatment reduced ROS levels and res-
cued cell viability, confirming ferroptosis as the primary mode of 
cell death (SI Appendix, Fig. S8 A and B ) ( 29 ) ( 30 ).

 NRF2 silencing in LNM reduced GSH synthesis and impaired 
stress resistance, which could be rescued by NAC or Ferr-1 ( Fig. 7F   
and SI Appendix, Figs. S9A and S14 ). Conversely, NRF2 overex-
pression enhanced ferroptosis resistance by maintaining GSH 
levels (SI Appendix, Figs. S9 B–F and S15 ). NRF2 inhibitor 
ML385 sensitized LNM cells to IKE-induced ferroptosis 
(SI Appendix, Fig S9G ). Critically, the role of NRF2 in maintain-
ing redox balance was dependent on SLC7A11, as NRF2-related 
antioxidant effects were reversed by SLC7A11 manipulation 
( Fig. 7 F  and G   and SI Appendix, Fig. S9 A–I ).

 LNM also showed enhanced cisplatin resistance compared to 
PT, which could be reversed by NRF2 or SLC7A11 inhibition 
( Fig. 7 H  and I  ). Similarly, NRF2-OE cells displayed heightened 
cisplatin resistance, an effect mitigated by SLC7A11 silencing 
(SI Appendix, Fig S9H ). In vivo, NRF2-OE tumor cells exhibited 
enhanced LN metastatic potential ( Fig. 7J   and SI Appendix, 
Fig. S9I ), while pharmaceutical inhibition of NRF2 or SLC7A11 
significantly reduced LN metastasis in mice bearing LNM tumors 
( Fig. 7 K  and L  ). Notably, combining NRF2 or SLC7A11 inhib-
itors with cisplatin more effectively suppressed tumor growth and 
LN metastasis than either treatment alone ( Fig. 7 K  and L  ).

 These findings highlight the NRF2-SLC7A11 axis as a critical 
mechanism in MICs, enhancing GSH-mediated redox balance and 
stress resistance during LN metastasis. Targeting this axis provides a 
promising therapeutic approach to overcome cisplatin resistance 
in MICs.  

Clinical Significance of NRF2 Signaling in LN Metastasis and 
Chemoresistance in ESCC. To evaluate the clinical relevance 
of our findings, scRNA-seq data from ESCC patients revealed 
significant upregulation of pluripotency, OXPHOS dependency, 
and NRF2-mediated stress response pathways in tumor cells within 
LN metastases compared to normal epithelial cells (Fig. 8A and 
SI  Appendix, Fig.  S10) (31). IHC analysis of tissue microarrays 
confirmed elevated NRF2 and SLC7A11 protein levels in primary 
tumors, with minimal expression in matched normal tissues 
(Fig. 8B). NRF2 and SLC7A11 expression were positively correlated 
(Fig. 8C and SI Appendix, Fig. S11A), and NRF2 expression was 
significantly higher in tumors with LN metastases compared to 
those without (Fig. 8D and SI Appendix, Fig. S11B).

 In a chemotherapy-treated ESCC cohort, high NRF2 expres-
sion was significantly associated with poor response to chemother-
apy ( Fig. 8E  ). Kaplan–Meier analysis demonstrated that high 
NRF2 expression was associated with poor overall survival ( Fig. 8F   
and SI Appendix, Fig. S11C ). Multivariate analysis identified 
NRF2 as an independent prognostic factor for reduced survival 
(HR: 2.39, 95% CI: 1.08 to 5.33, P  = 0.032) (SI Appendix, 
Tables S1 and S2 ). These findings highlight NRF2's role in pro-
moting LN metastasis and chemoresistance, suggesting its poten-
tial as a prognostic biomarker and therapeutic target.   

