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FOXF1 inhibits invasion

and metastasis of lung
adenocarcinoma cells and enhances
anti-tumor immunity via MFAP4/
FAK signal axis

Zhenyu Wang?, MengXia Xie', Zhongyue Jia, Ziwei Tao?, Ping Zhao? & Muying Ying'**

Based on the joint analysis of multi-omic data and the biological experiments, we demonstrate

that FOXF1 inhibits invasion and metastasis of lung adenocarcinoma cells and enhances anti-tumor
immunity via regulating MFAP4/FAK signal axis in this study. The levels of FOXF1 and MFAP4

are significantly down-regulated in LUAD, and the increased levels of two genes can improve

the clinical prognosis of LUAD patients. Fluorescein reporter gene determination, chromatin
immunoprecipitation and gene co-expression analysis indicate that MFAP4 level is positively
regulated by transcription factor FOXF1. The function enrichment analysis shows that the levels of
FOXF1 and MFAP#4 are closely associated with an enrichment of tumor metastasis signatures. FOXF1
can inhibit the migration and invasion of LAUD cells by transcriptionally activating MFAP4 expression.
And the overexpression of FOXF1/MFAP4 can reduce focal adhesion kinase (FAK) phosphorylation,
while their knockdown result in the opposite effects. The increased levels of FOXF1/MFAP4 enhance
the antitumor immunity by increasing the infiltration of dendritic cells and CD4+ T cells, and the
interactions between LUAD cells and immune cells, and activating multiple anti-tumor immunity-
related pathways. In conclusion, our study reveals the potential function of FOXF1/MFAP4/FAK signal
axis in inhibiting metastasis of LUAD cells and modulating anti-tumor immunity of LUAD patients.

Keywords Lung adenocarcinoma, Single-cells RNA sequencing, FOXF1, MFAP4, Focal adhesion kinase,
Tumor-infiltrating lymphocytes

Abbreviations

MFAP4  Microfibril associated protein 4
FOXF1 Forkhead box F1

FAK Focal adhesion kinase

NSCLC Non-small cell lung cancer
LUAD  Lungadenocarcinoma

Lung cancer is the leading cause of cancer death worldwide and the third most common cancer following breast
and prostate’. Non-small cell lung cancer (NSCLC) accounts for about 85% of lung cancer, 60% of which is lung
adenocarcinoma (LUAD), being the most common histological type of lung cancer?. There is a deficiency in
optimal predictive biomarkers that can accurately forecast LUAD patient prognoses and guide the selection of
targeted treatments. Given the high incidence and mortality, it is essential and urgent to search for novel bio-
markers for diagnosis and targeted therapy to improve the survival outcomes of LUAD patients.

Forkhead box F1 (FOXF1) belongs to the forkhead family of transcription factors which is characterized by a
distinct forkhead domain, and may play a role in the regulation of pulmonary genes and embryonic development.
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Previous study indicates a crucial role of FOXF1 in endothelial progenitors and connected vascular sprouting as it
may be relevant for tissue neovascularization®. The increased level of FOXF1 inhibited NSCLC growth by activat-
ing tumor suppressor p21 and G1 cell-cycle arrest*. FOXF1 can induce epithelial mesenchymal transformation
in colorectal cancer and affect its metastasis through transcriptional activation of SNAI1®. T Highly expressed
FOXF]I can inhibit the expression of cyclin by activating tumor suppressor p21, which leads to cell cycle arrest in
GAP1 phase and inhibits the proliferation of LUAD cells®. Depending on tissue and histological type of cancer,
FoxF1 has been shown to be either an oncogene or a tumor suppressor, and the mechanism of FOXF1 affecting
LUAD tumor metastasis is still not clear”.

