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A B S T R A C T

Interstitial pneumonia (IP) is a refractory disease that causes severe inflammation and fibrosis in the interstitium 
of the lungs, often resulting in the development of lung cancer (LC) during treatment. Previous studies have 
demonstrated that the prognosis of LC complicated by IP is inferior to that of LC without IP. It is therefore of the 
utmost importance to gain a deeper understanding of the heterogeneity of such tumors. In the present study, we 
conducted spatial transcriptome analysis of squamous cell carcinoma arising from IP. The results suggested 
involvement of the glucocorticoid receptor pathway in treatment resistance. Immunostaining of squamous cell 
carcinoma specimens from patients with IP demonstrated that the tumors expressed NR3C1 to varying degrees. 
Furthermore, higher NR3C1 expression levels were associated with a significantly increased risk of recurrence. 
Our results point to a novel subtype of lung squamous cell carcinoma. Further analysis of the molecular 
mechanisms associated with this subtype may facilitate the development of novel diagnostic criteria and ther-
apeutic approaches.

1. Introduction

Lung cancer (LC) is a significant public health concern, ranking as 
the second most commonly diagnosed cancer and the leading cause of 
cancer mortality in 2020 [1]. LC arises from the epithelial cells of the 
airways. Histological types of LC include adenocarcinoma, squamous 
cell carcinoma, and small cell carcinoma, which differ in terms of clin-
ical prognosis and sensitivity to anticancer drugs.

Interstitial pneumonia (IP) is a disease in which pathological 
inflammation and fibrosis occur in the interstitium of the lungs. In 
addition to IP associated with systemic diseases, such as collagen 

diseases, idiopathic IP (i.e., IP with no identifiable cause) is also seen. 
The rates of progression and response to treatment vary with the type of 
IP. Idiopathic pulmonary fibrosis, the most frequent form of IP, is re-
fractory and progressive [2,3]. It is well documented in the medical 
literature that cases of IP are frequently complicated by LC, and the risk 
of LC is increased in patients with IP [4–7]. Squamous cell carcinoma is 
the most prevalent histological subtype, followed by adenocarcinoma 
[7]. The prognosis for patients with LC and IP is less favorable than that 
for patients with LC alone, even when controlling for cancer stage [8,9]. 
Subtype affects survival, with patients with LC and IP having worse 
survival rates than patients with nonspecific IP or cryptogenic 

Abbreviations: LUSC, Lung squamous cell carcinoma; LC, lung cancer; IP, interstitial pneumonia; NR3C1, nuclear receptor subfamily 3 group C member 1; NSCLC, 
non-small cell lung cancer; UMAP, uniform manifold approximation and projection; FDR, false discovery rate; FC, fold change.
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organizing pneumonia [10]. Understanding the heterogeneity of LCs 
that occur in IP would likely facilitate the treatment and/or diagnosis of 
these diseases.

Recent developments in spatial transcriptome technology have 
allowed identification of gene expression profiles in which location in-
formation is preserved in various diseases [11,12]. This technology is 
improving our understanding of the heterogeneity of LCs [13–22]. For 
example, Kraemer et al. performed deep antigen discovery by combining 
immunopeptidomic, genomic, bulk, and spatial transcriptomic analyses 
of tumor regions and adjacent nonmalignant lung tissues from eight 
patients with LC [13]. The results revealed a higher number of predicted 
neoantigens within human leukocyte antigen I “hotspots” in clusters of 
differentiation CD3 +CD8 + T cell-excluded tumors. Zhang et al. con-
ducted spatial RNA sequencing analysis of primary and metastatic 
non-small cell lung cancer (NSCLC) specimens from 44 patients, which 
yielded a comprehensive map of the metastatic transcriptome [14]. This 
map included morphological markers of the tumor core, tumor immune 
microenvironment, and tumor brain microenvironment. Wang et al. 
combined spatial transcriptomics and multiplex immunohistochemistry 
to elucidate the molecular characteristics and cellular plasticity of 
distinct histological subtypes of lung adenocarcinoma [15]. However, 
no study has conducted spatial transcriptome analysis of LC arising from 
IP.

