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Abstract

Purpose Solid tumors such as lung adenocarcinoma include not only the tumor cells but also the microenvironment in
which the tumor cells continuously interact with each other. An in-depth understanding of the oncological features and
tumor microenvironment (TME) of lung adenocarcinoma and brain metastases at the single-cell level could provide new
therapeutic strategies for brain metastases from lung adenocarcinoma.

Methods To solve this problem, we performed single-cell RNA sequencing (scRNA-seq) analysis on 15 lung adenocarci-
noma samples and 10 brain metastasis samples.

Results A total of 86,282 single cells were obtained and divided into 8 cell types, including epithelial cells, endothelial
cells, fibroblasts, oligodendrocytes, T/NK cells, B cells, mast cells, and macrophages. In brain metastases, we found a sig-
nificantly lower proportion of T/NK cells and mast cells, and more severe immune dysregulation. In addition, we found a
subpopulation of macrophages with high expression of metastasis-promoting-related genes enriched in brain metastatic
tissues. Moreover, in brain metastases, we found a significantly increased proportion of myofibroblastic cancer-associated
fibroblasts (myCAFs) and a higher angiogenic capacity of endothelial cells. Epithelial cells in brain metastases were more
malignant and underwent genomic reprogramming. Next, we found that DNA damage-inducible transcript 4 (DDIT4)
expression was upregulated in epithelial cells in brain metastases and was associated with poor prognosis. Finally, we
experimentally validated that the downregulation of DDIT4 inhibited the proliferation, migration, and invasion of lung
cancer cells.

Conclusions This study depicts a single-cell atlas of lung adenocarcinoma and brain metastases by scRNA-seq and paves
the way for the development of future therapeutic targets for brain metastases from lung cancer.
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CNV Copy number variation

CSTB Cystatin B

DDIT4 DNA damage-inducible transcript 4
FBS Fetal bovine serum

GEO Gene expression omnibus

GSVA Gene set variation analysis

iCAF Inflammatory CAF

MIF Macrophage migration inhibitory factor
MMP9 Matrix metalloproteinase 9

MsigDB Molecular Signatures Database
myCAF Myofibroblastic CAF

NS Nervous system

oS Overall survival

scRNA-seq Single-cell RNA sequencing

SD Standard deviation

siRNA Short interfering RNA

TME Tumor microenvironment

Treg Regulatory T cells

UMAP Uniform manifold approximation and projection

1 Introduction

Lung cancer is one of the diseases with high morbidity and mortality rates worldwide, with adenocarcinoma being the
most common pathological type of lung cancer [1]. Distant metastatic sites of lung cancer are commonly found in the
brain [2]. Nearly 50% of lung cancer patients will develop brain metastases during the progression of the disease [3]. Lung
cancer patients with brain metastases have a poor prognosis with a median survival of only 4-5 months [4]. Surgery plus
radiotherapy is currently the main treatment for lung cancer patients with brain metastases, but the treatment effect is
not ideal [5]. Therefore, an in-depth study on the mechanism of the development of brain metastases from lung cancer
will be of great significance to prolong the survival time of patients and improve the quality of survival.

The tumor microenvironment (TME) refers to the non-tumor cells and components of the tumor, including the mol-
ecules produced and released by them [6]. The triad of immune response, extracellular mesenchymal remodeling, and
tumor angiogenesis essentially determines the aggressiveness of tumors [7]. Therefore, understanding the integrated
features of the tumor microenvironment can provide new therapeutic targets. In the highly complex tumor microen-
vironment, traditional transcriptomic sequencing has significant limitations in providing accurate information about
individual cells [8]. Recent advances in scRNA-seq technologies provide a powerful tool to explore the heterogeneity
of the tumor microenvironment [9]. Currently, there are several articles investigating the heterogeneity of lung cancer
by scRNA-seq. For example, Lambrechts and colleagues provided a TME cell atlas of lung cancer by scRNA-seq, Guo
and colleagues similarly used scRNA-seq to construct a single-cell atlas of T cells and found that a type of regulatory T
cells (Tregs) was associated with poor prognosis in lung adenocarcinoma, and Zilionis et al. classified tumor-infiltrating
myeloid cells, including monocytes, macrophages, dendritic cells, and granulocytes, into at least 25 different states
by scRNA-seq [10-12]. However, few studies have explored the differences between lung adenocarcinoma and brain
metastases at the single-cell level.

To bridge this gap, in this study, we first attempted to provide a single-cell atlas of lung adenocarcinoma and brain
metastases. We analyzed single-cell transcriptomic data from 15 lung adenocarcinoma samples and 10 brain metastasis
samples to present a comprehensive transcriptomic profile of lung adenocarcinoma and brain metastasis. We identified
similarities and differences in the tumor cell and tumor microenvironment between lung adenocarcinoma and brain
metastasis and elucidated that DDIT4 plays an important role in the process of lung cancer metastasis. This study can
help explain the differences between lung adenocarcinoma and brain metastases by characterizing the cellular composi-
tion and status in the tumor microenvironment and pave the way for the development of future therapeutic targets for
brain metastases from lung cancer.
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2 Methods
2.1 Collection and processing of single-cell RNA sequencing data