Microfibril associated protein 4 (MFAP4) is an extracellular matrix protein which is involved in cell adhesion
or intercellular interactions, and has binding specificities for both collagen and carbohydrate. MFAP4 belongs to
the superfamily of fibrinogen-related protein, which is also an important regulatory factor in regulating airway
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«Fig. 1. Key genes related to the progression of LUAD are discovered by performing WGCNA and random
forest algorithm. (a) Heatmap showing the common top 100 differentially expressed genes (DEGs) of
GSE10072 and GSE116959 datasets between normal and LUAD samples. (b) Clustering dendrogram of all
DEGs based on the measurement of dissimilarity. Color bar showing results obtained from automated single
block analysis. (c) Module-trait association: each row corresponds to a module and each column corresponds
to a trait. (d) A scatter plot for Gene Significance (GS) versus Module Membership (MM) in brown module.
(e) Eigengene adjacency heatmap of blue and brown module. (f) Histogram showing genes in brown modules
enriched in signal pathways associated with cell adhesion and extracellular matrix. (g) ROC curves of tenfold
cross-validation of all cell adhesion and extracellular matrix-related genes using Random Forest algorithm
(Normal vs LUAD, data from TCGA database). (h) The results of mutual cross-validation of the three datasets
(GSE10072, GSE116959, GSE31210) by using Random Forest algorithm. Values on the diagonal are the results
of cross-validation for each dataset. The off-diagonal values refer to the AUC values obtained by cross-cohort
validation, which trains the classifier on the study of the corresponding column and applies it to the dataset
of the corresponding row. The LODO value refers to the performance obtained by training a classifier with all
datasets except the dataset corresponding column. (i) The association between the expression of PECAM1,
A2M, TCF21, MFAP4, FOXF1 and LUAD patients’ Overall Survival in GEPIA database. The “WGCNA” package
(version 1.7.2, http://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/ WGCNA/) in R was
used to build a co-expression network. The “Pheatmap” (version 1.0.12, https://github.com/raivokolde/pheat
map) and “ggplot2” (version 3.5.0, https://github.com/tidyverse/ggplot2) packages in R were used to plot the
heatmap. Survival plots were generated from the GEPIA database (http://gepia.cancer-pku.cn/).

smooth muscle cell regeneration, inducing the proliferation and migration of vascular smooth muscle cells,
chemotaxis of monocytes, and neointimal hyperplasia after vascular injury®. High expression of MFAP4 predict
primary Platinum-based chemoresistance and are associated with adverse prognosis in patients with serous
ovarian cancer’. As a target gene of microRNA-147b, MFAP4 can affect the migration and invasion of LUAD
cells'®. As an excessive extracellular matrix protein that interacts with elastin and collagen, MFAP4 deficiency
alleviates renal fibrosis through inhibition of NF-xB and TGF-{/Smad signaling pathways'".

Previous studies have indicated that both FOXF1 and MFAP4 play an essential role in the occurrence and
development of LUAD, while we do not yet know whether there are regulatory relationships between these
two genes in the molecular mechanism of the development of lung cancer. In the present study, we elucidate
the transcription regulation mechanism of FOXF1 on MFAP4 and find FOXF1 can inhibit the migration and
invasion of LUAD cells by positively regulating the expression of MFAP4. And the increased levels of FOXF1/
MFAP4 can reduce the phosphorylation level of focal adhesion kinase (FAK), a key molecule in FAK signal
pathway, indicating a role of FAK signal pathway in the inhibition of LUAD metastasis by FOXF1/MFAP4. And
also, our results indicate that the increased levels of FOXF1/MFAP4 can enhance the anti-tumor immunity of
LUAD patients, which may be closely related to their promotion in the function of CD4+ T cells and dendritic
cells (DCs). In conclusion, our study demonstrates the functional mechanism of FOXF1-MFAP4-FAK signal
axis in LUAD metastasis and FOXF1/MFAP4-mediated anti-tumor immunity.