2. Materials and methods

2.1. Clinical specimens

Lung squamous cell carcinoma (LUSC) tissues were obtained from 37 
patients who underwent surgery at Osaka University Hospital between 
2017 and 2023. Among them, tissue from one patient was subjected to 
spatial transcriptome analysis (Visium; 10x Genomics, Pleasanton, CA, 
USA). The patient, a 78-year-old male, was diagnosed with LUSC sub-
sequent to the development of a nodular lesion while he was undergoing 
treatment for IP. Indeed, IP with usual interstitial pneumonia (UIP) 
pattern was observed in the background tumor-free area of the LUSC 
surgical specimen. Immunostaining was performed on specimens from 
the 37 patients, including 19 patients with LUSC with IP (LUSC-IP) and 
18 patients with LUSC without IP (LUSC-non-IP). In the case of LUSC-IP, 
9 cases were classified as recurrent and 10 cases as non-recurrent. 
Among the 9 cases of recurrent LUSC-IP, tumor recurrence occurred 
within 1, 2 and 4 years in 6, 2 and 1 cases, respectively. Of the 10 non- 
recurrent LUSC-IP cases, 4, 4, and 2 cases were confirmed to be 
recurrence-free for > 3, > 2, and > 1 years, respectively. In the case of 
LUSC-non-IP, 8 cases were classified as recurrent and 10 cases as non- 
recurrent. Recurrence occurred within 2 years in all recurrent LUSC 
non-IP cases. All non-recurrent LUSC-non-IP cases had been free of 
recurrence for at least 2 years.

2.2. Antibodies

Supplementary Table S1 lists the primary antibodies used in this 
study.

2.3. Spatial transcriptome analysis

Spatial transcriptome analysis was performed according to the Vis-
ium Spatial Gene Expression Reagent Kits User Guide (CG000239; 10x 
Genomics). A piece of unfixed LUSC tissue was cut out, and a frozen 
tissue block was formed using OCT compound. The RNA quality of tissue 
sectioned from the frozen block was confirmed to meet the requirements 
for spatial transcriptome analysis (RNA integrity number = 2.50, dis-
tribution value 200 > 70 %). After the tissue adhesion test had been 
performed with the Visium Spatial Imaging Test Slide (PN-2000235), a 
10-µm-thick tissue section was obtained from the frozen tissue with a 
microtome and placed onto the capture area (6.5 × 6.5 mm) of the 

Visium Spatial Gene Expression Slide (PN-2000233). The tissue section 
was subjected to hematoxylin and eosin staining, imaging, and decros-
slinking, followed by the construction of libraries. The libraries were 
sequenced on the NovaSeq 6000 System (Illumina, San Diego, CA, USA), 
running in paired-end mode (read 1: 28 bp, read 2: 90 bp) at a depth of 
approximately 58,000 reads per spot. Raw FASTQ files and histological 
images were processed with Space Ranger software (10x Genomics). All 
subsequent analyses, including graph-based clustering, pathway anal-
ysis, and the generation of diagrams of the respective pathways, were 
conducted using BioTuring Lens – Bulk software (BioTuring, San Diego, 
CA, USA).

2.4. Immunohistochemistry

Sections were cut to a thickness of 4 μm and subjected to chromo-
genic immunohistochemistry using BenchMark GX (Ventana, Tucson, 
AZ, USA) with an anti-NR3C1 rabbit polyclonal antibody (GTX101120 
[1:100 dilution]; GeneTex, Irvine, CA, USA) or an anti-C/EBP Beta 
(CEBPB) rabbit polyclonal antibody (PB9171 [1:100 dilution]; Boster 
Bio, Pleasanton, CA, USA) or an anti- C/EBP Delta (CEBPD) rabbit 
polyclonal antibody (LS-B10190 [1:100 dilution]; LSBio, Newark, CA, 
USA). The expression levels of the proteins were assessed based on 
staining intensity under a bright-field microscopy using a visual grading 
system. No detectable staining, weak staining, and strong staining were 
scored as 0, 1, and 2, respectively. H-scores were calculated using the 
following formula: H-score = 0 × (% cells with a score of 0) + 1 × (% 
cells of cells with a score of 1) + 2 × (% cells with a score of 2). Each H- 
score was confirmed by three experienced pathologists.

