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Abstract
Introduction  Esophageal cancer (EC) remains highly lethal due to tumor microenvironment (TME)-mediated immune eva-
sion. While natural killer (NK) cells are central to antitumor immunity, their functional states in EC are poorly characterized.
Methods  We integrated bulk RNA-seq (TCGA/GEO) and single-cell data to construct an NK cell-derived prognostic 
signature (NK score) via LASSO-Cox regression. Immunofluorescence was applied to assess the clinical relevance of 
SAMD3 + NK cells in EC. Using both xenograft mouse models and in vitro co-culture procedures, the impact of SAMD3 
on NK cell function was confirmed.
Results  In EC patients, the prognostic NK score—which is generated from important NK cell markers including SAMD3—
was substantially correlated with a worse chance of survival. NK cells within the TME had significant levels of SAMD3 
expression, as seen by immunofluorescence labeling. Moreover, NK cells with SAMD3 knockdown exhibited enhanced 
antitumor activity, leading to decreased tumor development in the xenograft model.
Discussion  Our results demonstrate the predictive significance of NK cell markers in EC and pinpoint SAMD3 as a critical 
modulator of NK cell activity. We pioneer SAMD3 + NK cells as architects of TME immunosuppression in EC. Our findings 
nominate SAMD3 inhibition as a combinatorial strategy to overcome immune checkpoint blockade resistance.
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Introduction

Esophageal cancer (EC) is the sixth most prevalent cause 
of cancer-related death worldwide and the eighth most 
common type of cancer overall [1]. Esophageal squamous 
cell carcinoma (ESCC) and esophageal adenocarcinoma 
(EAC) are the two main types of this cancer that manifest 
[2]. East Asia and Africa are the regions with higher inci-
dence of ESCC, the more common subtype, while wealthy 
countries are more likely to experience EAC [3, 4]. The 
prognosis for EC is still dismal despite major break-
throughs in care, such as endoscopic resection, chemo-
radiotherapy, and new immunotherapies [5–7]. This is 
mostly because of the tumor's aggressiveness and hetero-
geneity, as well as our incomplete knowledge of its molec-
ular underpinnings. These difficulties highlight the criti-
cal need for research aimed at determining the molecular 
etiology of EC and discovering new biomarkers, as these 
efforts may result in more effective treatments and better 
patient outcomes. Furthermore, investigating the immune 
system’s involvement in cancer may offer additional under-
standing into innovative therapeutic approaches [8].

A new and exciting era in anticancer treatment has 
been brought about by the immune checkpoint inhibitor 
(ICI)-based immunotherapy’s rapid development in recent 
years [9–11]. Due to the distinct tumor microenvironment 
(TME) of esophageal cancer and the intricate individual 
heterogeneity of the disease, only a small percentage of 
patients with esophageal cancer receive long-lasting ben-
efits from ICI medicines, despite these advancements [12]. 
Therefore, improving clinical outcomes for esophageal 
cancer patients and designing more individualized ICI 
treatment plans depend heavily on thoroughly character-
izing the TME features and building reliable predictive 
models [13, 14].

An essential part of the innate immune system, natu-
ral killer (NK) cells are crucial for the body’s defense 
against malignancies [15]. NK cells do not require prior 
sensitization to recognize and kill malignant cells. Certain 
indicators that play a critical role in controlling NK cell 
activation and immunological state are required for the 
detection and measurement of NK cells within the tumor 
microenvironment [16]. Comprehending the function of 
these markers is essential in clarifying the processes that 
govern NK cell-mediated cytotoxicity, providing valuable 
perspectives on possible remedial approaches to strengthen 
immune responses against cancer.

The molecule known as SAMD3, or sterile alpha motif 
domain-containing protein 3, has gained attention because 
of its distinct expression pattern and possible connections 
to immune cell function [17]. Unlike the well-studied 

SMAD3, SAMD3 remains poorly understood [18]. Numer-
ous physiological functions, including translational reg-
ulation, cell cycle control, and protein interactions, are 
impacted by the SAMD protein family [19]. SAMD3 may 
be essential for the maturation and differentiation of NK 
cells, as evidenced by the high expression of the protein in 
memory CD8 T cells and NK cells, which are essential for 
immunological responses [20]. The therapeutic relevance 
of SAMD3 and its possible impact on NK cell modulation 
in EC, however, were yet unknown.