We downloaded the scRNA-Seq dataset GSE131907 [13] from the Gene Expression Omnibus (GEO) database. A total of 25
samples were downloaded, including 15 lung adenocarcinoma samples and 10 brain metastasis samples. We removed
cells that had less than 200 genes or contained more than 20% of the total expressed genes as a percentage of mitochon-
drial genes. A total of 57,222 lung adenocarcinoma tissue cells and 29,060 brain metastasis tissue cells were obtained.
In addition, we removed double cells using the DoubletFinder (version 2.0.3) software package [14]. Considering the
differences in processing operations between tumor tissues and brain metastases, we used Harmony [15] software (ver-
sion 1.0) to eliminate batch effects between data sets. We continued to process the data using the Seurat [16] software
(version 3.2.3). First, we normalized the combined data and performed the principal component analysis (dim =25) on
the top 2000 highly variable genes. Then, the cell nearest neighbor network was constructed using the FindNeighbors
function, and finally, the cell clustering was performed using the FindClusters function (resolution =0.1). Visualization
was performed using the uniform manifold approximation and projection (UMAP) method. Differentially expressed
genes were obtained using the “FindAlIMarkers” or “FindMarkers” functions with default parameters. For subclustering
analysis, we used the same approach to find highly variable genes, descending and clustering. All cell subgroups were
manually annotated according to marker genes.

2.2 Analysis of cell composition between patient groups

To assess whether there were significant differences in the cell type composition of patients in each group, we used the
R package ggpubr for statistical testing and visualization. Comparisons between the two groups were statistically tested
using the Wilcoxon rank-sum test. p-value < 0.05 were considered statistically different.

2.3 Gene set variation analysis (GSVA)

We performed pathway analysis of 50 Hallmark pathways described in Molecular Signatures Database (MsigDB). To
describe biologically important processes in specific cell types, we performed gene set enrichment analysis using the
GSVA [17] package (version 1.38.0). The differential activity of pathways between different subgroups was calculated by
the Limma [18] R package (version 3.46.0).

2.4 Calculation of gene signature scores

To assess the potential function of the cell subpopulation of interest, we calculated the functional module scores of the
cell subpopulation using Seurat’s AddModuleScore function.
Gene signatures were obtained from a previous study [11].

2.5 Copy number variation (CNV) analysis

The 10X scRNA-seq data were analyzed using the inferCNV (version 1.6.0) method to illustrate the different patterns of
chromosome copy number variation in tumor cells of different origins [19]. Here we randomly selected one-tenth of
epithelial cells for analysis, with fibroblasts and endothelial cells as controls.

2.6 Survival analysis of up-regulated genes in epithelial cells from brain metastases

We used TCGA lung adenocarcinoma and GSE68465 datasets to assess the prognostic value of up-regulated genes. We down-
loaded transcriptome expression and clinical data of 513 TCGA lung adenocarcinoma patients at UCSC Xena (http://xena.
ucsc.edu/). In addition, we downloaded transcriptomic expression and clinical data of 442 lung adenocarcinoma patients
from GSE68465. For survival analysis, all patients were divided into the high and low groups based on the mean of genes
in these samples, and Kaplan-Meier curves were constructed to visualize the difference in overall survival (OS) between the
high and low groups. p-value < 0.05 were considered statistically different.
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Fig. 1 Overview of TME in lung adenocarcinoma and brain metastases. A UMAP visualization of all cells displayed with different colours »
for clusters. B Eight major cell types in lung adenocarcinoma and brain metastases. € Cell distribution in lung adenocarcinoma and brain
metastases. D For violin plots, x-axes stand for the number of clusters, y-axes stand for the relative expression level of marker genes. E
Marker genes of eight major cell types identified in this study. F The UMAP plot showing sample origin. G The proportion of each cell type
in lung adenocarcinoma and brain metastases. H Percentages of the eight cell types among the two groups. Y-axis: average percentage of
samples across the two groups. Groups are shown in different colours

2.7 Cell culture and siRNA transfection

Two lung cancer cell lines (A549 and PC9) were purchased from Shanghai Institutes for Biological Sciences, China. A549 and
PC9 were cultured in 1640 (Gibco, Carlsbad, CA, USA) medium supplemented with 10% fetal bovine serum (FBS) and 100 U/
ml penicillin/streptomycin. Two cell lines were warmed at 37 °C and 5% CO2.Two cell lines were transfected with Liposome
3000 transfection reagent according to the manufacturer’s instructions. Control short interfering RNA (siRNA) and siRNA
targeting DDIT4 were purchased from GenePharma (Shanghai, China). The siRNA sequences used for RNA interference
analysis were as follows:5'-GCUUCCGAGUCAUCAAGAAGATTUCUUCUUGAUGACUCGGAAGCTT-3". The control sequence was
5- UUCUCCGAACGUGUCACGUTTACGUGACGUUCGGAGAATT-3.The transfected cells were cultured in fresh medium for 48 h
for subsequent assays.