Discussion

 Understanding the early molecular and metabolic adaptations 
enabling tumor cells to thrive in the LN microenvironment 
remains limited. This study identifies rare MICs with stem-like 
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Fig. 5.   Integrative Transcriptomic and Lipidome Analysis Identifies Lipid Metabolism Signature Associated with LN Metastasis. (A) Heatmap showing lipid species 
abundance identified in normal (NLN) and micromet LN. N = 3 (NLN); 6 (Micromet LNs). (B) Levels of triacylglycerols (TG) and diacylglycerols (DG) in normal 
LNs and micromet LNs. (C) Heatmap showing unsupervised clustering of carnitine compounds abundance in PT and LNM cells. N = 5 (PT); 8 (LNM) biological 
replicates. (D) Comparison of de novo lipogenesis and lipid catabolism signature scores in MICs and non-MICs. (E) Quantitative PCR validation of genes involved 
in fatty acid utilization and synthesis in LNM normalized to PT. N = 5 biological replicates. (F and G) Quantification of neutral lipid content (F) and lipid uptake (G) 
in PT and LNM cells using BODIPY staining. Data are presented as the mean ± SD. B–D, Wilcoxon signed-rank test; E–G, Unpaired two-tailed Student’s t test. ns, 
not significant; *P < 0.05; **P < 0.01; *** P < 0.001; **** P < 0.0001.
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properties that exhibit a metabolic dependence on FAO-fueled 
OXPHOS, driving LN metastasis. We extend previous findings 
by demonstrating that FAO not only sustains energy production 
under nutrient-limited conditions but also actively enhances the 
metastatic phenotype of MICs, highlighting its role as a critical 
driver of metastatic competence ( 26 ,  32 ).

 Our findings underscore the importance of FAO as a central 
metabolic pathway fueling OXPHOS during LN metastasis. 
Lipidomic, metabolomic, and transcriptomic analyses revealed sig-
nificant lipid mobilization in metastatic LNs, characterized by a 
pronounced depletion of TG and DG. MICs exhibited upregulated 
lipid catabolism and reduced lipogenesis, with increased expression 
of FAO-related genes, and decreased FASN. Enhanced fatty acid 
uptake and storage in MICs further supported their metabolic reli-
ance on FAO for energy demands during LN colonization. While 

FAO appears to dominate LN metabolic adaptations, other carbon 
sources such as glutamine and glucose may contribute to OXPHOS 
and warrant further investigation ( 26 ,  33 ,  34 ).

 Experimental evidence validated the functional significance of 
FAO in metastatic progression. FA supplementation increased mito-
chondrial respiration, spheroid formation, and cell mobility. In vivo, 
FA treatment promoted LN and lung metastasis, while pharmaco-
logical inhibition of FAO using etomoxir selectively reduced LN 
metastasis without affecting primary tumor growth or lung metas-
tasis. These results establish FAO as a critical metabolic adaptation 
supporting MIC fitness in the LN microenvironment.

 MICs demonstrated superior oxidative stress resistance, a crit-
ical survival mechanism during metastasis ( 8 ,  15 ,  35 ). MICs rely 
on NRF2-SLC7A11 signaling to enhance GSH synthesis, main-
taining redox balance and mitigating oxidative stress. This pathway 
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supports MIC survival under oxidative conditions and contributes 
to ferroptosis resistance. Notably, inhibition of NRF2 or SLC7A11 
impaired MIC stress resistance, reduced LN metastasis, and sen-
sitized tumor cells to cisplatin in vitro and in vivo. These findings 
suggest that the NRF2-SLC7A11 axis is a key mediator of MIC 
resilience and survival during metastasis.

 Clinically, elevated NRF2-SLC7A11 expression was positively 
associated with LN metastasis, chemoresistance, and poor survival 
in ESCC patients. Targeting NRF2-SLC7A11 in combination 
with standard chemotherapy improved treatment efficacy, reduc-
ing tumor growth and LN metastasis. These findings suggest that 
combining ferroptosis inducers with chemotherapeutic agents 
offers a promising strategy to treat metastatic cancer ( 32 ,  36 ).

 In conclusion, this study highlights FAO-fueled OXPHOS and 
NRF2-mediated oxidative stress resistance as pivotal mechanisms 

underpinning MIC metabolic fitness and resilience, driving LN 
metastasis. Targeting these pathways holds promise for improving 
therapeutic outcomes in metastatic cancers.  

Methods

Ethical Approval and Informed Consent. This study was conducted in 
accordance with ethical standards and approved protocols. Informed consent 
was obtained from all human participants prior to sample collection. The study 
protocol for human subjects was reviewed and approved by the Research Ethics 
Committee of The First Affiliated Hospital of Zhengzhou University and the 
Medical Ethics Committee of Sun Yat-sen University Cancer Center.

Animal experiments were conducted following the guidelines set by the 
Committee on the Use of Live Animals in Teaching and Research at the University 
of Hong Kong. All animal procedures were approved under the institutional protocol.
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(30 mg/kg) with or without IKE (40 mg/kg) or ML385 (30 mg/kg). N = 6 mice. Data are presented as the mean ± SD. A, Wilcoxon signed-rank test; B, permutation 
test; C, E, H, unpaired Student's t test; D Two-way ANOVA; F, J–L, one-way ANOVA: * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
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Other Materials and Methods. Additional details of experimental methods, 
reagents, and procedures are provided in SI Appendix, Supporting Methods.