2.5. Double staining immunohistochemistry

Sections were cut to a thickness of 4 μm and subjected to the double 
staining Immunohistochemistry. The first staining process was con-
ducted using the DAKO Autostainer Link 48 + (DAKO/Agilent Tech-
nologies, Santa Clara, CA, USA) with an anti-NR3C1 rabbit polyclonal 
antibody (GTX101120 [1:200 dilution]; GeneTex, Irvine, CA, USA). This 
step used the standard EnVision FLEX DAB+ (DAKO/Agilent Technol-
ogies, Santa Clara, CA, USA) as a chromogen. In the second staining, the 
antigen-antibody reaction was performed by DAKO Autostainer Link 
48 + with an anti-CD44 rabbit polyclonal antibody (HPA005785 [1:400 
dilution]; Atlas Antibodies, Stockholm, Sweden) or an anti-CD44v9 
mouse monoclonal antibody (GTX34523 [1:800 dilution]; GeneTex, 
Irvine, CA, USA), and the subsequent step was performed manually with 
DISCOVERY Purple kit (760–229; Ventana, Tucson, AZ, USA) as a 
chromogen according to the manufacturer’s instructions. Due to the fact 
that the host animal species for the two antibodies was the same, anti-
body removal was conducted using the VectaPlex Antibody Removal Kit 
(VRK-1000; Vector Laboratories, Newark, CA, USA) between the first 
and second staining in the NR3C1-CD44 double staining process.

2.6. Statistical analyses

Most statistical significance was determined using the Mann- 
Whitney U test, performed using EZR software [23]. The only excep-
tion is the scoring of the NR3C1-CD44 double staining, where the paired 
T-test was used since the two populations were normally distributed and 
showed homoscedasticity. P-values < 0.05 were considered significant.

2.7. Data availability

The spatial transcriptome data obtained in this study are publicly 
available in the Gene Expression Omnibus (GEO) (accession number: 
GSE268015).
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3. Results

3.1. Spatial transcriptome analysis of LUSC tissue

We first performed gene expression profiling of LUSC tissue using 

Visium (10x Genomics) (Fig. 1A). The gene expression profiles of 2104 
barcoded spots (55 μm in diameter) under the LUSC tissue were 
analyzed; 96.0 % of the barcodes and 99.7 % of the unique molecular 
identifiers were valid (Supplementary Fig. 1, Supplementary Table 2). 
The barcoded spots were classified into 9 clusters based on their gene 

Fig. 1. Spatial transcriptome analysis of lung squamous cell carcinoma (LUSC) tissue. (A) Schematic workflow of spatial transcriptome analysis. (B) Results of 
spatial transcriptome analysis of an LUSC tissue specimen from a patient with interstitial pneumonia. Hematoxylin and eosin staining (left), gene expression profiles 
of 2104 barcoded spots (middle), and Uniform Manifold Approximation and Projection (UMAP) visualization (right) are presented. Whole tissues were classified via 
graph-based clustering. (C) Histological image of cancerous areas, colored orange (left), and an image representing the two clusters identified as representative of 
LUSC (right). (D) The top seven upregulated pathways in cluster 2 compared to cluster 5 (left), and the top nine pathways upregulated in cluster 5 compared to 
cluster 2 (right). Only pathways where the false discovery rate (FDR) was < 1.0e-5 are presented.
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expression patterns (Fig. 1B). Hematoxylin and eosin images indicated 
that clusters 2 and 5 were mostly composed of LUSC cells (Fig. 1C). 
Cluster 1 consisted of LUSC tissue with severe necrosis. Cluster 3 con-
tained fibroblastic tissue at the border in addition to the tumor. Cluster 7 
included LUSC, fibroblasts, and inflammatory cells. Cluster 4 consisted 
mainly of stromal tissue with inflammatory cell infiltration. Clusters 6 
and 8 were dominated by clusters of inflammatory cells. Cluster 9 mostly 
comprised fibrotic tissue. Pathway analysis was conducted for genes 
with significant expression differences between clusters 2 and 5, and 
multiple pathways of interest were identified (Fig. 1D). Pathways with 
stronger relationships with cluster 2 than with cluster 5 included “EGFR 
tyrosine kinase inhibitor resistance,” “photodynamic therapy-induced 
HIF-1 survival signaling,” and “pluripotent stem cell differentiation.” 
Therefore, cluster 2 was considered to be closely associated with the 
highly treatment-resistant LUSC subtype. The “EGFR tyrosine kinase 
inhibitor resistance” pathway was characterized by high expression 
levels of genes including RPS6, VEGFA, EIF4EBP1, and FGFR3 
(Supplementary Table 3). The “photodynamic therapy-induced HIF-1 
survival signaling” pathway was characterized by high expression of 
genes including IGFBP2, SLC2A1, IGFBP3, and LDHA, and the “plurip-
otent stem cell differentiation” pathway was characterized by high 
expression of genes including VEGFA, INHBA, FST, and WNT7B. Path-
ways associated with cancer cell proliferation and metabolism, 
including “cell cycle,” “DNA replication,” and “cholesterol biosyn-
thesis,” were more closely associated with cluster 5 than cluster 2 
(Fig. 1D). The “cell cycle” pathway was characterized by high expression 

