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This study aims to give a new perspective to the biomarkers in the lung adenocarcinoma (LUAD) brain metastasis, pathways
involved and potential therapeutics. We performed a comprehensive single-cell level transcriptomic analysis on one LUAD patient
with circulating tumor cells (CTCs), primary tumor tissue and metastatic tumor tissue using scRNA-seq approach to identify
metastasis related biomarkers. Further scRNA-seq were performed on 7 patients to validate the cancer metastatic hallmark. with
single cells collected from either metastatic or primary LUAD tissues. Pathological and functional studies were also performed to
evidence the critical role of RAC1 in the LUAD metastasis. Hallmark gene was verified based on immunohistochemistry staining,
cytological experiment, survival information from The Cancer Genome Atlas (TCGA), and staining results from Human Protein Atlas
(HPA) databases. PCA analysis revealed that CTCs were in the intermediate place between the metastatic group and primary group.
In the unsupervised clustering analysis CTCs were closer to one of the metastatic tumor cells, implying heterogeneity of the
metastatic tumor and origin of the CTCs were from metastatic site. Transitional phase related gene analysis identified RAC1 was
enriched in metastatic tumor tissue (MTT) preferred gene set functioning as regulated cell death and apoptosis as well as promoted
macromolecule organization. Compared with normal tissue, expression levels of RAC1 increased significantly in LUAD tissue based
on HPA database. High expression of RAC1 predicts worse prognosis and higher-risk. EMT analysis identified the propensity of
mesenchymal state in primary cells while epithelial signals were higher in the metastatic site. Functional clustering and pathway
analyses suggested genes in RAC1 highly expressed cells played critical roles in adhesion, ECM and VEGF signaling pathways.
Inhibition of RAC1 attenuates the proliferation, invasiveness and migration ability of lung cancer cells. Besides, through MRI T2WI
results, we proved that RAC1 can promote brain metastasis in the RAC1-overexpressed H1975 cell burden nude mouse model.
RAC1 and its mechanisms might promote drug design against LUAD brain metastasis.
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INTRODUCTION
Lung adenocarcinoma (LUAD) is the most prevalent non-small cell
lung cancer (NSCLC) cancer type that accounts for 85% of the lung
cancer with a very low 5-year survival rate. The brain is the main
organ prone to LUAD metastasis, and there is no effective
treatment against metastasis due to unknown mechanisms [1, 2].
Genomic analysis revealed a series of significant exon mutation

load in the brain metastases such as PI3K/AKT/mTOR, CDK, and
HER2/EGFR which are likely to induce primary lung cancer develop
into metastases. More recently, transcriptomic data revealed that
WNT/TCF pathway play an important role in the metastasis [3, 4].

TGFβ is dysregulated in malignant cells of lung cancer, and TGFβ
up-regulation in the ECM of lung cancer promotes tumor
progression and invasion [5]. Downregulation of Alkaline phos-
phatase decreased ERK phosphorylation in LUAD, causing an
accumulation of c-Myc, which promotes RhoA transcription,
leading to increased metastasis of LUAD cells [6]. However data
from these metastasis studies were based on cell biology,
immunochemistry or bulk omics approach which was likely to
mask features from subpopulations [7].
Single-cell RNA-seq (scRNA-seq) is a technology that deciphers

cells isolated from bulk into individual cells as well as CTCs, to
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reliably distinguish neoplastic from non-neoplastic cells, to
correlate signaling pathways between neoplastic cells and stroma,
and to map expression signatures to inferred clones and
phylogenies [8]. CTCs are extraordinarily rare, metastasizing cells
in the circulation, with 1–10 cells per ml blood [9, 10]. After
dissociated from solid tumor, CTCs travel in the vasculature as
single cells or clusters to form distant metastases, probably based
on the Epithelial-mesenchymal transition (EMT) procedure [11].
However what are the molecule patterns in the CTCs compared to
primary and metastatic cancerous cells and whether the hallmarks
from metastatic cells share common traits across patients with
metastasis remain unknown by far.
To understand the mechanisms and molecules promoting

metastasis of LUAD, we performed a single-cell level transcrip-
tomic analysis on a LUAD patient with primary cancer biopsy, CTC
and metastatic cancer tissue using SMART-Seq2 scRNA-seq
approach [12]. We found that RAC1 was highly enriched in
metastatic cells, and further expand datasets to 8 patients with
single cells collected from either metastatic or primary LUAD
tissues. Pathological and functional studies were also performed
to evidence the critical role of RAC1 in the LUAD metastasis. This
study aims to give a new perspective to the biomarkers in the
LUAD brain metastasis, pathways involved and potential
therapeutics.

RESULTS
Single patient’s sample data analysis showed that RAC1 was
highly enriched in the metastatic cells
We first sequenced 168 single cells from an LUAD patient
(Patient1) with primary tissue, CTC and metastatic tissue. After
filtration and trimming with criteria in the pipeline, 124 out of
168 samples passed quality control. A general overview of the
study design and sample information are shown in Fig. 1, Fig. S1,
and Table 1.
PCA was first plotted to present distribution of the single cells

from primary tumor, metastatic tumor, para-metastasis brain
tissue, and CTCs (Fig. 2a). Interestingly, CTCs were closer to
metastatic tumor in PC1/2 yet closer to primary tumor in PC1/3.
CTCs were also shown in between the metastatic group and

primary group in PC2/3, implying the transitional or intermediate
state of the cancer during metastasis. Despite the heterogeneity
across the cells, most of the samples were clustered as their tissue
of origins which is likely due to small sample size. We then
analyzed tissue specific markers based on differentially expressed
genes and heatmap was plotted (Fig. 2b).
We hypothesized that CTC functioned as a transitional state

during primary-to-metastatic phase and metastasis promoting
pathways were likely to be enhanced in the pathogenesis. We
analyzed significantly enhanced metastasis-to-CTC and CTC-to-
primary DEGs to find a group of continuously upregulated genes
(Table S1). Genes such as LCN2, SAT1, RAC1, IFITM3, VAMP8,
RAB13, NFKBIA and S100A4 were elevated in CTCs and even
higher in the MTT cells. Violin plots represented the expression
profile of gradually up-regulated genes in “primary tumor tissue
(PTT)-CTC-MTT” (Fig. 2c). Functional annotation indicated these
metastatic related geneset played critical roles in regulated cell
death and apoptosis as well as promoted macromolecule
organization (Fig. 2d). According to previous literature, RAC1 is
inseparably important for cell motility and contributes to crawling,
invasion, proliferation, anti-apoptosis, etc.
In order to reveal EMT states, we used EMT signatures to