2.8 Real-time quantitative PCR

Total RNA was extracted from PC9 and A549 cells using TRIzol reagent and converted to cDNA using a reverse transcription
kit (Vazyme, Nanjing, China). cDNA was then analyzed by RT-qPCR based on SYBR Green according to the manufacturer’s
instructions. GAPDH was used as an internal control. The primers for DDIT4 are 5-TGAGGATGAACACTTGTGTGC-3' (forward)
and 5-CCAACTGGCTAGGCATCAGC-3’ (reverse), and GAPDH are 5'-GGAGCGAGATCCCTCCAAAAAT-3' (forward) and 5'-GGC
TGTTGTCATACTTCTCATGG-3' (reverse).

2.9 Cell proliferation assay

Cell Counting Kit-8 (CCK-8, Dojindo, Rockville, MD, USA) was used to assess cell proliferation according to the manufacturer’s
instructions.

2.10 Cell wound healing assay

Transfected lung cancer cells were cultured in 6-well plates containing 1x 10° cells/well for 48 h, and then scratches were
generated with a 200 L pipette tip. The images were taken of the scratch with a microscope at 0-48 h. The scratch area was
measured with Image J software to evaluate the cell migration ability.

2.11 Cell migration and invasion assays

Cell migration or invasion assays were performed with Corning Transwell Inserts (8.0 um) inserted into 24-well plates with
or without precoated diluted Matrigel (Becton Dickinson, Franklin Lakes, NJ, USA) using 10% FBS as chemoattractant. After
48 h (migration and invasion), the cells on the lower side of the membrane were fixed and stained by crystal violet. Finally,
the stained cells were counted and photographed under an inverted microscope.

2,12 Statistical analysis

All statistical analyses were performed using R 4.0.2 and GraphpadPrism 8.0 software. Data were presented as mean + stand-

ard deviation (SD). The t-test (Mann-Whitney U test if necessary) was used to compare the differences between the two
groups. p-value < 0.05 was statistically significant.
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Fig.2 Heterogeneity of NK/T cells in lung adenocarcinoma and brain metastases. A UMAP plot shows eleven subclusters of the NK/T cells.
B UMAP plot of NK/T cells revealing nine subtypes. C Canonical cell markers used to identify NK/T cell subtypes. D The UMAP plot showing
CD8+T cells origin. E The UMAP plot showing NK cells origin. F-H Violin plot indicating the naive (left), cytotoxic (middle), and exhausted
(right) scores of CD8+T cells from lung adenocarcinoma and brain metastases. I-K Violin plot indicating the naive (left), cytotoxic (middle),
and exhausted (right) scores of NK cells from lung adenocarcinoma and brain metastases

3 Results
3.1 Cell composition of tumor tissues and brain metastases
After data processing, 57,222 cells from tumor tissues (n=15) and 29,060 cells from brain metastases (n=10) were

obtained for subsequent analysis (Fig. 1C, F). All cells were divided into 17 subpopulations (Fig. 1A). We annotated
each cell subpopulation according to the highly expressed marker genes (Fig. 1D). Eight cell types were identified
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Fig. 3 Heterogeneity of myeloid cells in lung adenocarcinoma and brain metastases. A UMAP plot shows ten subclusters of the myeloid
cells. B Canonical cell markers used to identify myeloid cell subtypes. C UMAP plot of myeloid cells revealing ten subtypes. D The proportion
of myeloid cell subtypes in lung adenocarcinoma and brain metastases. E Percentages of each myeloid cell subtype among lung adenocar-
cinoma and brain metastases. F Violin plots of the expression of several marker genes, including CSTB, MMP9, CCL5, and MIF, in macrophage
subtypes. G Differences in pathway activities by GSVA among different macrophage subtypes
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Fig.4 Heterogeneity of fibroblasts in lung adenocarcinoma and brain metastases. A UMAP plot shows six subclusters of the fibroblasts. B »
UMAP plot of fibroblasts revealing two subtypes. C Canonical cell markers used to identify fibroblasts subtypes. D The UMAP plot showing
fibroblasts origin. E The proportion of fibroblasts subtypes in lung adenocarcinoma and brain metastases. F Percentages of each fibroblasts
subtype among lung adenocarcinoma and brain metastases. G Differences in pathway activities scored per cell by GSVA between lung ade-
nocarcinoma and brain metastases iCAFs. H Differences in pathway activities scored per cell by GSVA between lung adenocarcinoma and
brain metastases myCAFs.

in 17 subpopulations, including four non-immune cells and four immune cells (Fig. 1B). Non-immune cells included
endothelial cells (CLDN5, PECAMT1, FLT1, and RAMP2), fibroblasts (DCN, COL1A1, and COL1A2), epithelial cells (KRT18,
KRT19, and EPCAM) and oligodendrocytes (OLIG2 and OLIG1) (Fig. 1E). Immune cells included macrophages (MARCO,
CD68, and FCGR3A), mast cells (MS4A2, KIT), T/NK cells (GNLY, NKG7, CD3D, CD3E, and CD3D), and B cells (IGHM,
CD79A) (Fig. 1E). Then, we calculated the proportion of each cell type in tumor tissues and brain metastases (Fig. 1G).
We found that the proportion of T/NK cells and mast cells was significantly lower in brain metastases (Fig. 1H).