Results

Analysis of differentially expressed genes and hub genes identification

Through joint differential expression analysis of the data in GSE116959 and GSE10072, 574 Differentially
expressed genes (DEGs) between LUAD and lung normal samples are identified, including 190 up-regulated
genes and 388 down-regulated genes (Table S1). The heatmap of the Top 200 DEGs screened according to the
absolute value of Fold Change (FC) are shown in Fig. 1a. With “WGCNA” package, we constructed a DEGs-co-
expression network to classify DEGs with highly relevant expression patterns into modules by average linkage
clustering, and the power of =30 (scale free R*=0.90) and a cut-off modules size = 30 were set as the soft thresh-
old to ensure a scalefree network. After merging similar modules with the MED > 0.25 as threshold, three modules
were generated accordingly (Fig. 1b). As shown in Fig. 1c, analyzing the correlation between gene expression
and normal or cancerous characteristics indicates that the brown module is the module with the strongest nega-
tive correlation with LUAD (R=-0.9, p=6e—60). Therefore, we defined brown module as the hub module. The
intramodular analysis for gene significance (GS) and module membership (MM) further exhibit a very signifi-
cantly negative correlation in the brown module with LUAD (p=2.9e-52, R=0.85, Fig. 1d). Figure le shows the
correlation between blue and brown modules. Figure 1f exhibit the functional enrichment analysis results associ-
ated with distant metastasis of LUAD by performing GO analysis of 136 genes from brown module. By analyzing
the above enriched functional pathways related to LUAD metastasis and progress, we obtained 18 DEGs related
to LUAD distant metastasis and defined it as a LUAD-progress-related signature. Then we used the signature to
establish a random forest model, and performed tenfold-cross-validation'? using Bulk RNA-Seq data from TCGA
database and plotted Receiver Operating Characteristic (ROC) curves (Fig. 1g), which indicates that the above
DEGs has great performance in distinguishing normal and LUAD samples (Mean AUC=0.979+0.015). In order
to further ensure the reliability of the results, we conducted multi-sample cross-validation in the GSE116959,
GSE10072 and GSE31210 datasets, and the results show that the above LUAD-related signature still has strong
reliability in distinguishing normal and tumor samples (Fig. 1h). The survival prognosis analysis of all genes in
the metastasis-related signature indicates that PECAM1, A2M, TCF21, MFAP4 and FOXF1 are the most relevant
to survival prognosis, and the high expression of both improve the survival status of LUAD patients (Fig. 1i).
Figure S1 shows the association between other genes in LUAD-related signature and the overall survival of LUAD.
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The above analysis results suggest that PECAM1, A2M, TCF21, MFAP4 and FOXF1 may play an important role
in inhibiting the progress of LUAD. And we define these genes as hub genes.

scRNA-Seq profiling reveals the important function of FOXF1 and MFAP4 in LUAD cells’
metastasis

As the only transcription factor in hub genes, FOXFI may play an important regulatory function in the progres-
sion of LUAD. To further explore the function of FOXF1 in LUAD, we analyzed the single-cells RNA sequencing
(scRNA-Seq) data of LUAD from GSE131907 dataset. Figure 2a and b display the tSNE plot of all cells that are
from respectively normal lung tissues, primary LUAD tissues and LUAD tissues at metastatic sites, which are
clustered into 21 different cell clusters. The bubble plot shows the expression of the characteristic maker genes
of immune cells, epithelial cells and stromal cells in different cell clusters (Fig. 2c). According to the expression
of the maker genes, all cells are initially divided into immune cells, epithelial cells and stromal cells (Fig. 2d).
Next, we calculated the CNV of all epithelial cells using the “inferCNV” package. By calculating CNV levels
(Fig. 2e), epithelial cells with abnormally high CNV levels (Kmeans3, 4, 5, 6, 7 classes) are identified as malignant
epithelial cells (LUAD cells) for subsequent analysis (Fig. 2f). Figure 2g and h display the tSNE plot of all LUAD
cells, which are clustered into 8 different cell subpopulations. Figure 2i demonstrates that FOXF1 and MFAP4
are mainly concentrated in LUAD cells from the primary sites (Cluster 6), and the expression levels of the both
genes are significantly reduced in the metastatic sites, suggesting a synergistic role of the both genes in the pro-
gression of LUAD. According to the functional enrichment results of DEGs from different cell subpopulations,
LUAD cells are further divided into 5 different functional clusters, among which the cell populations with the
increased levels of FOXF1 and MFAP4 are mainly enriched in intercellular adhesion related functions (Fig. 2j).
Pseudotime analysis of all LUAD cells suggest that the group of cell cluster with the increased expression of
FOXF1 and MFAP4, namely cluster6, is mainly in the early stage of development, while the LUAD cells in the
metastatic site are almost all in the late stage of development (Fig. 2k,]1) . The above results imply that the high
expression of MFAP4 and FOXF1 may inhibit the distant metastasis of LUAD cells by affecting the adhesion
function of LUAD cells.