In this study, the function of NK cells in esophageal can-
cer (EC) was methodically examined. From EC datasets, 
we extracted important NK cell markers to create a predic-
tive signature (NK score), which was verified in other data-
sets. This signature demonstrated the significance of NK 
cell markers in EC prognosis by showing that patients with 
higher risk scores had significantly worse survival rates. 
This is also the first study that raises the possibility that 
SAMD3 + NK cells could be a sign of a bad prognosis. The 
decreased antitumor cytotoxicity of SAMD3 + NK cells may 
have contributed to the immune-suppressive tumor micro-
environment, setting the stage for further investigation into 
SAMD3 targeting in EC.

Method

Study cohorts

The Cancer Genome Atlas (TCGA) cohort enrolled 173 
patients from TCGA. RNA-seq data for esophageal cancer 
were obtained from the UCSC database with corresponding 
clinical information. Additionally, gene expression data for 
esophageal cancer were downloaded from the GEO data-
base, specifically datasets GSE53624 and GSE53622, com-
prising 119 and 60 patients, respectively, along with their 
clinical information [21].

Following approval by the Clinical Research Ethics 
Committee of Zhongshan Hospital (ZSHS), the ZSHS 
cohort comprised 180 patients with ESCC treated with 
“three-field esophagectomy” (TFE). Patients were included 
into this study under the following criteria: (a) informed 
consent; (b) available of clinicopathological data; (c) path-
ologically diagnosed as ESCC; and (d) without preopera-
tive systemic treatment. The Helsinki Declaration II was 
followed for the design of the study and the testing tech-
niques. All tumor tissue samples were formalin-fixed and 
paraffin-embedded (FFPE). Clinicopathological charac-
teristics were retrospectively collected including age, sex, 
tumor location, tumor size, tumor grade, and application 
of platinum-based ACT.
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Fig. 1   Immune landscape and phenotypic characteristics of tumor-
infiltrating NK cells in esophageal cancer patients. A UMAP plot 
showing all cell types. B Expression levels of marker genes across 
different cell types. C UMAP plot displaying all immune cell types. 

D Heatmap illustrating the expression levels of immune cell marker 
genes. E UMAP plot indicating the distribution of immune cell 
marker gene expression. F Functional enrichment analysis of NK 
cell-specific genes
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Single‑cell RNA‑seq data process and analysis

The scRNA-seq data of 60 primary esophageal cancer 
(EC) samples were downloaded from the GSE160269 
dataset [22]. For analysis, Seurat (version 4.1.1) was 

employed. Initial processing involved the creation of 
Seurat objects for CD45-negative and CD45-positive cell 
populations. Cells with more than 4000 detected genes 
were filtered out to remove potential doublets, and cells 
with fewer than 500 detected genes or with mitochondrial 
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Fig. 2   Extraction of esophageal cancer tumor-infiltrating NK cell-
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network topology analysis. B Module visualization. C WGCNA heat-
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genome content greater than 10% were excluded. The 
Harmony algorithm was applied to adjust for potential 
batch effects [23]. Subsequent clustering of cells was 
done using the “FindClusters” function with a resolu-
tion of 0.5, followed by visualization in two-dimensional 
space using t-distributed stochastic neighbor embedding 
(t-SNE) and Uniform Manifold Approximation and Projec-
tion (UMAP). Cell populations were manually annotated 
based on feature markers. Differentially expressed genes 
(DEGs) for each cell type were identified using the “Find-
AllMarkers” function with default parameters. Functional 
enrichment analysis for DEGs in NK cells, T cells, B cells, 
and myeloid cells was performed using clusterProfiler, 
with GO and KEGG pathway analyses conducted using 
enrichGO and enrichKEGG functions, respectively.

Bioinformatics analysis

Weighted gene co-expression network analysis (WGCNA) 
was used to identify gene modules and candidate biomark-
ers from TCGA data, with thresholds set at MM > 0.6 and 
GS > 0.2. The CIBERSORT algorithm and ssGSEA were 
employed to analyze the tumor microenvironment [24, 25]. 
Differentially expressed genes were subjected to GO and 
KEGG enrichment analysis using the clusterProfiler pack-
age (P < 0.05). CellChat was used to infer cell–cell com-
munication networks, utilizing the default CellChatDB 
ligand–receptor database [26].