3.2 Heterogeneity of NK/T cells in different lesions

We performed a subclustering analysis of 27,601 NK/T cells and obtained 11 cell subclusters (Fig. 2A). Four clusters
(C1, €3, C5, and C7) exhibited high expression of CD8A and CD8B, defined as CD8+T cells. Three clusters (C0, C4
and C6) defined as Th1/Th17 cells (CD8-, IL7R+). C2 with high expression of FCGR3A and KLRF12 was defined as NK
cells. C8 with high expression of IL2RA and FOXP3 was defined as Tregs, and C9 with high expression of SELL and
CCR7 was defined as CD4 + naive T cells. since no marker gene was found in the C10 subpopulation, we defined it
as Unknown (Fig. 2B, C). To assess the potential functional and immune status of CD8 + T cells and NK cells, we used
the AddModuleScore function to calculate the scores of functional modules of CD8+T and NK cells from different
sources (Fig. 2D, E). Notably, CD8 +T cells in brain metastases show lower naive scores and higher exhaustion scores
compared to tumor tissues, while NK cells show lower naive scores and cytotoxicity scores (Fig. 2F-K).

3.3 Heterogeneity of myeloid cells in different lesions

Next, we performed a subclustering analysis of all myeloid cells. A total of 10 cell subpopulations were obtained
(Fig. 3A), including 8 clusters of macrophages (APOE, LGMN) (C0, C1, C2, C5, C6, C7, C8, C9), monocytes (C3) (FCN1)
and dendritic cells (C4) (CD1C, CLEC10A) (Fig. 3B, C). We then compared the numbers of monocytes, dendritic cells,
and individual macrophage subpopulations in different lesions (Fig. 3D). We found that the number of dendritic
cells was significantly higher in tumor tissues than in brain metastases, and we also found that macrophage C5 was
also significantly higher than in brain metastases (Fig. 3E). Notably, the proportion of macrophage C4 was higher in
brain metastases. Moreover, we found that the C4 subpopulation highly expressed cystatin B (CSTB), matrix metal-
loproteinase 9 (MMP9), chemokine C-C ligand 5 (CCL5), and macrophage migration inhibitory factor (MIF) (Fig. 3F),
which have the characteristics of promoting tumor cell migration and invasion. Finally, GSVA results showed that
macrophage C4 was mainly enriched in DNA repair, fatty acid metabolism, and oxidative phosphorylation pathways
(Fig. 3G). Based on the above results, we hypothesize that macrophage C4 plays an important role in the process of
lung cancer brain metastasis.

3.4 Heterogeneity of fibroblasts in different lesions

According to the classical definition of cancer-associated fibroblast (CAF) subtypes, the major subtypes of CAF are
myCAF and inflammatory CAF (iCAF). MyCAF is mainly involved in fibrosis, and PTN and RGS5 are marker genes of
myCAF. iCAF has greater responsiveness to inflammatory responses and produces large amounts of inflammatory
cytokines [20]. As shown in Fig. 4A-D, based on the expression of CAF marker genes, we defined subgroups 0, 1, 2,
and 4 as iCAFs and subgroups 3 and 5 as myCAFs. We observed a significant increase of iCAFs in tumor tissues com-
pared with brain metastases, while myCAFs were significantly increased in brain metastases compared with tumor
tissues (Fig. 4E, F). By GSVA analysis, we found that iCAFs and myCAFs from brain metastases were highly enriched
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Fig.5 Heterogeneity of endothelial cells in lung adenocarcinoma and brain metastases. A UMAP plot shows five subclusters of the »
endothelial cells. B UMAP plot of endothelial cells revealing two subtypes. C Canonical cell markers used to identify endothelial cells
subtypes. D The UMAP plot showing endothelial cells origin. E Violin plots of the expression of several marker genes, including COL4A1,
COL4A2, HSPG2, COL15AT1, and SPARC, in endothelial cells from lung adenocarcinoma and brain metastases. F Differences in pathway activi-
ties scored per cell by GSVA between lung adenocarcinoma and brain metastases endothelial cells

in pathways that support tumor progression, including glycolysis, oxidative phosphorylation, and EMT, compared
with tumor tissues (Fig. 4G, H).

3.5 Upregulation of angiogenic signaling pathways in endothelial cells in brain metastases

To describe the landscape of endothelial cells in tumor tissues and brain metastases, we re-clustered 884 endothelial
cells (Fig. 5A, D). We obtained five cell subpopulations, including four clusters (C0, C1, C2, C4) of tumor endothelial cells
(PLVAP, VWAT, HSPG2, and INSR) and lymphatic endothelial cells (C3) (PDPN, CCL21) (Fig. 5B, C). We found that tumor
endothelial cells from brain metastases were highly expressed in angiogenesis-related genes such as COL4A1, COL4A2,
HSPG2, COL15A1, and SPARC (Fig. 5E), and GSVA results also showed that tumor endothelial cells from brain metastases
were enriched in angiogenesis (Fig. 5F), these results suggest that endothelial cells in brain metastases have a higher
angiogenic capacity than primary tumor tissues.