levels of genes including SFN, YWHAZ, CDKN2A, and RBX1 
(Supplementary Table 4), the “DNA replication” pathway by high 
expression of genes including UBA52, UBC, RPA3, and MCM7, and the 
“cholesterol biosynthesis” pathway by high expression of genes 
including HMGCS1, FDPS, SQLE, and CYP51A1. These results suggest 
that cluster 5 represents the actively proliferating LUSC subtype. The 
“mitochondrial complex IV assembly” and “mitochondrial complex I 
assembly model OXPHOS system” pathways were also identified, 
possibly due to the increased apoptosis of LUSC cells within cluster 5 (in 
association with their high growth rate); genes related to mitochondria 
often exhibit high expression levels in spatial transcriptome analyses 
when cells are undergoing apoptosis [https://kb.10xgenomics.com/h 
c/en-us/articles/360001086611-Why-do-I-see-a-high-level-of-mitoch 
ondrial-gene-expression]. The “Alzheimer’s disease” and “Alzheimer’s 
disease and miRNA effects” pathways were screened based on their high 
expression levels of genes encoding tubulin, such as TUBB, TUBA1B, and 
TUBA1C, as well as GAPDH and CALM1.

Analysis of the gene expression patterns in clusters 2 and 5 provided 
additional insights into the heterogeneity of LUSC. The MKI67 gene, 
which encodes the well-known proliferation marker Ki-67, was signifi-
cantly upregulated in cluster 5 compared to cluster 2 (Fig. 2A). The 
expression level of the VIM gene, which encodes vimentin, was 
significantly higher in cluster 2 than in cluster 5. Conversely, the 
expression level of CDH1, which encodes E-cadherin, was lower in 
cluster 2 than in cluster 5 (Fig. 2B). These results suggest that the 
epithelial-mesenchymal transition was more strongly induced in cluster 

Fig. 2. Expression levels of key phenotypic genes in clusters representing LUSC. The expression levels of MKI67 (A), CDH, VIM (B), and CD44 (C) were 
evaluated in clusters 2 and 5. A gene expression heatmap (Log1p[TPM]) is presented for barcoded spots from clusters 2 and 5 in the histological images and UMAP 
visualization. Histograms of gene expression levels are also presented, along with Log2 fold change [FC] and FDR) values.
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2 than in cluster 5. Moreover, CD44, the transcript of which has been 
identified as a cell surface marker for cancer stem cells, was significantly 
upregulated in cluster 2 compared to cluster 5 (Fig. 2C).

3.2. Differential expression of genes in the “glucocorticoid receptor” 
pathway

Among the pathways identified as differential between clusters 2 and 
5, we focused on the “glucocorticoid receptor” pathway because its 

Fig. 3. Diagram of the glucocorticoid receptor pathway. The genes in the glucocorticoid receptor pathway, together with their enrichment scores, are presented 
in diagrams taken from the WikiPathways database. The mean log1p(TPM) values are displayed for genes exhibiting particularly high scores in cluster 2.
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significance for tumor heterogeneity was difficult to determine. 
Following an in-depth analysis of the expression changes of the indi-
vidual genes included in the "glucocorticoid receptor" pathway, we 
discovered that NR3C1, which encodes the glucocorticoid receptor, 
demonstrated an increased expression in cluster 2 in comparison to 
cluster 5 (false discovery rate [FDR] = 5.76e-7) (Fig. 3, Fig. 4). Other 
genes, including PTGES3, HSP90AA1, JUN, ANGPTL4, STOM, and 
BHLHE40, were also upregulated in cluster 2 (Fig. 3).