quantify the Epithelial and Mesenchymal score in each cancer
single cell [13–15] (Fig. S2a). Heatmap of EMT signatures showed
distinctive patterns in three cancer populations. Proportion of
Epithelial signal was higher in MTT, while PTT showed a
propensity of Mesenchymal state (Fig. S2b, c). CTCs expressed
either low E+ or M+ scores, probably due to transitional state in
the blood. We further expanded the dataset and investigated
Epithelial markers, Mesenchymal markers and EMT related
pathways hallmarks using 452 cells (272 cells from metastatic
cancer cells and 180 from primary cancer cells) of all 8 patients.
Results revealed a higher Mesenchymal markers in primary
cancer cells (e.g., NCAM1, LAMB1, SERPINE1, TCF4, VIM, ZEB1,
and ZEB2) and a higher Epithelial markers in metastatic cancer
cells (e.g., CDH1, CLDN4, ELF3, EPCAM, KRT18, KRT7, and KRT8). It
is interesting a few EMT Pathway signaling molecules were
upregulated in metastatic cells including AKT1, MAPK1, MAPK3,
RAS genes (NRAS, KRAS, and HRAS), ROS1, and PTK2 were up-
regulated (Fig. S3).

Fig. 1 Overview of the study design. A total 168 single cells from primary tumor tissue (PTT), primary para-tumor tissue (PTP), metastatic
tumor tissue (MTT), para-metastatic tumor normal brain tissue (MTP), and circulating tumor cell (CTCs) from a LUAD patient was collected and
sequenced by smart-seq2 RNA sequencing method. The data analysis was performed to find the hallmarks of metastasis related genes
including RAC1. Further 7 patients with either primary tumors or metastatic tumors were collected for expansion of the single-cell data set.
Pathological sections of additional six patients were further applied for RAC1 IHC staining. TCGA and survival data were also employed to find
the relationship between the function of RAC1 and LUAD.
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Combined analysis of multiple patient samples to explore
RAC1-related genes and pathways
In order to validate the metastasis related molecules, we recruited
additional 7 patients were single-cell sequencing by using either
primary or metastatic tissues. The T-SNE plot of single cells from 8
patients showed that cells were clustered into 12 stable sub-
groups, among with RAC1 was highly expressed in the metastatic
cancer cells (Fig. 3a). Heatmap was plotted and each subgroup
showed its unique signature genes (Fig. 3b). High expression of
RAC1, and RAC1 related genes including RHOA, CDC42, and VEGFB
were identified in metastatic subgroups and CTCs, compared to
primary tumor and normal lung epithelia clusters (Fig. 3c). Co-
expression network showed genes closely associated with RAC1
were calculated among which cancer genes such as MUC1,
MUC20, CEACAM5, andCCL20 were positively correlated to
expression of RAC1 whereas TIMP3 and MGP was negatively
correlated (Fig. 3d and Fig. S4). The volcano map showed
deferentially expressed genes in tumor cells between RAC1high

and RAC1low expressing cells (Fig. 3e). Functional clustering and
pathway analyses suggested genes in RAC1 highly expressed cells
played critical roles in adhesion, ECM and VEGF signaling
pathways (Fig. 3f).
To demonstrate the evolution of LUAD, we plotted a graph

based on Monocle 2. The solid black line represented the main
route of the minimal spanning tree constructed, which exhibited
the backbone and order of the LUAD development along a
pseudo-temporal continuum. The trajectory clearly showed the
tree starts from 8_Pulmonary_Epithelis, goes through subgroups
6, 11, 3, 2, 7 and ends with 5_LUAD_M_S100A8. Based on the
pseudo-temporal continuum profile, we identified representative
GOBP and KEGG concentrating terms based on regulated kernel
evolutionary enriched genes functional annotations (Fig. S5).

RAC1 is the marker of metastasis and represents a poor
prognosis
The pathological evidence of RAC1 were also obtained from public
RNA and protein datasets and IHC staining from our LUAD
patients. We first analyzed images of LUAD patients from HPA
datasets. Compared with normal tissue, the Integrated Optical
Density (IOD) level of RAC1 increased significantly in LUAD tissues
(normal tissue, n= 3; LUAD, n= 3; Fold change = 2.63; P < 0.01)
(Fig. 4a, b). Additional tissue samples from 6 patients with both
primary and metastatic LUAD were used for RAC1 staining
analysis. IOD results showed high expression of RAC1 in the
metastases (normal tissue, n= 6; LUAD, n= 6; Fold change = 3.83;
P < 0.05) (Fig. 4c, d). By using TCGA datasets (Oncolnc online tool),
we analyzed survival based on the expression of RAC1 in LUAD
patients. The survival time of LUAD patients with high RAC1
expression was lower (red line) with median survival of 1081 days,
compared to a more favorable survival of patients with low RAC1
expression for 1798 days (P= 0.0015) (Fig. 4e).

Expression levels of RAC1 accelerate the growth and
metastasis of lung cancer cells from multiple perspectives
We adopted LUAD cell lines to further identify the invasiveness by
using cytological assays. CCK-8 assay showed that RAC1 inhibitor

could significantly slowed down the proliferation of A549 and
H1975 cells at 48 h and 72 h (p < 0.01) while RAC1 agonist slightly
promoted the growth of cell lines (Fig. 5a). Apoptosis (Fig. 5b, c)
analyses by using AnnexinV-PI and flow cytometry assay showed
RAC1 inhibitor significantly promoted apoptosis of both LUAD cell
lines (P < 0.001 for H1975; P < 0.001 for A549). Proportion of
apoptotic cells were reduced by RAC1 agonist in the cell lines
(P < 0.01 for H1975; P < 0.01 for A549). In terms of the cell cycles,
RAC1 inhibitor impeded the transition from G0/G1 phase to S
phase (P < 0.001 for enhanced G0/G1 phase, P < 0.001 for
suppressed S phase), thereby preventing cell division (Fig. 5d, e).
The qPCR and WB results also showed that RAC1 inhibitors could
reduce the expression of cycle-related genes and proteins
(CDK4,CDK6, CyclinD1) while RAC1 agonists could promote the
expression of cycle-related genes (Fig. 5f, g). Activated RAC1
function is validated to significantly improve the ability of the two
cell lines’ invasiveness (P < 0.01 for H1975; P < 0.05 for A549) by
Transwell assay (Fig. 6a, b), while cells with disrupted RAC1
function were present to be inactive (P < 0.05 for H1975; P < 0.05
for A549). Scratch wound healing test showed that activated RAC1
could enhance the migration ability of lung cancer cells in the
plate (P < 0.01 for H1975; P < 0.05 for A549). However A549
(P < 0.01) and H1975 (P < 0.001) recovers wound more slowly in
the presence of RAC1 inhibitor (Fig. 6c, d). The phalloidin staining
results showed that RAC1 inhibitor could significantly inhibit the
expression of polymeric actin in lung cancer (P < 0.01), and RAC1
agonist agent could significantly promote the expression of
polymeric actin in lung cancer cells (P < 0.05, Fig. 6e).
Compared to blank group (no tumor burden) both the NC and