3.6 Epithelial cells in brain metastases have a higher degree of malignancy

To analyze the CNV of epithelial cells from different sources, we applied the inferCNV algorithm to analyze the CNV of
epithelial cells using the copy number of fibroblasts and endothelial cells in the data as a control. We found extensive
CNV in epithelial cells in both tumor tissues and brain metastases (Fig. 6A). Notably, epithelial cells derived from brain
metastases had significantly higher CNV levels than epithelial cells from tumor tissues (Fig. 6B). These results suggest to us
that multiple copy number variants exist in malignant epithelial cells and that genomic reprogramming occurs in malig-
nant epithelial cells in brain metastases, but the specific mechanisms of alteration still need to be further investigated.

3.7 Analysis of up-regulated genes in epithelial cells from brain metastases by scRNA-seq data

To understand the molecular differences between epithelial cells of different origins, we analyzed up-regulated genes
in epithelial cells from brain metastases (Fig. 6C, Supplementary Data 1), which can eliminate the influence of other cells
in the tumor microenvironment. Next, we performed the GSVA, which revealed that many metabolic pathways were
significantly upregulated in epithelial cells from tumor tissues and brain metastases, including fatty acid metabolism,
xenobiotic metabolism, and bile acid metabolism (Fig. 6D). Notably, inflammatory responses as well as interferon alpha
response and interferon gamma response pathways were significantly suppressed in epithelial cells in brain metastases
compared to tumor tissues. This suggests that the immune function of epithelial cells in brain metastases is more sup-
pressed than in tumor tissue.

3.8 Validation of up-regulated genes in bulk RNA-sequencing data

To investigate the impact of these up-regulated genes on the prognosis of lung adenocarcinoma patients, we selected
lung adenocarcinoma data from the TCGA and the GSE68465 for prognostic analysis. We found that high expression of
twelve genes (Figure S1) simultaneously in these two databases predicted a worse prognosis of lung adenocarcinoma.
These twelve genes included PERP, DDIT4, CCT6A, F12, CNIH1, CDA, PKM, PSMD1, S1T00A9, PSMB5, TCN1 and SEC61G
(Fig. 7A, B).

3.9 DDIT4 promotes the proliferation, invasion, and migration of lung cancer cells
Among the twelve genes mentioned above, DDIT4 has been less studied in lung adenocarcinoma, so we chose it

for the next study. It has been reported that DDIT4 plays an essential role in tumor progression [21]. In our study,
the upregulation of DDIT4 expression was associated with poorer OS in lung adenocarcinoma. Taken together, we

@ Springer



Discover Oncology

(2023) 14:174

| https://doi.org/10.1007/512672-023-00784-2

Research

UMAP_2

-2

X X XN}
Q
N

Lymphatic ECs

Tumor ECs

Exresson Lover

Expresson Lovel

Exresson Lovel

Exprosson evel

Exresson Lovr

-2 2
UMAP_1
([ ] (]
° °
~ 2 S
3 \s \3
& q$ ™

covaat

Scale expression
[ | 04

0.0

0.4

Percent expressed

B

® Tumor ECs
© Lymphatic ECs

2
UMAP_1

HALLMARK_GLvcoLvsis [ A
HALLMARK_HevE_MeTAsoL S [ S
HaLLmark_MTorc1_sioNALING [

HALLMARK_OXIDATIVE_PHOSPHORYLATION [
HALLMARK_WNT_BeTA_cATENIN_sicnaLING [
HaLLMARK_FATTY_acio_veTasouisv [N
HaLLmark_xenosiotic_metasoLisv [
HaLmark_proTeIN_secreTioN [
HaLLmaRK_anDpROGEN_Responst (IR
HaLLMark_ESTROGEN_REsPONSE_LATE [N
HALLMARK_EsTROGEN_ResPonse_EArLY [
HALLMARK_Peroxisom: [
Haumark_oNA_reraR [N
Haumark_anciocenesis [N
HALLMARK_PI3K_AKT_MTOR_sioNALING [
HALLMARK_UNFoLDED_PROTEIN_ResPonst (R
HaLmark_myocenesis [N
HaLLmark_apipocenesis (NG
HALLMARK_REACTIVE_OXYGEN_sPECIES_PATHWAY [
Hauemare_Hvpoxia (R
HaLmark_ps3_patHway [
HALLMARK_TGF_BeTA_siGNALING [T
HaLLmARK_coacuLaTion [
HaLLMarK_compLeveNT [NNNEEE
HaLmark_uv_response_up [N
HALLMARK_KRAS_siGNALING_uP [
HaLLMARK_IL2_sTAT5_siGNALING [
HaLLmARK_Myc_TARGETs_v1 [
HALLMARK_HEDGEHOG_SIGNALING [
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANsITION [N
HALLMARK_G2m_creckpoiNT [
HaLLMARK_PANCREAS_BETA_CELLS (RN
HaLLMarK_MToTic_sPinoLe [

U HALLMARK_SPERMATOGENESIS
[0 1 HALLMARK_INTERFERON_ALPHA_RESPONSE
[ HALLMARK_INFLAMMATORY_RESPONSE
[ HALLMARK_INTERFERON_GAMMA_RESPONSE
I 1 |HALLMARK_IL6_JAK_STAT3_SIGNALING
P HALLMARK_ALLOGRAFT_REJECTION

[ HALLMARK_KRAS_SIGNALING_ON

0
tvalue of GSVA score, NS versus LUNG_T

@ Springer



Research Discover Oncology (2023) 14:174 | https://doi.org/10.1007/s12672-023-00784-2