3.3. Immunohistochemical analysis of NR3C1 in human LUSC tissue

Furthermore, we performed immunostaining of additional patient- 
derived LUSC tissue to determine the protein-level expression of 
NR3C1 (Fig. 5, Table 1). The expression of NR3C1 in LUSC varied 
considerably between cases. Even in a specimen derived from a single 
patient, some components exhibited strong staining, whereas others 
exhibited weak or no staining (Fig. 5A). We then evaluated the expres-
sion levels of NR3C1 in tissues of LUSC with or without IP according to 
the H-scores (percentage of positive tumor cells × staining intensity 
value) (Fig. 5B). In LUSC with IP (LUSC-IP) cases, the H-score was 
significantly higher for LUSC cases with recurrence versus those without 
(Fig. 5C,D). The H-score of recurrent cases of LUSC-IP was significantly 
higher than that of cases of LUSC without IP (LUSC-non-IP), with or 
without recurrence. Next, we estimated the potential risk of recurrence 
and overall survival of LUSC-IP patients using the Kaplan–Meier 
method. High immunohistochemical expression levels of NR3C1 were 
associated with a higher risk of recurrence (p = 0.0196; Fig. 5E), and we 
observed a trend toward a negative association between NR3C1 
expression and overall survival (p = 0.0745; Fig. 5F). These results 
support the notion that the tumor subtype characterized by high NR3C1 
expression contributes to the heterogeneity in high-grade malignancy 
seen among patients with LUSC and IP.

In light of the spatial transcriptome analysis results, which indicated 
elevated CD44 expression in Cluster 2 (Fig. 2C), we conducted an 

evaluation of the co-expression of NR3C1 and CD44 using the specimens 
of LUSC-IP cases. We performed double immunostaining of NR3C1 and 
CD44 or one of its isoform variants, CD44v9, which is known to be 
particularly highly expressed in cancer stem cells (Fig. 5G,H). The 
expression levels of CD44 and CD44v9 were evaluated between LUSC 
components that express high levels of NR3C1 and those that do not 
express NR3C1. The results demonstrated that both CD44 and CD44v9 
were highly expressed in the tumor components that express high levels 
of NR3C1.

We also focused on another intriguing pathway, the “white fat cell 
differentiation” pathway, which is centered on two transcription factors: 
CEBPB and CEBPD. The expression levels of the genes encoding these 
factors were found to be elevated in cluster 2 (Supplementary Fig. 2). 
However, when the expression levels of these molecules were compared 
between LUSC cases with and without recurrence, no statistically sig-
nificant differences were found (Supplementary Fig. 3).

3.4. Analysis for the tumor microenvironment with spatial transcriptome 
data

Finally, we once more employed spatial transcriptome data to obtain 
insights into the tumor microenvironment. The expression levels of 
tumor-associated macrophages (TAMs) were evaluated in clusters 3, 4, 
and 7, which are in close proximity to the tumor clusters, namely clus-
ters 2 and 5 (Fig. 6A). The analysis revealed that both macrophage 
markers and markers of M2 macrophages, which are regarded as the 
predominant phenotype of TAM, exhibited high expression levels in 
cluster 4 (Fig. 6B,C). The morphological evaluation indicated that 
cluster 4 contained a large amount of vascular endothelium. The high 
expression of endothelial markers in cluster 4, as observed in the spatial 
transcriptome data, provided further evidence to support this hypothesis 
(Fig. 6D). The findings suggest that there is a correlation between TAM- 
rich areas and the microenvironment with active vascular endothelial 
neogenesis.