RAC1-OE groups showed tumor burden in MRI results, and the
primary focal tumor was significantly heavier in the RAC1-OE
group than the NC group in weight (P < 0.001, Fig. 7a, b). qPCR
results showed that RAC1 overexpression H1975 cells were
successfully constructed (Fig. 7c). Two of five RAC1-OE mice
showed high signal shadows in the brain parenchyma, indicating
that the lung cancer cells metastasized to the brain using the MRI
T2WI sequences. However the MRI T2WI sequences of high signal
shadows in the brain parenchyma is negative either in the Blank
or NC groups. It is marginally statistically different between RAC1-
OE and NC group (P= 0.057, Table 2). We carefully studied
different tomographies in the RAC1-OE mice and found metas-
tases loci only occurred in the brain, and no metastases were
observed in other organs (especially liver, bone or adrenal gland).
There are several metastatic loci in the brain HE sections among
which the largest was in the right parietal lobe and lateral
ventricle, which is in concordance with the MRI imaging result
(Fig. 7d). Next, we performed RT-PCR on brain tissue, and
consistent with the results of Fig. 5g, the expression of RAC1,
CDK4, CDK6, and CyclinD1 was significantly increased in the RAC1-
OE group (Fig. 7e).

DISCUSSION
In this study, we performed a comprehensive study over 8 LUAD
patient with brain metastasis using SMART-Seq2 scRNA-seq
approach, focusing on the significantly increased expression of

Table 1. Samples from nine LUAD patients.

Tissue PT1 PT2 PT3 PT4 PT6 PT7 PT8 PT9 Sum

CTC 16 0 0 0 0 0 0 0 16

MTP 30 0 0 24 16 29 0 20 119

MTT 43 0 0 63 68 31 28 39 272

PTP 13 0 0 19 0 0 0 0 32

PTT 22 47 55 56 0 0 0 0 180

sum 124 47 55 162 84 60 28 59 619
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Fig. 2 Single cell analysis of 1 LUAD patient. a PCA unveiled several subgroups of single cells as was determined by tissue of origins
including primary tumor cells, primary para-tumor cells, metastatic tumor subgroup 1, metastatic tumor subgroup 2, para-metastasis brain
tissue, and CTC. b Heatmap of tissue-specific markers was plotted and previous reported features were identified in the data set. c Genes with
elevating expression levels from primary to CTC to metastatic sites. d Functional annotation indicated MTT favored genes functions as
regulated cell death and apoptosis as well as promoted macromolecule organization.
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Fig. 3 Single cell analysis of 8 LUAD patients. a T-SNE plot of single cells from 8 patients. Additional 7 patients were enrolled for single cell
sequencing by using either primary or metastatic tissues. The cells were clustered using T-SNE to obtain 12 stable subgroups, among with
RAC1 was highly expressed in the metastatic cancer cells. b Each subgroup showed its unique signature genes. c High expression of RAC1,
RHOA, CDC42, and VEGFB were identified in metastatic subgroups, compared to normal clusters. d Co-expression network showed genes
closely associated with RAC1. e The volcano map showed deferentially expressed genes in tumor cells between RAC1high and RAC1low

expressing cells. f Functional clustering and pathway analyses suggested genes in RAC1 highly expressed cells played critical roles in
adhesion, ECM and VEGF signaling pathways.
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Fig. 4 Pathological evidence of LUAD patients. a, b Compared with normal tissue, expression level of RAC1 (IOD, Integrated Optical Density)
increased significantly in LUAD tissues, based on HPA database (normal tissue, n= 3; LUAD, n= 3; Fold change = 2.63; P < 0.01). c, d Additional
tissue samples from 6 patients with both primary and metastatic LUAD were used for RAC1 staining analysis. IOD results showed high
expression of RAC1 in the metastases (normal tissue, n= 6; LUAD, n= 6; Fold change = 3.83; P < 0.05). e Survival analyses of RAC1 expression
in LUAD patients. The red line represents patients with higher RAC1 and the blue line denotes patients with lower RAC1 expression. The
survival time of LUAD patients with high RAC1 expression was lower (red line) with median survival of 1081 days, compared to a more
favorable survival of patients with low RAC1 expression (1798 days, P= 0.0015).
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RAC1 in the metastatic cells. Sequencing analysis elucidated several
genes continuously elevated from primary to CTC to metastasis, and
visualized the expression levels of metastasis biomarkers in different
subpopulations. The molecular network changes and pathways
involved in tumor metastasis were further explored. Pathological

and cytological studies confirmed that RAC1 is a key gene
promoting brain metastasis of LUAD. Our results highlight the
potential molecular mechanisms and cellular therapeutic targets of
LUAD brain metastasis, which could provide powerful information
for better treatment of gene-driven cancer metastases.

M. Chen et al.

7

Cell Death and Disease          (2023) 14:330 



Current opinions on the mechanisms of the brain-metastatic
cascade include hematogenous dissemination of tumor cells,
attachment to microvessel endothelial cells, extravasation into the
brain, interaction with the local microenvironment, angiogenesis
and intraparenchymal proliferation [16]. Our functional annotation
indicated metastatic cell favored genes functioned as regulated
cell death and apoptosis as well as promoted macromolecule
organization.
Our results shows that CTC is potentially an intermediate stage

between primary and tumor, is considered as precursor of tumor
metastasis. Studies related to hepatocellular carcinoma have
shown that CTCs enter the bloodstream from primary tumors
and metastatic lesions and promote tumor metastasis through
EMT [17]. We further expanded the dataset and investigated
Epithelial markers, Mesenchymal markers and EMT related path-
ways hallmarks [18–22] using 452 cells (272 cells from metastatic
cancer cells and 180 from primary cancer cells) of all 8 patients.
Results revealed a higher Mesenchymal markers in primary cancer
cells (e.g., NCAM1, LAMB1, SERPINE1, TCF4, VIM, ZEB1, and ZEB2)
and a higher Epithelial markers in metastatic cancer cells (e.g.,
CDH1, CLDN4, ELF3, EPCAM, KRT18, KRT7, and KRT8). These
inducers can downregulate E-cadherin and upregulate N-cadherin
and vimentin (VIM) through modulating EMT-related signaling
pathways, for instance WNT/β-catenin and TGF-β, and EMT
transcription factors, such as zinc finger E-box binding homeobox
1 (ZEB1) and ZEB2 [20]. Elevated oncogenic signaling of TCF/
β-catenin in intestinal epithelium, important for tumor progression
via disruption of cell polarity and adhesion [23]. Occludin (the
OCLN gene) encodes an integral membrane protein that is
required for cytokine-induced regulation of the tight junctions
(TJs) while KRT8 and KRT19 are two oncogenes important in
development of human cancers, and KRT5, KRT14, and KRT17
overexpression are related to poor survival across different types
of cancers [24]. We found that the activity of these genes in the
metastatic foci is very high, while the primary foci are low, which
reflects that the primary the cell structure of primary loci has been
subjected to a certain degree of integrity disruption. However, at
the metastasis site, it is necessary to recruit these genes to
establish cell adhesions and remodeling of the cycloskeleton. It is
interesting a few EMT Pathway signaling molecules were
upregulated in metastatic cells including AKT1, MAPK1, MAPK3,
RAS genes (NRAS, KRAS, and HRAS), ROS1, and PTK2 were up-
regulated. Many of the genes play critical roles in cell proliferation,
invasion and adhesion such as PTK2 a focal adhesion kinase (FAK)
[25].
In the cell transitional state analysis, we identified LCN2, RAC1