A inferCNV B orig.ident [ unc_t [l Ns
6000 p<2.22e-16
Disrbuton of xpression
=
®
(S
g 4000
2
3
3 9
T ¢
< g
B7 09 11 13 3
Modified Expression 2
5§
2000
% 0
=
[
g o Q)
— s S $
F g orig.ident
{4 2
_' -
}
{4

Genomic Region

| B Endothelial cells O Fibroblasts |

| @ NS_Epithelial cells O LUNG_T_Epithelial cells [
LUNG_T NS
1 —
scegz oy g HALLMARK_TGF_BETA_SIGNALING
C‘%‘ég 1’\ ” ‘HI HI L ‘ ' i \IHIIIIIHIH]HI\IH\II\ R D 1 00110 B 00 1 HIH‘\ | HALLMARK |NTERFERON ALPHA RESPONSE
R " \ AT b \H ‘\“‘Mu‘uw i o o ) i HALLMARK_ALLOGRAFT_REJECTION 0.2
el R A HALLMARK_INTERFERON_GAMMA_RESPONSE
e fi i L i ””u il un u Al I I HALLMARK_G2M_CHECKPOINT

-+ N u"h-wa‘.mmua 1 T

HALLMARK_APOPTOSIS 0

NFA_SIGNALING_VIA_NFKB

& i LiLTIR
f.’?.fﬁ% ‘\MI”\‘\”W\WI” Ju|\\uum'u“h‘\|\ i W il 1\] i i 1 ol AT g g o HALLMARK Nzil__é\rl\lgl\RnGAE%?Y‘RESPONSE | 02
g \W | \u”\'\u'r\‘”nnl\‘l\\ i ‘u'lu\ A e B T T HALLMARK_IL6_JAK_STAT3_SIGNALING

HALLMARK_MYC_TARGETS_V1 -0.4
HALLMARK_PANCREAS_BETA_CELLS

HALLMARK_DNA_REPAIR

I HALLMARK_ANGIOGENESIS
HALLMARK_MYC_TARGETS_V2
HALLMARK_SPERMATOGENESIS

Zan {01 \‘H T |

£ nmwlw i \]nm wnl LM 1 iy i L )

RPL&% " - 1] l--i |
HLABI;%%; 1 A O

mmw WM‘ i Wl“ml"m“”‘Wﬂ"WWWFWWW
VI\

L NI

| !
x5 i I Expression HALLMARK_COAGULATION
5@%’5 b MHWMH T m‘ﬂﬂ\ﬂ\lﬂ 6 HALLMARK NOTCH_SIGNALING

] . s HALLMARK_P53_PATHWAY
e 4
5 i HALLMARK_KRAS_SIGNALING_UP
3 HALLMARK_PI3K_AKT_MTOR_SIGNALING
2 HALLMARK_COMPLEMENT
i PH- I 1 HALLMARK_UV_RESPONSE_UP
i M i 0 HALLMARK_APICAL_JUNCTION

[

T o Ll HALLMARK_|L2_STAT5_SIGNALING

B AT e \!I I i \‘ W 1 ”‘ | Ldentity L HALLMARK_KRAS_SIGNALING_DN

Ase o u‘\muu HI TLEEAY HI \HHIHI pi i HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY
e i 1“\‘ “ ‘H il ” ‘ iy - e HALLMARK_ESTROGEN_RESPONSE_LATE
T " I Wil | 0 - iH o Ns HALLMARK_ESTROGEN_RESPONSE_EARLY

G5! s et e i HALLMARK_WNT_BETA_CATENIN_SIGNALING

s (i i \I ! \‘.“”“u” Mr‘.“".' H"” il W\‘\‘”u”u | HALLMARK_FATTY_ACID_METABOLISM
FAMTTIAL 1 I | uu\” 1 S \i‘\ II‘H HALLMARK BILE ACID METABOLISM

seieie ] R I'u'”wl!u‘1‘u'h'\\'||‘|h1"‘IM\|"II'H dm\!l‘lHHW\'IWM‘\“ "!\Hh'l‘\ﬂﬂhwmM\'W\\Wﬂl\l‘l‘\‘HH“' Tl HALLMARK_CHOLESTEROL_HOMEOSTASIS

ARRICY f HALLMARK_APICAL_SURFACE

riseaia O W Y R “”\"m‘m'ul'\‘\”\‘w A HALLMARK_XENOBIOTIC_METABOLISM

2c168 i
+ersonal LRI T TE TR T M TR s L L HALLMARK_PEROXISOME

TMEDS VAN 000000000 050 10 0 1 HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION

VERs It et ottt

LecaT! L g R W i HALLMARK_MITOTIC_SPINDLE

RGN 18 1 A AR I”“ |m~\n I LIMI‘H\I\I e g H Ut HALLMARK MYOGENESIS

Thenss EARI R L R g il ﬁl\rl\llwl i wqwuv lmlwl”*mllul I\‘II‘ Ll ‘m‘ HALLMARK _HEDGEHOG_SIGNALING