Fig. 4. Expression of NR3C1 in clusters representing LUSC. (A) Expression level of NR3C1 was evaluated in clusters 2 and 5. A gene expression heatmap (Log1p 
[TPM]) is presented for barcoded spots from clusters 2 and 5 in the histological images and UMAP visualization. (B) Volcano plot of NR3C1 expression. (C) His-
tograms of gene expression levels, including Log2 FC and FDR values.
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Fig. 5. NR3C1 expression in LUSC tissue. (A) Representative hematoxylin and eosin (H & E) and immunohistochemistry images showing NR3C1 expression. Scale 
bar, 500 μm. (B) Representative immunohistochemistry images of NR3C1 expression according to H-scores [H-score = 0 × (% cells with a score of 0) + 1 × (% cells 
of cells with a score of 1) + 2 × (% cells with a score of 2)]. Following confirmation of the presence of signals in both the nucleus and cytoplasm, the H-scores were 
calculated by combining these findings. (C) Representative images of LUSC with IP (LUSC-IP) or LUSC without IP (LUSC-non-IP) histology from cases with and 
without recurrence. Scale bar, 200 μm. (D) Boxplot of NR3C1 H-scores calculated for recurrent and non-recurrent LUSC-IP and LUSC-non-IP cases. Center lines 
indicate medians, box limits indicate the 25th and 75th percentiles, and crosses indicate means. The Mann–Whitney U test was used for statistical analyses. 
*p < 0.05. (E) Kaplan–Meier plot of recurrence-free survival. The log-rank test was performed for further analysis. (F) Kaplan–Meier plot of overall survival. The log- 
rank test was performed for further analysis. (G) Representative H & E and double staining immunohistochemistry images demonstrating NR3C1 and CD44 co- 
expression and a boxplot illustrating the statistical analysis. This analysis utilized specimens from 11 LUSC-IP cases with both a component exhibiting high 
NR3C1 expression (equivalent to H-score =2) and a component with no expression (equivalent to H-score =0) among the cases utilized in Fig. 5C. The specimens 
were then subjected to NR3C1-CD44 double staining immunohistochemistry. LUSC components with high expression of NR3C1 and those without expression were 
divided into regions, and the signal intensity of CD44 expression in each component was scored and statistically compared in the same manner as in Fig. 5D. Scale 
bar, 50 μm. The Paired T-test was used for statistical analyses. *p < 0.05. (H) The same analysis was done for NR3C1-CD44v9 (CD44 variant isoform 9) double 
staining. Scale bar, 50 μm. The Mann–Whitney U test was used for statistical analyses. *p < 0.05.
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Further analysis was conducted on clusters 3 and 9, which exhibited 
morphological characteristics indicative of fibroblast presence 
(Supplementary Fig. 4 A). Cluster 9 showed increased expression of 
cancer-associated fibroblast (CAF) markers, including ACTA2 (αSMA) 
and PDGFRB, in comparison to Cluster 3 (Supplementary Fig. 4B). 
However, the morphological evaluation indicated that cluster 3 con-
sisted of both LUSC cells and fibroblasts. Therefore, the observed dif-
ference in CAF marker expression levels between cluster 3 and cluster 9 
may be attributed to the varying proportion of fibroblasts. Our analysis 
did not yield any new insights beyond those already presented.

4. Discussion

In this study, we performed spatial transcriptome analysis of LUSC 
tissue from a patient with IP in whom LUSC developed during follow-up. 
Two clusters were identified as representative of LUSC (Fig. 1B,C). One 
of these clusters was considered to be a treatment-resistant subtype. 
Comparison of the two clusters via pathway analysis suggested the 
involvement of several pathways (Fig. 1D). More detailed pathological 
analyses focusing on one of these pathways, the "glucocorticoid recep-
tor” pathway, revealed that increased expression of NR3C1 in LUSC was 
associated with a higher risk of recurrence (Fig. 5).

A number of studies conducted by other research groups have 
demonstrated the clinicopathological significance of the upregulated 

Table 1 
Clinicopathological characteristics of LUSC patients.

Characteristic LUSC with IP cases 
(LUSC-IP)

p-value LUSC without IP cases 
(LUSC-non-IP)

p-value

 Recurrence Non-recurrence  Recurrence Non-recurrence 
Total, n 9 10  8 10 
Age at operation (y) 72.89 ± 7.78 71.5 ± 7.40 0.71 73.5 ± 6.06 70.2 ± 7.25 0.48
Male 6 10  8 9 
Female 3 0  0 1 
T classification   0.12   0.06
pT1 3 6  1 4 
pT2 3 4  3 5 
pT3 2 0  2 1 
pT4 1 0  2 0 
N classification   0.25   0.45
pN0 5 8  6 9 
pN1 3 2  2 1 
pN2 1 0  0 0 
M classification   N/C   N/C
cM0 8 8  8 10 
cM1 0 0  0 0 
cMX 1 2  0 0 

Clinicopathological characteristics of the patients included in the analysis. p-values were determined by Mann-Whitney U test. N/C, Not calculable.