and SAT1 were gradually enriched in the metastatic cells. LCN2
promotes inflammatory breast cancer tumorigenesis, skin inva-
sion, and mediate aggressive breast cancer metastasis to distant
organs [26, 27]. ASMTL-AS1 impedes the malignant progression of
lung adenocarcinoma by regulating SAT1 to promote ferroptosis
[28]. Through functional annotation we could infer in the
metastatic sites cancer cells need to cope with harsh environment
than primary site such as cell death and apoptosis, which further
stimulated macromolecule organization and synthesis.
RAC1 plays a major regulatory role in the basis of malignant

tumor development, including tumor angiogenesis and invasion/

metastasis. High expression of RAC1, RHOA, CDC42, and VEGFB
were identified in metastatic subgroups, compared to primary
tumor and normal lung epithelia clusters. RHO, RAC1, and CDC42
are all members of the RHO GTPase family and are involved in the
regulation of cytoskeleton, cell growth, and cell cycle, which may
be effective targets against malignant tumor metastasis [29, 30].
RAC1 is involved in invadopodia-mediated ECM degradation and
drives locomotion by regulating patellar pseudopodia formation,
adhesion plaques, and MMP expression, which is an activity
required for cell migration/invasion during cancer metastasis [31].
Research has been suggested that the combination of VEGF/
VEGFR-targeted therapy with RAC1 inhibitor can improve the
efficacy of anti-metastasis therapy in prostate cancer [32].
Interestingly, through co-network analyses we found that

MUC1, MUC20, CEACAM5, and CCL20 were positively correlated
to expression of RAC1, whereas TIMP3 and MGP were negatively
correlated to RAC1. Both MUC1 and MUC20 are genes encoding
transmembrane mucins that have been identified in the lung.
They associated with the potential for metastasis and invasion of
tumors [33, 34]. MUC1 regulates cytoskeletal recombination and
directs cell movement during cell migration through the MUC1-
SrC-CRKL-RAC1/CDC42 cascade [35]. TIMP3 and MGP can inhibit
tumor growth, invasion, metastasis and angiogenesis [36, 37]. In
addition, functional clustering and pathway analysis showed that
genes in RAC1-highly expressed cells played important roles in
adhesion, ECM and VEGF signaling pathways and are involved in
cell cycle regulation. Our results suggest that RAC1 prevents
further cancer progression by blocking the transition from G0/G1
phase to S phase.
RAC1 can promotes the invasiveness and migration ability of

LUAD cells and similar results were found in other tumor cell lines.
Rac1-induced ROS generation affects actin cytoskeleton reorgani-
zation, leading to cell migration and invasion of various tumor
cells. Mouse models have shown that downregulation of Rac1/ROS
downstream WAVE2 expression inhibits migration and invasion of
B16 melanoma cells [38]. In our study, brain metastasis occurred in
the RAC1-OE group relative to the NC group. However, due to the
sample size limitation, this result is only marginally significant
(P= 0.057), and we will add more samples in future experiments
to provide stronger evidence that RAC1 promotes brain
metastasis.
In the present study we obtained a more comprehensive

picture over lung cancer metastasis in the single-cell level, giving a
new perspective to the role of RAC1 in the LUAD brain metastasis,
and related pathways to participate in the metastasis process. This
study provides solid evidence for further unraveling the mechan-
isms of action in treatment of the LUAD metastasis.

MATERIALS (OR SUBJECTS) AND METHODS
Study design and participants
This study is based on a comparative sequencing analysis using
single-cell transcriptomic data from one LUAD patient and then
expanded to 8 patients who either donated primary tumor biopsy,
metastasis tumor tissue, para-metastasis tissue, CTCs from blood,
or all of the tissues. The patients were not treated previously by
radio therapy, chemotherapy or targeted therapy. The pathology

Fig. 5 RAC1 promotes the proliferation and cell cycle of tumor cells. a CCK-8 assay showed that RAC1 inhibitor could significantly slowed
down the proliferation of A549 (Left panel) and H1975 (Right panel) cells at 48 h and 72 h (P < 0.01) while RAC1 agonist slightly promoted the
growth of cell lines. b, c Apoptosis analyses by using AnnexinV-PI and flow cytometry assay showed RAC1 inhibitor significantly promoted
apoptosis of both LUAD cell lines (P < 0.001 for H1975; P < 0.001 for A549). Proportion of apoptotic cells were reduced by RAC1 agonist in the
cell lines (P < 0.01 for H1975; P < 0.01 for A549). d, e RAC1 inhibitor promoted apoptosis of the two LUAD cells and impeded the transition from
G0/G1 phase to S phase (P < 0.001 for enhanced G0/G1 phase, P < 0.001 for suppresed S phase), thereby preventing cell division. f, g The qPCR
and WB results also showed that RAC1 inhibitors could reduce the expression of cycle-related genes and proteins (CDK4,CDK6, CyclinD1) and
RAC1 agonists could promote the expression of cycle-related genes, which is consistent with the findings of previous related studies. Data are
expressed as means ± SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6 RAC1 promotes the invasiveness and migration ability of LUAD cells. a, b Activated RAC1 function is validated to significantly
improve the ability of cell invasion (P < 0.01 for H1975; P < 0.05 for A549) by Transwell assay, while cells with disrupted RAC1 function were
present to be inactive (P < 0.05 for H1975; P < 0.05 for A549). c, d Scratch wound healing test showed that activated RAC1 could enhance the
migration ability of lung cancer cells in the plate (P < 0.01 for H1975; P < 0.05 for A549). However A549 (P < 0.01) and H1975 (P < 0.001) recovers
wound more slowly in the presence of RAC1 inhibitor. e The phalloidin staining results showed that RAC1 inhibitor could significantly inhibit
the expression of polymeric actin in lung cancer (P < 0.01), and RAC1 agonist agent could significantly promote the expression of polymeric
actin in lung cancer cells (P < 0.05). Data are expressed as means ± SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 7 Animal experiment. a The MRI T2WI sequences of the Blank and NC groups did not show high signal shadows in the brain parenchyma.
The MRI T2WI sequences of the RAC1-OE group showed high signal shadows in the brain parenchyma, indicating that the lung cancer cells
metastasized to the brain. b The primary focal tumor was significantly heavier in the RAC1-OE group than in the NC group (P < 0.001). c qPCR
results showed that RAC1 overexpression H1975 cells were successfully constructed (P < 0.001). d HE and Pan-CK staining results demonstrated the
presence of metastatic foci in the brain of the RAC1-OE group. e RT-PCR on brain tissue showed the expression of RAC1, CDK4, CDK6, and
CyclinD1 was significantly increased in the RAC1-OE group. Data are expressed as means ± SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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sections from of another 6 LUAD patients with paired metastatic
tumor tissue and primary tumor tissue were collected for RAC1
IHC staining. Brain samples were collected from Department of
Neurosurgery Huashan Hospital during operation, while primary
LUAD tissues and blood were taken from Department of Lung
Cancer Shanghai Chest Hospital through biopsy. The study was
approved by both of the Ethical Committee in Huashan Hospital
and Shanghai Chest Hospital. All the patients enrolled in this study
agreed and signed informed consent.