LIMCH1 P

R TR RN (AT TN TR IR ERTETIT 1 SRR it un Lo

NDUPFPS‘E ‘l“‘\‘\\l‘”uﬂl“ ‘ ”i I \\ \‘\‘\ IfHHH\ “‘ IHIW\ “HH\’\ \‘IH\H””H\ | IIM \lll\ \l‘ ﬁ m‘l‘m\ M|M h W ‘ ‘ ”il I, ‘H

sty i A

Céb'l”‘% ‘ﬂl I IHHH I HWH IUI [ HI]I\I1|H f‘ WIHI i HHHH NM‘I‘I“ “" WH\"”IWHI‘H\H‘ ‘\‘\‘\l‘] FJIMlHHH] ‘\H\ll \H‘\lh F\ 1"1\ HALLMARK:AD'POGENES'S

SExoa ‘ Il HALLMARK_UNFOLDED_PROTEIN_RESPONSE

O AT TETR e B I \ i Lina - _| |

s R mmh..uhm!.‘.\‘qn\“,J‘i‘.‘.‘wH‘\...wn@.@.W.MJI..WW.W,.M\ A ﬂFﬁ g qu,u,m i L

SPiNKS | il

?§§$§ |”‘m‘| Wl o o \\‘ ol { ] o H\Hl‘ A \”W‘ 1 uu‘| |‘ MWH \\ H I HALLMARK_ANDROGEN_RESPONSE

ol | Wi ! i N i HALLMARK HEME_| METABOLISM

<
o7 ~
s

Fig.6 Epithelial cells in brain metastases are more malignant. A Copy number variation in Epithelial cells, endothelial cells, and fibro-
blasts were used as a reference, red represents overexpression of genes, and blue represents low expression. B Violin plot indicating the
CNV scores of Epithelial cells from lung adenocarcinoma and brain metastases. C Heatmap showing the top 50 differential expressed genes
between the two groups. D Differences in pathway activities by GSVA between lung adenocarcinoma and brain metastases epithelial cells
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Fig. 7 Prognostic role of genes identified by scRNA-seq in TCGA lung adenocarcinoma cohort and GSE68465. A Overexpression of genes
predicts poor prognosis in TCGA lung adenocarcinoma cohort. B Overexpression of genes predicts poor prognosis in GSE68465.

hypothesized that DDIT4 plays a key role in the process of lung cancer metastasis. Finally, we found that the down-
regulation of DDIT4 significantly inhibited the proliferation of lung cancer cells PC9 and A549 (Fig. 8C, D). Further-
more, in wound healing assay, DDIT4 downregulation significantly inhibited wound healing in PC9 and A549 (Fig. 8E).
In transwell migration and invasion assays, migration and invasion of cells transfected with DDIT4 were significantly
reduced compared to controls (Fig. 8F). Thus, our results revealed that DDIT4 plays a crucial role in the metastasis
of lung cancer.

4 Discussion

Lung cancer metastases are commonly located in the brain, and there is no effective treatment available, which poses
a great challenge for the treatment of patients with brain metastases from lung cancer. Therefore, there is an urgent
need to reveal the heterogeneity between lung cancer and brain metastases in the tumor microenvironment with
high cellular resolution and the underlying molecular mechanisms of tumor metastasis.

Tumor tissue is mainly composed of tumor cells, immune cells, stromal cells, and extracellular matrix [22]. The
presence of immune and stromal cells would greatly affect the sequencing results of tumor cells if analyzed by
conventional gene microarrays and transcriptome sequencing. Yet, scRNA-seq can overcome these methodological
limitations. By analyzing scRNA-seq, we demonstrated the cellular landscape of lung adenocarcinoma and brain
metastases at the single-cell level. In this study, we identified eight cell types from lung adenocarcinoma and brain
metastasis samples. Compared with brain metastases, lung adenocarcinoma was enriched in T/NK cells and mast
cells. We further analyzed and found that CD8+T cells in brain metastases showed lower naive scores and higher
exhaustion scores, similarly NK cells showed lower naive scores and cytotoxicity scores. This suggests a more severe
immune dysregulation in brain metastases. Mast cells are immune cells that accumulate in tumor microenvironments
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during tumor progression [23]. Mast cells can promote tumorigenesis and tumor progression [24]. The increased
accumulation of mast cells in the tumor microenvironment is associated with poor prognosis, increased metastasis,
and decreased survival in several cancers, including melanoma [25], prostate cancer [26], and pancreatic ductal
adenocarcinoma [27]. Mast cells can release angiogenic mediators, proteases, and growth factors that support tumor
development. For example, fibroblast growth factor 2 and vascular endothelial growth factor released by mast cells
can trigger a strong angiogenic response [28, 29]. In addition, proteases released by mast cells can activate potential
metalloproteinases that promote extracellular matrix degradation, and then promote metastasis [30]. Taken together,
we speculate that mast cells play an important role in the progression of lung cancer.