MFAP4 is identified as the target gene of FOXF1 and its expression is positively regulated by
FOXF1

The analysis of the data from the public datasets (TCGA, GSE10072, GSE116959) indicate that both FOXF1
and MFAP4 are significantly down-regulated in LUAD compared with normal lung tissues (Fig. 3a,b). In order
to validate the reliability of the results from public datasets, we detected the expression level of FOXF1 and
MFAP4 in 3 pairs of LUAD clinical tissues by Western blot and qRT-PCR. Consistently, FOXF1 and MFAP4 are
significantly down-regulated in LUAD tissues at both transcriptional and translation levels (Fig. 3¢,d). FOXF1
and MFAP4 are clustered into the same module in WGCNA analysis and enriched to the same pathways. In
order to explore whether there is a possible regulatory relationship between the two genes, we firstly carried out
co-expression analysis, which indicate a significant positive correlation between FOXF1 and MFAP4 expression
in multiple datasets (Fig. 3e). qRT-PCR experiment based on the 7 clinical samples of LUAD further validate our
date analysis from public datasets (Fig. 3f).

To explore whether FOXF1 regulates the expression of MFAP4, we used LUAD cell lines (A549 cell lines
and SPC-A1 cell lines) constructing LUAD cell models of overexpression and knockdown of FOXF1. LUAD cell
models of overexpression and knockdown of FOXF1 indicate that the increased expression of FOXF1 promote
the expression of MFAP4, while the knockdown of FOXF1 demonstrates inhibitory effects (Fig. 3g—j). Through
AnimalTFDB database'?, we predicted the potential binding sites of FOXF1 for MFAP4 (Fig. 3k). The results of
double luciferase reporter gene experiment indicate that the overexpression of FOXF1 could significantly increase
luciferase activity of MFAP4 promoter (Fig. 31). Moreover, the QRT-PCR of ChIP assays for FLAG-FOXF1 in
A549 and SPC-A1 cells also show that FOXF1 can bind to MFAP4 promoter (Fig. 3m and Fig. S2). These results
indicate that FOXF1 can positively regulate the expression of MFAP4 in LUAD.

FOXF1 inhibits the migration and invasion of LUAD cells by transcriptionally activating the
expression of MFAP4
In order to explore the specific functions of FOXF1 and MFAP4 in the process of LUAD cells metastasis, we
performed cell scratch and Transwell experiments to detect the migration and invasion ability of LUAD cell lines
overexpressing or knocking down FOXF1 (Fig. 4a,b). Cell scratch experiments display that the high expression
of FOXF1 significantly inhibit the migration of LUAD cells, while its low expression can enhance the migration
(Fig. 4c—f). Similarly, Transwell experiments indicate that increasing the expression of FOXF1 could inhibit the
invasive ability of LUAD cells, while reducing its expression promote the migration of LUAD cells (Fig. 4g,h).
To demonstrate whether MFAP4 is the target gene of FOXF1 affecting the metastasis of LUAD cells, we carried
out rescue experiment on A549 and SPC-A1 cell lines by using small interfering (siRNA) of MFAP4 to target its
mRNA degradation in LUAD cell lines (A549 and SPC-A1), while overexpressing FOXF1, and overexpressing
MFAP4 in FOXF1 knockdown LUAD cell lines (A549 and SPC-A1), respectively (Fig. 5a—d). Cell scratch and
transwell experiments indicate that there is a synergistic function between FOXF1 and MFAP4 in inhibiting the
ability of A549 and SPC-A1 cells’ migration and invasive (Fig. 5e-1). These results suggest that MFAP4 is the
functional target gene of FOXF1 in inhibiting the migration and invasion of LUAD cells.