Solid tumor decomposition and single-cell isolation
Primary and metastatic tissues from biopsy and surgical mass
were dissected and transferred to a 2ml tube (Axygen, China)
each containing 1ml pre-warmed M199-media (ThermoFisher
Scientific, USA), 2 mg/ml collagenase P, 2.5 mg collagenase D
(Roche, USA) and 10U/μl DNase I (Roche, USA) as was adapted
from Tirosh et al.’s protocol [39]. Tissues were digested for 60 min
at 37 °C and then pipetted up and down every 10 times every
10min. The tissue suspensions were then filtered with a 70 μm
nylon mesh (ThermoFisher Scientific, USA) and centrifuged at
450 × g for 5 min. Pellet was resuspended for live cell staining
using CFSE incubation for 5 min.

CTC Isolation
CTCs were captured by leukocyte negative enrichment using
magnetic beads and EpCAM positive staining protocol [40–42].
7.5 ml peripheral blood (with CTCs spike-in) was collected one
hour before brain operation and added onto 30ml of red blood
cell lysis buffer, vortexed for 2 min, stand on ice for 5 min and
centrifuged at 450 × g for 5 min. Nucleated cell pallet was
resuspended and incubated with 350 μl of anti-WBC immuno-
magnetic beads (human CD15 and CD45 Dyanabeads, Invitrogen)
for 20 min. Beads were removed by magnetic rack and the
remnant was centrifuged at 450 × g for 5 min. Pellet was
resuspended for staining using CD45 (CD45-Alexa Fluor 594,
Biolegend) and EpCAM antibody (CD326-Alexa Fluor 488, Biole-
gend) in PBS. CTCs and WBCs were identified and isolated under
fluorescent microscopy (X71, Olympus, Japan).

Single-cell whole-transcriptome library preparation and
sequencing
Single cells from tissue were manually picked under fluorescent
microscopy using mouth pipette. Each of the harvested single cells
was transferred into 2 μl of cell lysis buffer (CLB) in 0.2ml PCR tubes.
Libraries of isolated single cells were then prepared as per Smart-
seq2 protocol [43] with modifications on reverse transcription and
amplification cycles. Briefly, oligo-dT primed reverse transcription
was performed with Smartscribe (Takara, Japan) reverse transcrip-
tase and locked TSO oligonucleotide (Exiqon, Denmark) upon single
cells. Full-length cDNA amplification was conducted by 20 cycles of
PCR amplification with HiFi-HotStart ReadyMix (KAPA Biosystems,
USA) and subsequent 0.6× AMPure beads purification (BD, USA).
Barcoded libraries were fragmented and tagmented with Nextera XT
Library Prep kit (Illumina). Pooled libraries with unique N5-N7
barcodes were sequenced using a Hiseq 2500 sequencer (Illumina)
and single-end 50 bp reads flow cell.

ScRNA-seq data analysis
Raw data were first processed to remove sequencing adapters and
low quality reads using Trimmomatic [44]. Reads with an average
quality score of less than 20 bp, and sequencing lengths less than
18 bp were discarded after trimming. The remaining high quality
reads were aligned to the human genome using HiSat2 tool [45],
by using human genome UCSC hg19 as a reference (ftp://genome-
ftp.cse.ucsc.edu/goldenPath /hg19/chromosomes/) with a total
22,335 genes. The FeatureCounts software [46] was used for
quantitation of expression for each gene, raw counts values of
each sample were obtained. In our analysis, a gene was consider
to be expressed in a sample should have one more counts in the
sample. Reads counts were normalized to transcript per million
(TPM) values and then log2 transformed by used “newSCESet”
function of “scater” (https://github.com/davismcc/scater) package
of R-project (R3.5.2, https://www.r-project.org/). Raw data with
counts were processed with Seurat 2.3 (http://satijalab.org/) for
heatmap and tSNE plots [47]. Expression matrix for all normalized
cells were provided. Analyses, such as Principal component
analysis (PCA), Pearson correlation, and Student’s t test were
performed using functions in R as follows: “prcomp,” “cor,” and
“t.test” in the “stats” package, and Heatmap in “ComplexHeatmap”
package. The “ggplot2” package was used for the visualization of
graphs.

Differentially expressed genes (DEGs)
DEGs were identified by calculating fold-change and P value
between “treatment” and control groups. We set a twofold cutoff
of fold change and FDR adjusted P < 0.05 as the criteria for DEG
selection. This was done by using the “stat” package of R project.
The KEGG pathway analysis and Gene Ontology (GO) analysis was
performed using “KEGGprofile” and “Clusterprofiler” in R.

Gene co-expression networks (Co-network)
Co-network were built according to the normalized gene
expression values, genes with an average expression value across
samples larger than the median expression value of all the genes
were considered for co-expression analysis. We construct the
network adjacency between two genes, i and j, defined as a power
of the Pearson correlation between the corresponding gene
expression profiles. By computing the correlation coefficient of
these genes, we obtained the gene-to-gene co-expression
adjacency matrix. We selected the genes with high correlations
(0.8 or greater) to draw a co-expression network graph with
CytoScape (v3.4) [48]. Molecular validation of key genes in co-
expression networks using qPCR.