Data, Materials, and Software Availability. The raw sequencing data and 
processed data of scRNA-seq and bulk RNAseq of this study were submitted and 
will be available in the Gene Expression Omnibus (GEO) database https://www.
ncbi.nlm.nih.gov/geo/ under Accession code GSE220108 (37). All other data is 
included in the manuscript and/or SI Appendix.

ACKNOWLEDGMENTS. Shenzhen Medical Research Funds A2303060 (S.-S.L.), 
Shenzhen Science and Technology Program JCYJ20220530142409021 (S.-S.L.), 
JCYJ20220818103012025 (S.-S.L. and S.M.), ZDSYS20210623091811035 (X.-Y.G. 
and A.W.-M.L.), KQTD20180411185028798 (X.-Y.G.), RCBS20221008093232045 
(H.W.), National Natural Science Foundation of China 82103643 (S.-S.L.), 82072731 
(W.C.), 82202857 (H.W.), High Level-Hospital Program, Health Commission 

of Guangdong Province HKUSZH201901002 (A.W.-M.L.), Sanming Project of 
Medicine in Shenzhen SZSM202211017 (A.W.-M.L.), X.-Y.G. is the Sophie YM 
Chan Professor in Cancer Research.

Author affiliations: aShenzhen Key Laboratory for Cancer Metastasis and Personalized 
Therapy, Department of Clinical Oncology, The University of Hong Kong-Shenzhen Hospital, 
Shenzhen 518000, China; bAdvanced Energy Science and Technology Guangdong Laboratory, 
Huizhou 516007, China; cDepartment of Clinical Oncology, Li Ka Shing Faculty of Medicine, The 
University of Hong Kong, Hong Kong 999077, China; dDepartment of Medical Oncology, State 
Key Laboratory of Oncology in South China, Guangdong Provincial Clinical Research Center 
for Cancer, Sun Yat-sen University Cancer Center, Guangzhou 510060, China; eSchool of 
Biomedical Sciences, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Hong Kong 
999077, China; fGuangdong Provincial Key Laboratory of Regional Immunity and Diseases, 
Department of Pharmacology and International Cancer Center, Shenzhen University 
Health Science Center, Shenzhen 518055, China; and gState Key Laboratory of Quantitative 
Engineering Biology, Shenzhen Institute of Synthetic Biology, Shenzhen Institutes of Advanced 
Technology, Chinese Academy of Sciences, Shenzhen 518055, China

Low
High

p = 0.018

ESCC-Henan cohort

A

B

D

F

Normal tissue Tumor tissue Normal Tissue Tumor tissue

N
R

F
2

S
LC

7A
11

C
as

e
1

Combined signature of pluripotency, redox, OXPHOS and NRF2 signaling Epithelial cells
from ESCC patients

N
R

F
2

S
LC

7A
11

C
as

e
2

E

C

H score of NRF2

H
 s

co
re

of
S

LC
7A

11 R = 0.36
p =

200

N T

H
 s

co
re

of
N

R
F

2 300

100

0

****

200

N TH
 s

co
re

of
S

LC
7A

11 300

100

0

****

ESCC-Henan cohort TCGA-ESCA cohort

F
K

P
M

of
N

R
F

2

*

*

*

N=0 N=1-3
PR case 1 PR case 2 SD case 1 SD case 2

NRF2
expression PR SD value

High 0 6 0.004

Low 25 10
Partial Response (PR) Stable Disease (SD)

ESCC-SYS cohort

ESCC-Henan cohort

Fig. 8.   Clinical Significance of NRF2 Signaling in LN Metastasis and Chemoresistance in ESCC. (A) UMAP and joint density maps showing pluripotency, redox balance, 
OXPHOS and NRF2 signature in normal epithelial cells, primary tumor cells and LN metastatic cells from scRNA-seq data from ESCC patients. (B) Representative IHC 
images and quantification of NRF2 and SLC7A11 protein levels in normal (N) and tumor (T) tissues in ESCC-Henan cohort. N = 123 patients. (C) Pearson correlation between 
NRF2 and SLC7A11 protein levels in the ESCC-Henan cohort. N = 123 patients. (D) Representative IHC images and statistical analysis of NRF2 expression in relation to 
chemotherapy response. N = 41 patients from ESCC-SYS cohort. (E) Transcript levels of NRF2 in TCGA-ESCA samples stratified by LN metastasis status. N0: 44; N1-3: 
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