Construction of a prognostic NK score signature

In this study, we developed a prognostic scoring system, 
designated the NK score. Initially, we performed univariate 
Cox regression analysis on the expressions of DEGs and sur-
vival data to identify prognosis-related genes. Subsequently, 
we applied the least absolute shrinkage and selection opera-
tor (LASSO) and multivariate Cox regression analyses to 
construct an optimal predictive model [27]. The NK score 
was calculated using the selected genes as follows: NK 
score = h0(t) * exp (expression of SAMD3 * corresponding 
coefficient + expression of CD7 * corresponding coefficient). 
Patients were divided into two groups based on their NK 
score, with the threshold set at the median score.

Immunofluorescence assay

The detailed protocol of tumor immunofluorescence staining 
was carefully described in our previous studies [28]. Immu-
nofluorescence (IF) contains antibodies against: SAMD3 
(ab122028; Abcam; 1:50), CD56 (ab220360; Abcam; 

1:1000). Nuclei were stained with DAPI (Sigma-Aldrich) 
after all the primary antigens had been labeled.

To evaluate the density of SAMD3 + cells and 
SAMD3 + NK cells, all the tumor microarray samples were 
evaluated as the average number of positive cells/HPF 
(at × 200 magnification) from three randomized fields by two 
independent pathologists who were blinded to clinicopatho-
logical data. Variations exceeding five cells in enumeration 
were re-evaluated by both pathologists separately to reach 
a final consensus.

Cell culture and reagents

Human ESCC cell lines TE-1 were obtained from Type Cul-
ture Collection Cell Bank, Chinese Academy of Sciences. 
The KYSE-30 cell lines were procured from the Japanese 
Collection of Research Bioresources (JCRB) Cell Bank. The 
NK-92MI cell line was kindly provided by Dr. Zhang Puran. 
KYSE-30 and TE-1 cells were grown in RPMI 1640 medium 
supplemented with 10% FBS (fetal bovine serum) and 1% 
penicillin/streptomycin, while NK92MI cells were main-
tained in α-MEM medium supplemented with 12.5% FBS, 
12.5% horse serum, 0.2 mM inositol, 0.1 mM 2-mercaptoe-
thanol, 0.02 mM folic acid, and 1% penicillin/streptomycin. 
The cells were cultured at 37 °C with 5% CO2. All cells 
have been authenticated and were tested for mycoplasma 
contamination.

Cell transfection

The pLKO.1-puro lentiviral plasmid was employed to pre-
pare SAMD3 interference lentivirus. After 72 h of infec-
tion, 3 μg/ml puromycin was used for screening cells with 
SAMD3 knockdown. Fluorescence microscope was used to 
detect GFP and to analyze the efficiency of lentivirus-medi-
ated transgenesis. Western blotting was employed to assess 
the efficacy of the lentivirus-mediated SAMD3 silencing in 
NK cells.

Western blotting

Cells were harvested by scraping into an SDS sample buffer 
containing a cocktail of protease inhibitors and PhosSTOP 
Phosphatase Inhibitor (Roche, Pleasanton, CA, USA). West-
ern blotting was conducted in accordance with the standard 
procedure. The abundance of SAMD3 (ab122028; Abcam) 
and GAPDH (60,004–1-Ig; Proteintech) was investigated.

In vitro intervention assay

For the co-culture experiments, SAMD3 knockdown was 
achieved in NK92MI cells using lentiviral shRNA, followed 
by selection with puromycin to establish stable knockdown 
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cell lines. Tumor cells (KYSE-30 or TE-1) were seeded 
into 6-well plates at a density of 1 × 10^5 cells per well and 
allowed to adhere overnight. The following day, NK92MI 
cells (either SAMD3 knockdown or control) were added 
to the wells at an effector-to-target (E-T) ratio of 2:1. The 
co-cultures were incubated for 24 h at 37 °C in a 5% CO2 
atmosphere. After incubation, apoptosis in the tumor cells 
was assessed using an Annexin V-FITC/PI apoptosis detec-
tion kit according to the manufacturer’s instructions. Flow 
cytometry was used to analyze the percentage of apoptotic 
cells.