The overexpression of FOXF1/MFAP4 inhibits the activation of FAK signal pathway
Consisting with our results of scRNA-Seq data analysis, the high expression of FOXF1/MFAP4 is found to be co-
enriched in FAK signal pathway. And FOXF1/MFAP4 may affect the metastasis of LUAD cells through affecting
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Fig. 2. Single-cell RNA Sequencing (scRNA-Seq) data reveals the vital functions of FOXF1 and MFAP4 in cell
adhesion and the metastasis of LUAD cells. (a) Using tSNE algorithm to divide all cells into 20 clusters. (b) The
tSNE plot shows the sources of all cells. (c) The bubble plot shows the expression of marker genes used for cell
annotation. (d) All cells are preliminarily divided into immune cells, epithelial cells and stromal cells. (e) Copy
number variation (CNV) in epithelial cells and the stromal cells in normal lung tissues are used as reference
cells. (f) Kmeans algorithm clustering all epithelial cells into 7 clusters according to CNV level. (g,h) Using tSNE
algorithm to reduce the dimensionality of epithelial cells with high CNV level (LUAD tumor cells, Kmeans
3,4,5,6,7) into 7 cell clusters. (i) The expression level of FOXF1 and MFAP4 in LUAD tumor cells from different
sources. (j) Functional enrichment analysis divides LUAD tumor cells into different functional modules. (k,1)
Pseudotime analysis of 7 cell clusters calculated by tSNE algorithm. The tSNE plot was generated from “Seurat”
package (version 4.4.0, https://github.com/satijalab/seurat) in R. The “ggplot2” (version 3.5.0, https://github.
com/tidyverse/ggplot2) package in R was used to plot the heatmap and the bubble plot.

Scientific Reports |  (2024) 14:21451 | https://doi.org/10.1038/s41598-024-72578-7 nature portfolio


https://github.com/satijalab/seurat
https://github.com/tidyverse/ggplot2
https://github.com/tidyverse/ggplot2

www.nature.com/scientificreports/

-
(2]
@
>

GSE10072

(A) GSE116959 (B)

TCGA £ GSE10072

GSE116959

s

A

T T
Tumor Normal

LS e

4.0 6} -

3.5+ -

e

5
10

T T
Tumor Normal

114 -

1A

T T
Tumor Normal

(C) N1 C1 N2 C2 N3 cC3

FOXF1 s s w s S0 s

PP TR

IS
1
L
@
i

3.0 -

~
h
1
3
1

2.5 -

Relative expression level of FOXF1

T T T T
Tumor Normal Tumor Normal

Relative expression level of FOXF1
- o
L
Relative expression level of FOXF1
Relative mRNA expression of MFAP4 -

Relative expression level of MFAP4
»
Relative expression level of MFAP4

Relative expression level of MF,
2 3

0.20:

o

0.25

e

- N1 C1 N2 C2 N3 cC3 020

MFAP4 S e . G -
Tubulin-f D EEDEES S G QU

o

0.15

0.10

b
o

TUbUTIN-B S s ————
0.05:

14
°

0.00
Normal Tumor

Normal Tumor

Normal Tumor Normal Tumor

Relative protein expression of FOXF1
Relative mRNA expression of FOXF’
Relative mRNA expression of MFAP4

(E) GsE116959 GSE10072 TCGA  (F)
Cor=0.691 (p-value=1.064e-07) Cor=0.524 (p-value=2.401e-05) Cor=0.708 (p-value=1.11e-76) E 204 N FOXF1 E
. H mm MFAPs X 207 Cor=0.818, P<0.0001
. o | . -~ 7 c E
o | @ . S
> 2 154 e
7] o 15- °
@ c o | 8 c
5 - § 37 ¢ 3 g s 2 °
2 3 2 g & 10 o 104
. s 5w < £ b
o~ ° b F4 =3 .
i o g 2 4 ° 5
N s s £ 54 o
= = © - [ >
o e 2 ﬁ 0
s 'LI_I_I
. ® °
o |° S
© I/ I. T T .\ T T T T T T T T T T T \. T T & 0 m 0 5 10 15
8 9 10 12 14 7.0 8.0 9.0 100 6 8 10 12 14 0\ ofL 0"; ob‘ ofo cbo‘\ Relative expression of FOXF1
! ) NS
FOXF1 expression FOXF1 expression FOXF1 expression VWAV VTNV

(G) H1299 (H) SPC-A1

Control Vector FOXF1

o
0.