Fig. 6. Analysis of tumor-associated macrophages with spatial transcriptome data. (A) Clusters of LUSC (clusters 2, 5) and clusters histologically including 
inflammatory cells in the tumor microenvironment (clusters 3, 4, 7) in the transcriptome data. (B) Bubble heatmap showing the expression levels of the macrophage 
marker genes in clusters 3, 4, and 7. (C) Bubble heatmap showing the expression levels of the M2 macrophage marker genes in clusters 3, 4, and 7. (D) Bubble 
heatmap showing the expression levels of the vascular endothelial cell marker genes in clusters 3, 4, and 7.
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expression of NR3C1 in LC. For example, Caratti et al. reported that 
NR3C1 associates with RAS complexes to inhibit cell proliferation and 
tumor growth in NSCLC [24]. Dorso et al. found that NR3C1 and FOXA1 
cooperate to regulate genes involved in epidermal growth factor 
signaling and G1-S cell cycle progression in NSCLC [25]. Kay et al. re-
ported that loss of NR3C1 expression due to DNA methylation prevents 
apoptosis in human small cell LC cells [26]. However, the present study 
is the first to focus on NR3C1 expression in LUSC arising from IP.

Our pathway analysis also revealed candidate genes/molecules 
potentially involved in NR3C1 signaling (Fig. 3). The expression levels of 
genes such as PTGES3, HSP90AA1, JUN, and ANGPTL4 were signifi-
cantly increased in LUSC tissue. PTGES3 encodes prostaglandin E syn-
thase 3, which is known to play a role in the proper functioning of 
glucocorticoid receptors and other steroid receptors [27]. Some studies 
have reported that high expression of PTGES3 is associated with poor 
prognosis and immune cell infiltration in lung adenocarcinoma [28,29]. 
HSP90AA1 encodes heat shock protein 90-α, which functions as a 
chaperone for NR3C1 [30]. Niu et al. reported that high expression of 
HSP90AA1 in cancer tissues was correlated with poorer overall survival 
and inhibition of HSP90-induced apoptosis through the AKT1/ERK 
pathway in LC [31]. Notably, differentially expressed genes in patients 
with LUSC, with or without chronic obstructive pulmonary disease, were 
investigated on the basis of microarray gene expression profiles in 
bronchial epithelium, and HSP90AA1 was identified as a significant 
gene in the GEO repository [32]. Jun is a transcription factor protein 
encoded by the JUN gene that is widely recognized as a critical molecule 
in carcinogenesis. A study of NSCLC revealed that Jun was overex-
pressed in 31 % of cases of primary and metastatic lung tumors [33]. 
Several studies have shown that angiopoietin-like 4, encoded by 
ANGPTL4, is involved in the metastasis, lymphatic/venous invasion, and 
anoikis resistance of esophageal, head and neck, and oral squamous cell 
carcinomas [34–40]. The NR3C1 signaling seen in cases of LUSC with IP 
may also involve these molecular mechanisms.

Our pathway analysis also suggested the involvement of another 
signaling pathway, “white adipocyte differentiation," in the tumor 
subtype characterized by treatment resistance. This pathway is centered 
on two transcription factors: CEBPB and CEBPD (Fig. 1D, Supplementary 
Fig. 2). Despite our immunohistological analysis indicating that both 
CEBPB and CEBPD are frequently expressed in LUSC arising from IP, no 
significant association was observed between their expression levels and 
the risk of recurrence (Supplementary Fig. 3). However, these results do 
not necessarily rule out the importance of CEBPB- and CEBPD-dependent 
signaling in LUSC heterogeneity. More detailed functional molecular 
biology analysis of a larger number of clinical samples will be required 
before definitive conclusions can be drawn.

This study had some limitations. First, because our spatial tran-
scriptome analysis was based on a single case, it is questionable whether 
the results are generalizable. Additional spatial transcriptome studies 
including more cases are needed to validate our findings. Second, the 
spatial transcriptome data revealed that some clusters, particularly 
those within the tumor microenvironment, comprised a multitude of cell 
types. This complexity posed a challenge in conducting a comprehensive 
assessment of gene expression changes across each subpopulation. 
Indeed, while we did gain some insight into TAM (Fig. 6), we were 
unable to identify any new findings on CAF (Supplementary Fig. 4). 
Precise analysis of such clusters would be possible if the resolution of 
spatial transcriptome techniques was improved.

5. Conclusion

In conclusion, our spatial transcriptome analysis of a LUSC tissue 
specimen from a patient with IP identified a novel tumor subtype 
associated with NR3C1 signaling. Clarification of the molecular mech-
anisms underlying this phenotype could lead to the establishment of 
new diagnostic criteria and treatments.
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