In vivo intervention assay

To investigate the interaction between tumor cells and 
immune cells in vivo, we performed co-culture experiments 
using a xenograft mouse model. Human esophageal cancer 
cell lines KYSE-30 were cultured under standard condi-
tions. NK92MI cells, an NK cell line, were maintained and 
transduced with shRNA targeting SAMD3 using a lentiviral 
vector to establish stable knockdown cell lines. Male NOD/
SCID mice aged 6–8 weeks were subcutaneously injected 
with 1 × 10^6 KYSE-30 cells suspended in Matrigel to estab-
lish xenograft tumors. When tumors reached approximately 
100 mm3, mice were randomly assigned to receive intra-
venous injections of either SAMD3 knockdown NK92MI 
cells or control NK92MI cells (1 × 10^6 cells per injection) 
twice a week. Tumor growth was monitored by measuring 
tumor size with calipers, and tumor volume was calculated. 
At the end of the treatment period, mice were euthanized, 
and tumors were harvested for further analysis.

Statistical analysis

Statistical analysis was performed using IBM SPSS (version 
21.0), R software (version 4.3.1), and GraphPad Prism (ver-
sion 8.0). The median value of the SAMD3 + NK cells den-
sity was adopted as the cutoff point. Continuous variables 

were analyzed with Student’s t test or Mann–Whitney U test. 
Pearson’s χ2 test was applied to compare categorical vari-
ables. Kaplan–Meier curves, Log-rank test, and Cox propor-
tional hazards regression analysis were used to determine 
clinical significance. Data were shown as mean ± SD. A two-
tailed P < 0.05 was considered as statistically significant.

Results

Immune landscape and phenotypic characteristics 
of tumor‑infiltrating NK cells in EC (Esophageal 
Cancer) patients

To explore the tumor microenvironment landscape in 
esophageal cancer, we obtained a single-cell dataset of 60 
patients with esophageal cancer (GSE160269) from the 
GEO database. After quality control, we acquired 208,659 
high-quality cells. Based on known cell markers, we identi-
fied nine cell types (Fig. 1A, B). Subsequently, we visu-
alized 65,378 T cells, 22,477 B cells, 3900 NK cells, and 
19,273 myeloid cells using UMAP (Fig. 1C). Heatmap and 
UMAP show the distribution of specific marker genes in 
tumor-infiltrating immune cells (Fig. 1D, E). Subsequently, 
we performed enrichment analysis for immune cell-specific 
gene functions (Figs. 1F and S1). Notably, for NK cells, in 
addition to cytotoxic pathways, we observed enrichment in 
immune regulation and cytokine signaling pathways, sug-
gesting potential functional alterations in NK cells within 
EC.

Extraction of esophageal cancer tumor‑infiltrating 
NK cell‑specific genes

We obtained the RNA-seq dataset for esophageal cancer 
from the TCGA database, including 162 tumor samples 
and 11 normal samples. Using ssGSEA and immune cell-
specific genes, we assessed the infiltration levels of immune 
cells in each sample. Next, we constructed a weighted gene 
co-expression network (WGCNA) based on the gene tran-
scription profiles of all tumor samples to identify modules 
significantly associated with NK cell traits and key NK cell 
markers (Fig. 2A, B). We identified 22 modules, with the 
green module showing the strongest correlation with NK 
cells, indicating that the green module is significantly associ-
ated with NK cell traits (Fig. 2C). Finally, we characterized 
the correlation between genes in the green module and NK 
cell infiltration abundance (Fig. 2D). We also observed that 
both NK and T cells were higher in tumors, suggesting their 
potential role in shaping the tumor-associated microenviron-
ment (TAM) (Fig. 2E).