Pseudo-time trajectory construction
To investigate the progression trajectory of LUAD cell, we used
minimal spanning tree algorithm-based monocle (v2) R-package to
perform a pseudo-time analysis.

RAC1 quantitation in HPA database
The images and expression level of RAC1 in LUAD and normal
tissues based on immunohistochemical datasets were explored
using the HPA database (https://www.proteinatlas.org/).

Table 2. Brain metastasis rate of tumor-bearing nude mice.

Blank group NC group RAC1-OE group P value (Chi-squarea)

Mice with brain metastases 0 0 2 –

Mice without brain metastases 3 5 3 –

Brain metastases (%) 0 0 40 0.057
aComparison between the NC and RAC1-OE groups.
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Survival analysis of RAC1 expression status
Survival analysis of LUAD patients with high and low expression of
RAC1 in The Cancer Genome Atlas (TCGA) were further analyzed
by Oncolnc tool (http://www.oncolnc.org/). Kaplan–Meier survival
curve was plotted by using R and survival package.

Immunohistochemistry (IHC) staining
Tissue samples from seven patients with brain metastases from
lung adenocarcinoma were collected for IHC staining to examine
the expression changes of RAC1 (AF4200, Affinity).

Cell lines and reagent for functional assay
LUAD A549 and H1975 (CinoAsia Co., Ltd.) were employed for cell
line validations. Cells were seeded in 6-well culture plate (2 × 105/
well) and cultured in cell incubator until the confluency degree at
90%. RAC1 agonist (CN02-A, 0.5 units/ml, Cytoskeleton, USA) and
RAC1 inhibitor (1177865-17-6, 50 μM, Topscience, China) were
added into the cells and incubated at 37 °C for 48 h.

Apoptosis analyses
Briefly 5 μl Annexin V-FITC (BD, USA) and 5 μl Propidium Iodide
were mixed with 100 μl resuspended cells. The cells were
incubated for 20 min at room temperature away from light. PBS
buffer was used wash the cells twice and resuspend cells to 500 μl.
At least 2 × 104 cells were analyzed by fluorescent flow cytometry
(CytoFlex, Beckman, USA).

Cell cycle analyses
Cells were washed with PBS and incubated with propidium iodide
solution (500 μg/ml and 100 μg/ml RNaseA) for 30 min. Cells were
further analyzed by flow cytometry. In addition, qPCR and WB
were used to verify the effect of RAC1 (AF4200, Affinity, China) on
the expression of cell cycle related genes and proteins
CDK4(DF6102, Affinity, China), CDK6 (DF6448, Affinity, China),
CyclinD1 (AF0931, Affinity, China).

Phalloidin staining
Morphological changes were observed by phalloidin (G1041-50UL,
Servicebio, China) staining human lung adenocarcinoma cells
(H1975) treated with RAC1 agonists and inhibitors with reference
to existing methods [49].

Cell counting kit-8 (CCK-8) proliferation assay
CCK-8 was added to each well after cells were activated or
interfered for 24 h, 48 h, and 72 h. OD value was measured by
microplate reader (uQuant, BioTek, USA) at 450 nm.

Transwell assay
Cells were seed at upper microholed wells with Matrigel plated.
The wells were placed into the lower well containing 500 µl of
complete medium. 37 °C, 12 h, cells were gently removed in the
upper wells with a cotton swab. The cells in the lower chamber
were fixed for 10min and stained with 1% crystal violet dye in 2%
ethanol for 15 min.

Wound-healing assay
A pipette tip was used to scratch a line on the cell layer when the
cells reached at 90% confluency. The picture of each wound was
recorded by microscope after 0 and 24 h. Image J software (v1.50i)
was used to calculate the mean value of the distance of
each wound.

Construction of RAC1 overexpressing H1975
The sequence of the CDS region of the human Rac1 gene was
inserted into the lentiviral plasmid FV115 to synthesize the Rac1
overexpression lentiviral plasmid (GeneralL Biol, China). H1975
cells were inoculated into 6-well plates at 1 × 106 cells/well, and
the Rac1 overexpression lentiviral plasmid was transfected into

H1975 cells using HilyMAX reagent (Dojindo, Japan) according to
the manufacturer’s instructions. The transfected cells were then
placed in a 37 °C, 5% CO2 cell culture incubator, and stable Rac1
overexpressing H1975 cells were selected and expanded in
RPMI1640 complete medium containing 200 μg/ml G418. qPCR
verify the efficiency of RAC1 overexpression.

Nude mice subcutaneous tumor model and magnetic
resonance imaging (MRI) observation of brain metastasis
Nude mice random divided into three groups. Blank group: three
6-week-old male Balb/c-nu nude mice (Shanghai SLAC Laboratory
Animal Co.,Ltd, Shanghai, China) without any treatment. NC group:
five 6-week-old male Balb/c-nu nude mice injected subcuta-
neously with H1975. Rac-1 OE: five 6-week-old male Balb/c-nu
nude mice subcutaneously injected with RAC1 over-expression
H1975. 2 × 106 cells were mixed in 100 μl serum-free RPMI-1640
medium and injected subcutaneously into the right axilla of nude
mice, which were kept in an SPF class animal house for 6 weeks.
Mice were examined using a Magnetic Resonance Imaging
(uMR790, 3.0 T) (United-imaging, China). T2-weighted MRI images
were used for data analyses. All procedures involved in mice
complied with the protocol of Animal Ethics Committee of
Huashan Hospital.

HE and Pan-CK staining and qPCR of brain tissue in model
mice
The brain tissue of model mice were obtained every 5 μm per step
until HE staining revealed potential metastasis sites. The sections
stained with hematoxylin solution for 5 min and put in 1% acid
ethanol (1% HCl in 70% ethanol) and then rinsed in distilled water.
Then stained with eosin solution for 2 min and followed by
dehydration with graded alcohol and clearing in xylene. Pan-CK
(Bioss, bs-1712R) staining was further implemented for the
confirmation of cancer cells in the brain. In addition, RT-PCR were
used to verify the expression level of RAC1, CDK4, CDK6, CyclinD1.

Statistical methods
Data were expressed as means ± standard deviation (SD) and
analyzed using R or base statistical package. Unpaired Student’s t
tests were used to compare the means of two groups. Statistics
were performed using Prism 8 (GraphPad, San Diego, USA) and
significance is indicated in the figures (*P < 0.05, **P < 0.01,
***P < 0.001). A P value <0.05 was considered statistically significant.
Pearson correlation coefficient was used for correlation analysis.

DATA AVAILABILITY
The datasets generated and/or analyzed during the current study are available in the
[Gene Expression Omnibus] repository https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE198291.