<
g
ey £ 15 8 L1
1.5 e 2 : en —
Cntrol Veor FOXF1 ) g 10 L1, Control Vector FOXF1 I 6
= ~ S 4 1.0
werrs i | (a2l s emunma | WA
- £
. " ° 0.5
° ns
§ 2 | — o
2 Control Vector FOXF1 Control Vector FOXF1
0.0 2
®
o

&£ £
& @O

(1) ()

ns % Control Scramble shRNA

" NIFAPA | s i
Tubulin-BW_ —— e—

Control Scramble shRNA

MFAP4 \, -— - ‘
Tubulin-p‘“ — “‘

s

Control Scramble ShRNA Control Scramble ShRNA

° ° = =
° o ° o

Relative protein expression of MFAP4

Control Scramble shRNA

Relative protein expression of MFAP4  Relative protein expression of MFAP4
2

Relative protein expression of MFAP4  Relative protein expression of MFAP4
g e

Relative protein expression of MFAP4  Relative protein expression of MFAP4
°

¢ & .
S 2 £
S 5 °
. E 10 Hkk g 8
*k
( K) ( L) I I ——— ( M) b h
MFAP4 Promoter e s 8 s 6
[ | | 2% prd rd
f T T T T 1 o X 5 6 5
1300 1400 1500 1600 1700, 1800 »n s3 S s
1737 178 g c c 4
oy b3 @ O
..AACATATTTGTTTATCC... -.q__> o 2 £ 4 £
FOXF1 Binding Site S 2 —— ﬁ .‘:3 R
=21 £ 2 H
25 @ @
s © 3 (]
T 0 T z0 20
g FOXF1 Vector ?..; IgG FOXF1 % IgG FOXF1
© A549 x SPC-A1

Fig. 3. MFAP4 is a target gene of FOXF1 in LUAD. (a,b) The mRNA level of FOXF1 and MFAP4 in 3 public
datasets (TCGA, GSE10072, GSE116959). (c,d) The results of Western Blot and qRT-PCR used to analyze

the protein and mRNA levels of FOXF1 and MFAP4 in 3 pairs of LUAD clinical samples. (e) Co-expression
analysis of FOXF1 and MFAP4 by using 3 public datasets (GSE116959, GSE10072, TCGA). (f) The expression
levels of FOXF1 and MFAP4 in 7 LUAD clinical samples and performing co-expression analysis. (g-j) Using
Western Blot or qRT-PCR to detect the expression of MFAP4 with the overexpression or knockdown of FOXF1
in A549 and SPC-AL1 cell lines. (k) HumanTFDB predicts the potential binding site of FOXF1 on the promoter
of MFAP4. (1) Performing double luciferase reporter gene experiment to explore the effect of FOXF1 on the
transcriptional activity of MFAP4 promoter in 293 T cells. (m) Chromatin Immunoprecipitation (Chip) are
performed in A549 and SPC-A1 cells, and gRT-PCR is performed with primers against the indicated area in
MFAP4 promoter.
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Fig. 4. The high expression of FOXF1 can significantly inhibit the malignant degree of LUAD cells. (a,b) The
cell models of knockdown and overexpression of FOXF1 constructed in A549 and SPC-A1 cells. (c,d) Cell
scratch experiment detecting the effect of overexpression of FOXF1 on the migration ability of A549 and SPC-
Al cells. (e,f) Cell scratch experiment detecting the effect of knockdown of FOXF1 on the migration ability of
A549 and SPC-AL1 cells. (g,h) Transwell experiment detecting the effect of overexpression or knockdown of
FOXF1 on the invasion ability of A549 and SPC-A1 cells.

the adhesion ability between LUAD cells (Fig. 6a). Meanwhile, GSEA and ssGSEA also demonstrate that the high
expression of FOXF1/MFAP4 is positively correlated with FAK signal pathway (Fig. 6b,c), which may imply the
crucial roles of FAK signal pathway in FOXF1/MFAP4 inhibiting the migration and invasion of LUAD. In order
to elucidate the specific association between the FAK signal pathway and FOXF1/MFAP4, we detected the expres-
sion levels of FAK/phosphorylated FAK (Tyr397) as the expression of FOXF1 and MFAP4 changed. The results
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Fig. 5. FOXF1 can inhibit the malignant behaviors of LUAD cells by positively regulating MFAP4 expression.
(a-d) Relative expression of MFAP4 in A549 and SPC-A1 cells under different transfection conditions.