Previous studies have shown that myeloid cells play an essential role in the process of tumor invasion and metastasis
[31]. Therefore, we performed a more detailed analysis of the myeloid cells. Our results showed that the number of den-
dritic cells was significantly higher in tumor tissues than in brain metastases. Surprisingly, we found a higher proportion
of macrophage C4 in brain metastatic tissues, and this macrophage subpopulation was highly expressed in genes that
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promote tumor invasion and metastasis, such as CSTB, MMP9, CCL5, and MIF. For example, a recent study showed that
CSTB secreted by macrophages can promote the migration and invasion of tumor cell [32]. In pancreatic cancer, MMP9
secreted by macrophages can promote mesenchymal transition, thereby promoting tumor growth [33]. In prostate can-
cer, CCL5 derived from macrophages can promote the metastasis of prostate cancer [34]. Finally, in osteosarcoma, MIF
promotes the growth and lung metastasis of osteosarcoma by activating RAS/MAPK pathway [35]. Based on the existing
research results mentioned above, we speculate that macrophage C4 plays an important role in the brain metastasis of
lung cancer, which makes it a potentially valuable target for lung cancer brain metastasis therapy.

CAF is considered to be one of the most abundant stromal cells in almost all solid tumor ecosystems. With the
application of scRNA-seq technology, CAF has been shown to be heterogeneous and plastic and to play multiple
roles in tumor development, including the promotion of tumor cell proliferation, resistance to therapy and immune
rejection, and inhibition of tumor progression [36]. In our study, we found that myCAFs are concentrated in brain
metastases. myCAF is a type of CAF, which plays a role in promoting tumor invasion and metastasis in a variety of
tumors. For example, in cholangiocarcinoma, myCAF can express heparin-binding epidermal growth factor, which
induces the activation of epidermal growth factor receptor in cholangiocarcinoma cells, thus promoting the migration
and invasion of tumor cells [37]. In breast cancer, myCAF similarly promotes tumor cell metastasis [38]. Furthermore,
in pancreatic and colorectal cancers, myCAF-expressed hyaluronic acid synthetase 2 could promote metastatic tumor
growth [39]. By GSVA analysis, we found that myCAF from brain metastases was significantly enriched in some path-
ways that promote tumor progression, such as glycolysis, oxidative phosphorylation, and EMT. Taken together, we
speculate that myCAF plays an important role in brain metastasis of lung cancer.

Angiogenesis is a hallmark of tumors and plays a key role in tumor progression [40]. Blood vessels in tumors pro-
vide nutrients and oxygen to the tumor and provide a pathway for tumor metastasis. Recent studies have shown
that “vascular secretory factors” released by tumor endothelial cells can promote tumor metastasis. Therefore, in this
study, we focused on the differences in tumor endothelial cells between lung adenocarcinoma and brain metas-
tases. We found that tumor endothelial cells from brain metastases highly expressed angiogenesis-related genes,
and GSVA results showed that the PI3K/AKT signaling pathway was significantly upregulated in endothelial cells
in brain metastases. Previous studies have shown that activation of the PI3K/AKT signaling pathway can stimulate
angiogenesis by mediating VEGFR2/VEGFA overexpression [41-43]. GSVA results also showed that tumor endothelial
cells from brain metastases were enriched in angiogenesis. The above results suggest that endothelial cells in brain
metastases have a stronger angiogenic capacity than endothelial cells in lung adenocarcinoma, which is favorable
for lung cancer metastasis.

In tumor cells, gene copy number variation often occurs [44]. We found extensive CNV in epithelial cells in both tumor
tissues and brain metastases compared to fibroblasts and endothelial cells. Furthermore, we found that CNV levels were
significantly higher in epithelial cells derived from brain metastases than in epithelial cells from tumor tissues. These
results suggest that epithelial cells from brain metastases are more malignant than epithelial cells from lung adenocar-
cinoma. Next, we analyzed the differential expressed genes between the two epithelial cells at the single-cell level and
performed a prognostic analysis in combination with the lung adenocarcinoma data from TCGA and GSE68465. Our
results found that DDIT4 expression was upregulated in epithelial cells in brain metastases relative to epithelial cells in
lung adenocarcinoma and was associated with poor prognosis.

DDIT4, also known as DNA damage responsel and stress-triggered protein, is mainly found in the cytoplasm and
nucleus [21]. Compared with normal tissues, high expression of DDIT4 was observed in a variety of tumor tissues, such
as colorectal cancer, glioma, head and neck squamous cell carcinoma, and gastric cancer [45-48]. Moreover, upregula-
tion of DDIT4 expression contributes to the reduction of apoptotic processes and promotes proliferation, migration, and
invasion of tumor cells in in vitro and in vivo tumor studies. In our study, we associated DDIT4 with the inherent malignant
properties of tumors. As a result, we found that DDIT4 promoted the proliferation, migration, and invasion of lung cancer
cells. Therefore, DDIT4 could be a potential target for the treatment of lung cancer metastasis.

In this study, we provided a single-cell atlas of lung adenocarcinoma and brain metastases to comprehensively char-
acterize the transcriptomics of lung adenocarcinoma and brain metastases at the single-cell level. We found some results
that have not been reported before and require further experimental validation. In addition, we compared advanced and
early-stage cancers as the same group of lung adenocarcinoma with brain metastases, which is one of the limitations of
this manuscript. Despite these limitations, it can still serve as a valuable resource to identify therapeutic targets for lung
cancer brain metastases and to provide personalized treatment decisions for patients with lung cancer brain metastases.
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