REFERENCES
1. Preusser M, Capper D, Ilhan-Mutlu A, Berghoff AS, Birner P, Bartsch R, et al. Brain

metastases: pathobiology and emerging targeted therapies. Acta Neuropathol.
2012;123:205–22.

2. Riihimaki M, Hemminki A, Fallah M, Thomsen H, Sundquist K, Sundquist J, et al.
Metastatic sites and survival in lung cancer. Lung Cancer. 2014;86:78–84.

3. Brastianos PK, Carter SL, Santagata S, Cahill DP, Taylor-Weiner A, Jones RT, et al.
Genomic characterization of brain metastases reveals branched evolution and
potential therapeutic targets. Cancer Discov. 2015;5:1164–77.

4. Nguyen DX, Chiang AC, Zhang XH, Kim JY, Kris MG, Ladanyi M, et al. WNT/TCF
signaling through LEF1 and HOXB9 mediates lung adenocarcinoma metastasis.
Cell. 2009;138:51–62.

5. Eser PO, Janne PA. TGFbeta pathway inhibition in the treatment of non-small cell
lung cancer. Pharm Ther. 2018;184:112–30.

6. Lou Z, Lin W, Zhao H, Jiao X, Wang C, Zhao H, et al. Alkaline phosphatase
downregulation promotes lung adenocarcinoma metastasis via the c-Myc/RhoA
axis. Cancer Cell Int. 2021;21:217.

M. Chen et al.

12

Cell Death and Disease          (2023) 14:330 

http://www.oncolnc.org/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE198291
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE198291


7. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646–74.

8. Muller S, Diaz A. Single-cell mRNA sequencing in cancer research: integrating the
genomic fingerprint. Front Genet. 2017;8:73.

9. Ting DT, Wittner BS, Ligorio M, Vincent Jordan N, Shah AM, Miyamoto DT, et al.
Single-cell RNA sequencing identifies extracellular matrix gene expression by
pancreatic circulating tumor cells. Cell Rep. 2014;8:1905–18.

10. Valastyan S, Weinberg RA. Tumor metastasis: molecular insights and evolving
paradigms. Cell. 2011;147:275–92.

11. Li L, Li W. Epithelial-mesenchymal transition in human cancer: comprehensive
reprogramming of metabolism, epigenetics, and differentiation. Pharmacol Ther.
2015;150:33–46.

12. Picelli S. Full-length single-cell RNA sequencing with Smart-seq2. Methods Mol
Biol. 2019;1979:25–44.

13. Yu M, Bardia A, Wittner BS, Stott SL, Smas ME, Ting DT, et al. Circulating breast
tumor cells exhibit dynamic changes in epithelial and mesenchymal composition.
Science. 2013;339:580–4.

14. Byers LA, Diao L, Wang J, Saintigny P, Girard L, Peyton M, et al. An epithelial-
mesenchymal transition gene signature predicts resistance to EGFR and PI3K
inhibitors and identifies Axl as a therapeutic target for overcoming EGFR inhibitor
resistance. Clin Cancer Res. 2013;19:279–90.

15. Tan TZ, Miow QH, Miki Y, Noda T, Mori S, Huang RY, et al. Epithelial-mesenchymal
transition spectrum quantification and its efficacy in deciphering survival and
drug responses of cancer patients. EMBO Mol Med. 2014;6:1279–93.

16. Zhu T, Bao X, Chen M, Lin R, Zhuyan J, Zhen T, et al. Mechanisms and future of
non-small cell lung cancer metastasis. Front Oncol. 2020;10:585284.

17. Zhang Q, Rong Y, Yi K, Huang L, Chen M, Wang F. Circulating tumor cells in
hepatocellular carcinoma: single-cell based analysis, preclinical models, and
clinical applications. Theranostics. 2020;10:12060–71.

18. Bai J, Kwok WC, Thiery JP. Traditional Chinese medicine and regulatory roles on
epithelial-mesenchymal transitions. Chin Med. 2019;14:34.

19. Zhang P, Sun Y, Ma L. ZEB1: at the crossroads of epithelial-mesenchymal tran-
sition, metastasis and therapy resistance. Cell Cycle. 2015;14:481–7.

20. Vu T, Datta PK. Regulation of EMT in colorectal cancer: a culprit in metastasis.
Cancers. 2017;9:171.

21. Bosco EE, Mulloy JC, Zheng Y. Rac1 GTPase: a “Rac” of all trades. Cell Mol Life Sci.
2009;66:370–4.

22. Liang J, Oyang L, Rao S, Han Y, Luo X, Yi P, et al. Rac1, a potential target for tumor
therapy. Front Oncol. 2021;11:674426.

23. Petrova TV, Nykanen A, Norrmen C, Ivanov KI, Andersson LC, Haglund C, et al.
Transcription factor PROX1 induces colon cancer progression by promoting the
transition from benign to highly dysplastic phenotype. Cancer Cell. 2008;13:407–19.

24. Nowak E, Bednarek I. Aspects of the epigenetic regulation of EMT Related to
Cancer metastasis. Cells. 2021;10:3435.

25. Mehlen P, Puisieux A. Metastasis: a question of life or death. Nat Rev Cancer.
2006;6:449–58.

26. Villodre ES, Hu X, Larson R, Finetti P, Gomez K, Balema W, et al. Lipocalin 2
promotes inflammatory breast cancer tumorigenesis and skin invasion. Mol
Oncol. 2021;15:2752–65.

27. Maiti A, Okano I, Oshi M, Okano M, Tian W, Kawaguchi T, et al. Altered expression
of secreted mediator genes that mediate aggressive breast cancer metastasis to
distant organs. Cancers. 2021;13:2641.

28. Sui X, Hu N, Zhang Z, Wang Y, Wang P, Xiu G. ASMTL-AS1 impedes the malignant
progression of lung adenocarcinoma by regulating SAT1 to promote ferroptosis.
Pathol Int. 2021;71:741–51.

29. Heasman SJ, Ridley AJ. Mammalian Rho GTPases: new insights into their func-
tions from in vivo studies. Nat Rev Mol Cell Biol. 2008;9:690–701.

30. Rathinam R, Berrier A, Alahari SK. Role of Rho GTPases and their regulators in
cancer progression. Front Biosci. 2011;16:2561–71.

31. Parri M, Chiarugi P. Rac and Rho GTPases in cancer cell motility control. Cell
Commun Signal. 2010;8:23.

32. Goel HL, Pursell B, Shultz LD, Greiner DL, Brekken RA, Vander Kooi CW, et al.
P-Rex1 promotes resistance to VEGF/VEGFR-targeted therapy in prostate cancer.
Cell Rep. 2016;14:2193–208.