Fig. 3   Development of a NK-related predictive signature. A Venn 
diagram showing the overlap between differentially expressed genes 
(DEGs). B Left: Plot showing the coefficient changes for each feature 
as lambda varies. Right: Confidence interval of the selected param-
eter after cross-validation. C Scatter plot showing the distribution 
of NK score and survival status. D Kaplan–Meier analysis of over-
all survival (OS) for patients in high and low NK score groups. E 
Receiver operating characteristic (ROC) curves evaluating the predic-
tive performance of NK score for 1-year and 3-year survival. F Uni-
variate and multivariate Cox regression analysis based on NK score. 
G Comparison of the C-index between prognostic NK score and other 
clinical predictive indicators. H GSEA analysis of interferon function 
associated with NK score. Log-rank test was conducted for Kaplan–
Meier curves

◂
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Development and validation of a NK‑related 
predictive signature

From the single-cell dataset, we identified 910 differentially 
expressed genes in NK cells. Using bulk RNA sequencing 
data, we identified 761 key NK cell markers. Intersecting 

these datasets yielded 144 NK cell-related markers 
(Fig.  3A). To identify prognostically relevant NK cell 
markers, we conducted univariate Cox regression analysis, 
resulting in the identification of six markers: CD7, SAMD3, 
BIN2, MS4A7, GRAP2, and SIRPG.
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Fig. 4   External validation of the predictive ability of the NK score. 
A Scatter plot showing the distribution of NK score and survival sta-
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in GSE53624 cohort. C Scatter plot showing the distribution of NK 
score and survival status in GSE53622 cohort. D Kaplan–Meier anal-
ysis of OS for patients in GSE53622 cohort
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Subsequently, we employed LASSO regression to refine 
the prognostic model, isolating CD7 and SAMD3 as the 
critical NK cell markers (Fig. 3B). To validate the reliabil-
ity, we performed functional enrichment analysis on these 
two key NK cell markers and found enrichment in functions 
such as phagocytosis and phosphor-tyrosine residue binding 
(Figure S2A). Consistent clustering of esophageal cancer 
samples based on these markers identified two NK-related 
subtypes (Figure S2B). The M1 subtype, characterized by 
high expression of CD7 and SAMD3, was associated with 
significantly poorer survival outcomes (Figure S2C, D). 
Based on the LASSO results, we developed a prognostic 
risk score model using these key NK markers, stratifying 
patients into high-risk and low-risk groups. Notably, patients 
in the high-risk group exhibited significantly poorer prog-
noses (Fig. 3C, D).

We further assessed the prognostic efficacy of the NK 
score, demonstrating its robust predictive capability for 
1-year and 3-year survival in esophageal cancer patients 
(Fig. 3E). Univariate and multivariate Cox regression anal-
yses confirmed the NK score as an independent prognos-
tic factor significantly associated with survival outcomes 
(Fig. 3F). Comparative analysis of the C-index revealed 
that the NK score outperformed other clinical predictive 
indicators (Fig. 3G). Finally, Gene Set Enrichment Anal-
ysis (GSEA) indicated that genes highly expressed in the 
high-risk NK score group were significantly enriched in the 
interferon alpha response and interferon gamma response 
pathways (Fig. 3H).

In consideration of clinicopathological characteristics, it 
is found that the high-risk NK score group had a signifi-
cantly higher proportion of patients with M1 stage disease. 
Additionally, clinicopathological features such as T4 stage, 
Stage IV, and G3 grade were more prevalent in the high-risk 
NK score group (Figure S3A). Furthermore, patients with 
M1 stage disease exhibited significantly higher NK scores 
(Figure S3B).

For assessing the predictive performance of the NK 
score, we obtained RNA-seq data for esophageal cancer 
from the GEO database, specifically datasets GSE53624 
and GSE53622 to serve as external independent valida-
tion cohorts. In these independent validation cohorts, we 
observed that patients in the high-risk NK signature group 
exhibited significantly poorer prognoses, corroborating the 
predictive efficacy of the NK score (Fig. 4).