33. Hou S, Xie X, Zhao J, Wu C, Li N, Meng Z, et al. Downregulation of miR-146b-3p
inhibits proliferation and migration and modulates the expression and location of
sodium/iodide symporter in dedifferentiated thyroid cancer by potentially tar-
geting MUC20. Front Oncol. 2020;10:566365.

34. Ballester B, Milara J, Cortijo J. Mucins as a new frontier in pulmonary fibrosis. J
Clin Med. 2019;8:1447.

35. Shen Q, Rahn JJ, Zhang J, Gunasekera N, Sun X, Shaw AR, et al. MUC1 initiates Src-
CrkL-Rac1/Cdc42-mediated actin cytoskeletal protrusive motility after ligating
intercellular adhesion molecule-1. Mol Cancer Res. 2008;6:555–67.

36. Huang HL, Liu YM, Sung TY, Huang TC, Cheng YW, Liou JP, et al. TIMP3 expression
associates with prognosis in colorectal cancer and its novel arylsulfonamide

inducer, MPT0B390, inhibits tumor growth, metastasis and angiogenesis. Ther-
anostics. 2019;9:6676–89.

37. Levedakou EN, Strohmeyer TG, Effert PJ, Liu ET. Expression of the matrix Gla
protein in urogenital malignancies. Int J Cancer. 1992;52:534–7.

38. Park SJ, Kim YT, Jeon YJ. Antioxidant dieckol downregulates the Rac1/ROS sig-
naling pathway and inhibits Wiskott-Aldrich syndrome protein (WASP)-family
verprolin-homologous protein 2 (WAVE2)-mediated invasive migration of B16
mouse melanoma cells. Mol Cells. 2012;33:363–9.

39. Tirosh I, Izar B, Prakadan SM, Wadsworth MH 2nd, Treacy D, Trombetta JJ, et al.
Dissecting the multicellular ecosystem of metastatic melanoma by single-cell
RNA-seq. Science. 2016;352:189–96.

40. Nel I, Gauler TC, Eberhardt WE, Nickel AC, Schuler M, Thomale J, et al. Formation
and repair kinetics of Pt-(GpG) DNA adducts in extracted circulating tumour cells
and response to platinum treatment. Br J cancer. 2013;109:1223–9.

41. Takao M, Takeda K. Enumeration, characterization, and collection of intact cir-
culating tumor cells by cross contamination-free flow cytometry. Cytom Part A.
2011;79:107–17.

42. Cho H, Kim J, Han SI, Han KH. Analytical evaluation for somatic mutation
detection in circulating tumor cells isolated using a lateral magnetophoretic
microseparator. Biomed Microdevices. 2016;18:91.

43. Picelli S, Faridani OR, Bjorklund AK, Winberg G, Sagasser S, Sandberg R. Full-
length RNA-seq from single cells using Smart-seq2. Nat Protoc. 2014;9:
171–81.

44. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics. 2014;30:2114–20.

45. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory
requirements. Nat Methods. 2015;12:357–60.

46. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for
assigning sequence reads to genomic features. Bioinformatics. 2014;30:923–30.

47. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell tran-
scriptomic data across different conditions, technologies, and species. Nat Bio-
technol. 2018;36:411–20.

48. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a
software environment for integrated models of biomolecular interaction net-
works. Genome Res. 2003;13:2498–504.

49. Wang R, Yu Q, Wang X, Li B, Ciotkowska A, Rutz B, et al. Rac1 silencing, NSC23766
and EHT1864 reduce growth and actin organization of bladder smooth muscle
cells. Life Sci. 2020;261:118468.

ACKNOWLEDGEMENTS
We thank Ms. Sisi Cheng (Yum China), Professor Leming Shi (Fudan University),
Professor Xiulin Xu (USST), and Professor Naishuo Zhu (Fudan University) for their
support in our study.

AUTHOR CONTRIBUTIONS
(I) Conception and design: MC, HL, XX, XB, QW, PZ, SZ. (II) Administrative support:
None. (III) Provision of study materials or patients: MC, HL, XX, LX, XA, JX, MX. (IV)
Collection and assembly of data: MC, HL. (V) Data analysis and interpretation: XB, YS,
TZ, JL, YY, YJ, ZF, KX, TQ. (VI) Manuscript writing: all authors. (VII) Final approval of
manuscript: all authors

FUNDING
This work was supported by Shanghai Municipal Science and Technology
Commission (grant number 19441904500), China Postdoctoral Science Foundation
(2019M651376), CAMS Innovation Fund for Medical Sciences (CIFMS, 2019-I2M-5-
008), and Shanghai Municipal Health Commission (No. 202240265).

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The study was approved by both of the Ethical Committee in Huashan Hospital and
Shanghai Chest Hospital. All the patients enrolled in this study agreed and signed
informed consent. All procedures involved in mice complied with the protocol of
Animal Ethics Committee of Huashan Hospital.

M. Chen et al.

13

Cell Death and Disease          (2023) 14:330 



CONSENT FOR PUBLICATION
Not applicable.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-05823-y.

Correspondence and requests for materials should be addressed to Qiubo Wang,
Ping Zhong or Sibo Zhu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

M. Chen et al.

14

Cell Death and Disease          (2023) 14:330 

https://doi.org/10.1038/s41419-023-05823-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Identification of RAC1 in promoting brain metastasis of lung adenocarcinoma using single-cell transcriptome sequencing
	Introduction
	Results
	Single patient&#x02019;s sample data analysis showed that RAC1 was highly enriched in the metastatic cells
	Combined analysis of multiple patient samples to explore RAC1-related genes and pathways
	RAC1 is the marker of metastasis and represents a poor prognosis
	Expression levels of RAC1 accelerate the growth and metastasis of lung cancer cells from multiple perspectives

	Discussion
	Materials (or subjects) and methods
	Study design and participants
	Solid tumor decomposition and single-cell isolation
	CTC Isolation
	Single-cell whole-transcriptome library preparation and sequencing
	ScRNA-seq data analysis
	Differentially expressed genes (DEGs)
	Gene co-expression networks (Co-network)
	Pseudo-time trajectory construction
	RAC1 quantitation in HPA database
	Survival analysis of RAC1 expression status
	Immunohistochemistry (IHC) staining
	Cell lines and reagent for functional assay
	Apoptosis analyses
	Cell cycle analyses
	Phalloidin staining
	Cell counting kit-8 (CCK-8) proliferation assay
	Transwell assay
	Wound-healing assay
	Construction of RAC1 overexpressing H1975
	Nude mice subcutaneous tumor model and magnetic resonance imaging (MRI) observation of brain metastasis
	HE and Pan-CK staining and qPCR of brain tissue in model mice
	Statistical methods

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ACKNOWLEDGMENTS
	Consent for publication
	ADDITIONAL INFORMATION