SAMD3 + NK cells indicate poor prognosis 
and chemotherapeutic response in EC

Alterations in the immune microenvironment are pivotal 
in influencing patient prognosis. To elucidate the intrinsic 
immune remodeling mechanisms contributing to the prognos-
tic disparities between patients with high and low NK scores, 

we analyzed the differential immune cell infiltration between 
these groups. Our analysis revealed that the high NK score 
group exhibited significantly elevated levels of CD8 + T cells 
(Figure S4A). Furthermore, this group showed higher expres-
sion of immune checkpoint molecules, including CD274, 
CD40LG, CTLA4, IDO1, IDO2, LAG3, and LAIR1 (Fig-
ure S4B), indicating a substantial presence of dysfunctional 
effector immune cells. Additionally, cell–cell interaction 
analysis identified strong interactions in the TGF-β signaling 
pathway between NK cells and CD8 + T cells in esophageal 
cancer (Figure S5), which has been previously associated with 
immune evasion. Given that SAMD3, expressed on NK cells, 
is a key prognostic marker that may play a critical role in 
NK cell maturation and differentiation, we hypothesize that 
SAMD3 + NK cells represent a subset of NK cells with dimin-
ished cytotoxicity. This reduction in cytotoxic function likely 
contributes to immune evasion in these patients.

Next, we tried to assess the identity of SAMD3 + cells in 
EC. SAMD3 was found to be essentially expressed on NK 
cells and CD8 T cells across all cell types in scRNA-seq 
data (Figs. 1C and 5A). Furthermore, we performed immu-
nofluorescence staining on samples from the ZSHS cohort. 
As shown in Fig. 5B, SAMD3 is prominently expressed on 
NK cells. The proportion of SAMD3 + NK cells was higher 
in stage III patients compared to stage I-II patients, while 
their distribution did not differ significantly across different 
tumor grades (Fig. 5C-E). Kaplan–Meier curves and log-
rank tests indicated that high levels of SAMD3 + NK cells 
were associated with poorer prognosis (Fig. 5F). Consid-
ering the pivotal role of platinum-based chemotherapy in 
esophageal cancer treatment, we assessed the biomarker sig-
nificance of SAMD3 + NK cells in patients receiving adju-
vant chemotherapy (ACT) (Fig. 5G). Our findings suggest 
that SAMD3 + NK cells are predictive of treatment response. 
Conclusively, these results indicate that SAMD3 + NK cells 
are associated with poor prognosis and chemotherapeutic 
response in esophageal cancer.

While the immunofluorescence findings in the ZSHS 
cohort revealed stage-dependent SAMD3 + NK cell accu-
mulation (Fig. 5C-E) and significant survival stratification 
(P = 0.012, Fig. 5F), the sample size limits subgroup analy-
ses by histological grade. Nevertheless, the concordance 
between protein-level quantification (IF) and transcriptional 
profiles from larger cohorts (TCGA, n = 160; GSE53625, 
n = 179) strengthens the biological validity of these associa-
tions. Future multicenter studies with extended sample sizes 
are needed to refine cutoff values for clinical translation.

SAMD3 + NK cells demonstrate reduced antitumor 
cytotoxicity in EC

We first extracted T cells from the scRNA-seq data and re-
clustered them to get Tregs and distinct clusters of CD8 + T 
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cells. The cell–cell interaction analysis was conducted, 
and strong interactions between SAMD3 + NK cells and 
exhausted CD8 T cells were observed, which indicated that 
SAMD3 + NK cells might contribute to CD8 + T cell dys-
function (Fig. 6A).

To investigate the phenotype of SAMD3 + NK cells in 
esophageal cancer (EC), we knocked down SAMD3 in the 
NK92MI cell line and co-cultured these cells with esopha-
geal cancer cell lines KYSE-30 and TE-1 (Fig. 6B). Assess-
ment of apoptosis in the esophageal cancer cells revealed 
that SAMD3 knockdown significantly enhanced the antitu-
mor activity of NK92MI cells (Fig. 6C). Subsequently, we 
established a CDX model of esophageal cancer and intro-
duced NK92MI cell interventions in vivo (Fig. 6D). Our 
results demonstrated that tumors in the group receiving 
shSAMD3 NK92MI interventions exhibited slower growth 
and were smaller in size (Fig. 6E-H). In summary, both 
in vitro and in vivo experiments confirmed that SAMD3 
diminishes NK cell cytotoxicity, thereby reducing their anti-
tumor capabilities and promoting immune evasion.

Discussion

For decades, there has been no fundamental breakthrough 
in the treatment of esophageal cancer worldwide. Surgery 
and adjuvant therapies remain the mainstay of treatment, 
and esophageal cancer continues to be a tumor with poor 
prognosis and challenging to treat. Fortunately, immuno-
therapies targeting the PD-1/PD-L1 axis have shown poten-
tial efficacy in various tumors, including esophageal cancer 
[29]. Ongoing clinical trials of first-line or adjuvant/neo-
adjuvant treatments, such as KEYNOTE-975, PALACE-2 
(NCT04435197), and CheckMate-577, have been highly 
encouraging [30–32]. However, not all patients benefit from 
adjuvant therapies due to the complex interplay and dys-
functions of different cell types in the TME, which are not 
yet fully understood. Therefore, there is a pressing need for 
new models and targeted therapies. These would guide more 

personalized treatment strategies and facilitate improve-
ments in the clinical efficacy of comprehensive therapy for 
EC.

With the rapid development of single-cell RNA sequenc-
ing technologies, researchers are increasingly exploring the 
molecular characteristics of tumor-infiltrating immune cells 
in the TME. However, most current studies have focused on 
adaptive immune cells, while the roles of innate immune 
cells have not yet received sufficient attention [33]. This 
oversight may significantly affect prognosis and treatment 
response, particularly with immunotherapy [34]. The abun-
dance of tumor-infiltrating NK cells is closely associated 
with the prognosis of patients with various solid tumors [35]. 
In this study, we aimed to explore the NK cell marker genes 
in esophageal cancer (EC) through scRNA-seq analysis. By 
integrating multi-cohort transcriptomic data (scRNA-seq: 
N = 60; bulk RNA-seq: TCGA N = 173, GEO N = 179), we 
identified 144 NK cell-related marker genes and established 
the NK score—a robust prognostic signature validated across 
platforms. While these sample sizes including immunofluo-
rescence validation in the ZSHS cohort remain relatively 
small, the consistency of SAMD3 + NK cell associations 
with immune dysfunction reinforces their clinical relevance. 
Using univariate Cox regression and LASSO regression, we 
developed a novel prognostic prediction signature based on 
NK cell marker genes (NK score) for EC patients in the 
TCGA database, which was well validated in two independ-
ent cohorts from the GEO dataset. The NK score primarily 
involves two key prognostic genes for esophageal cancer, 
SAMD3 and CD7. A higher NK score is often indicative 
of poorer prognosis, and ROC curve analysis demonstrated 
that this score could effectively predict 1-year and 3-year 
survival outcomes. Additionally, multivariate Cox regres-
sion and C-index analyses indicated that the NK score is 
a superior prognostic marker, independent of M stage and 
tumor grade.

Encouraged by the excellent predictive performance of 
the prognostic model, we sought to explore the mechanisms 
behind its reshaping of the immune microenvironment. We 
observed that patients in the high NK score group exhibited 
increased infiltration of CD8 + T cells and NK cells, along 
with higher levels of immune checkpoints, suggesting an 
environment enriched with dysfunctional immune effector 
cells. In the current study, we discovered that SAMD3 was 
preferentially expressed on NK cells in EC. The abundance 
of SAMD3 + NK cells was correlated with poor prognosis and 
attenuated chemotherapeutic response in patients with locally 
advanced disease. Our data suggested that SAMD3 + NK cells 
possessed a reduced cytotoxic phenotype, as evidenced by 
co-culture experiments with EC tumor cells in vitro. Addition-
ally, in vivo experiments demonstrated that inhibiting SAMD3 
in NK cells enhanced their antitumor activity, providing a 
novel approach for targeting NK cells in cancer therapy. 

Fig. 5   SAMD3+  NK cells yield poor prognosis and attenuated 
chemotherapeutic response in EC. A UMAP plot showing SAMD3 
and CD56 mRNA expression across all cell types from 60 primary 
EC tumor tissues. B Representative immunofluorescence staining of 
SAMD3 (green), CD56 (red), and DAPI (blue) in FFPE EC tissues 
(scale bar, 100 μm). SAMD3+ NK cells are circled with white frame 
(scale bar of the magnified image, 50  μm). C–E Statistical analysis 
of SAMD3+ NK cells in patients with different stages and grades. F 
Kaplan–Meier curves showing the OS based on SAMD3+ NK cells 
infiltration level in ZSHS cohort (N = 180). G Kaplan–Meier curves 
demonstrated responsiveness to platinum-based ACT in patients from 
ZSHS cohort. The P values were calculated by the Mann–Whitney 
U test. *P < 0.05, **P < 0.01, ***P < 0.001. Log-rank test was con-
ducted for Kaplan–Meier curves

◂
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Moreover, leveraging high-dimensional scRNA-seq data, we 
uncovered the underlying molecular mechanisms explaining 
the specific cell–cell interactions of SAMD3 + NK cells with 
dysfunctional CD8 + T cells.

While our study delineates the immunosuppressive role 
of SAMD3 + NK cells in esophageal cancer (EC), emerg-
ing evidence reveals conserved mechanisms of NK cell 
dysfunction across solid tumors. In breast cancer, NK 
cells recognize stress ligands via NKG2D, with cytokine 
priming enhancing cytolytic activity [36]. In colorectal 
cancer (CRC), antibody-dependent cellular cytotoxicity 
(ADCC) mechanisms, such as cetuximab-induced EGFR 
blockade, engage FcγRIII (CD16) on NK cells to trigger 
tumor lysis [37]. In non-small cell lung cancer (NSCLC), 
dual blockade of inhibitory receptors restores NK cell-
mediated tumor control, paralleling our findings in EC 
where SAMD3 inhibition may rewire the NK cell activa-
tion–inhibition equilibrium [38].

There are two major difficulties in applying NK cell-
associated immunotherapy in solid tumors: addressing NK 
cells to the tumor and enhancing NK cell cytotoxicity and 
viability [39]. Therefore, the strategy of targeting SAMD3 
can be combined with immune agonists, other immune 
checkpoints, or drugs related to enhancement of NK cell 
recruitment/residency. Research has demonstrated that 
mesothelin-specific (CAR)-NK cells, which are known to 
secrete IL-2Rβγ agonist, Neo-2/15, can effectively coun-
teract immunosuppressive polarization. This may, in turn, 
result in a more prolonged anti-tumoral immune response 
when employed in conjunction with SAMD3 inhibitors 
[40]. Furthermore, combining SAMD3 blockade with 
GSDMD agonists may mimic the “hot tumor” conversion 
strategies seen in immunotherapy-resistant models [41]. 
These parallels underscore the translational potential of 
our findings beyond EC, while emphasizing the need for 
context-specific biomarker validation.

While our findings provide valuable insights into the role 
of NK cells and SAMD3 in EC, it is important to acknowl-
edge several limitations. The primary issue is the lack of 
appropriate mouse-derived cell lines for EC to build an 
immune-competent mouse model, necessitating further 
research to investigate the specific immune functions of 
SAMD3 + NK cells. Secondly, while LASSO-Cox modeling 

with cross-validation reduced overfitting risks, the NK score 
requires prospective validation in uniformly treated cohorts. 
The Cox model’s assumptions, though statistically verified, 
may oversimplify risk dynamics in molecularly distinct EC 
subtypes. Third, differences in treatment and background 
among the various cohorts may introduce bias. Finally, as 
the conclusions are derived from retrospective studies, pro-
spective studies are needed to yield more robust evidence. 
We advocate for future studies to verify the potential of tar-
geting SAMD3 to improve antitumor efficacy, particularly 
when combined with PD-1 inhibitors, within the framework 
of more extensive clinical research.
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Fig. 6   SAMD3 + NK cells demonstrate reduced antitumor cytotox-
icity in EC. A–B Chord plot demonstrating the interactions between 
SAMD3 + NK cells and immune cell clusters. C Western blot anal-
ysis of SAMD3 protein expression levels in NK92MI cells. D Flow 
cytometry analysis of apoptosis in KYSE-30 and TE-1 cells after co-
culture with NK cells. E Flowchart outlining the in  vivo validation 
of SAMD3+  NK cells. (F–H) Tumor growth and size in xenograft 
models with NK92MI cell SAMD3 knockdown and control groups. 
P values were calculated using the Mann–Whitney U test. *P < 0.05, 
**P < 0.01, ***P < 0.001
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