(e-h) Knocking down the expression of MFAP4 in LUAD cells (A549 and SPC-A1) overexpressing FOXFI,
and detecting the change of migration ability and invasion ability by cell scratch experiment and Transwell
experiment. (i-1) Overexpressing the expression of MFAP4 in LUAD cells (A549 and SPC-A1) knocking down
FOXF1, and detecting the change of migration ability and invasion ability by cell scratch experiment and
Transwell experiment.

reveal that the overexpression of FOXF1/MFAP4 reduce the level of FAK phosphorylation, while the increased
levels of FAK phosphorylation is observed when the expression level of FOXF1/MFAP4 is decreased (Fig. 6d).

The overexpression of FOXF1/MFAP4 promotes antitumor immunity and enhances intercel-
lular communication

Data analysis of TIMER database indicates that the expression of both FOXF1 and MFAP4 is positively cor-
related with the infiltration of CD4+ T cells and DCs in LUAD (Fig. 7a—c). The analysis of the association
between the expression of key marker genes on CD4+ T cells and DCs with FOXF1 and MFAP4 indicates that
the result is consistent with the infiltration of CD4+ T cells and DCs (Fig. 7d), which is validated by qRT-PCR
results (Fig. S3). In order to further verify the reliability of the TIMER database analysis, we performed a more

Scientific Reports |  (2024) 14:21451 | https://doi.org/10.1038/s41598-024-72578-7 nature portfolio



www.nature.com/scientificreports/

(A) Activation in FOXF1 high expression Activation in MFAP4 high expression

Focal/Adhesion

Pathways in Cancer
Purine Metabolism

(B)

Focal Adhesion in FOXF1 High expression Focal Adhesion in MFAP4 High expression (

6 P < 0.0001 Rank Scores

NES=2.83 [ .
-0.2 00 02 04

O

Enrichment score (ES)
o
>
L
Enrichment score (ES)
o o
N >
h f
Enrichment Score
¢ » »
LG, o G
1 1
% ——@ ]
1 1
Enrichment Score

o
I
o

=}

P < 0.0001 Rank Scores ’ wann | |

NES=2.67 B b

-0200 02 04 06
4.5-] 4

S 4.0 4

0.0 L P
20000 40000 60000 0 20000 40000 60000
Gene ranked positions Gene ranked positions Q <

H1299 SPC-A1 H1299 SPC-A1

° °
N
\
JO—

o

o

S

siRNA-MFAP4

p-FAK(Tyr397) [B 0 o | [ o o]
FAK E..a |---~| | - = =] [= = =]
MFAP4 [ = s e v | o o= v | 5 & W = & W]
FOXFI [ enEhen | (e |
Tubulin-pf (" eseses | Cseseses| [ o o= [ o o]

Fig. 6. FOXF1 can affect the activation of FAK signal pathway by regulating the expression of MFAP4. (a) The
network diagram shows the signal pathways positively related to the high expression of FOXF1 and MFAP4.
Green indicates that the activation of signaling pathways is significantly correlated with the expression of
FOXF1, and the blue indicates that the activation of signaling pathways is significantly correlated with the
expression of MFAP4. The network diagram displays the three signal pathways that are most relevant to both
FOXF1 and MFAP4 (Pathways in Cancer, Focal Adhesion, Purine Metabolism). (b) GSEA shows that the high
expression of FOXF1 and MFAP4 is significantly associated with Focal Adhesion signal pathway. (c) ssGSEA
indicates that both high expression of FOXF1 and MFAP4 is significantly associated with Focal Adhesion signal
pathway. (d) Protein expression of FAK and p-FAK (Tyr397) with FOXF1 and MFAP4 expression are detected
by Western Blot. The network diagram was generated from “Cytoscape” software (version 3.10.2, https://cytos

cape.org/) and the GSEA plots were generated from the “ggplot2” (version 3.5.0, https://github.com/tidyverse/
ggplot2) package in R.

- -+ - - - 4

Vector + - - -  + - - - %Eg %EE
FOXF1 -+ + + - + + + gof,_f E o S
3“-‘2 g“rE

NC-MFAP4 - - + - - -+ w% m%

L L

(7] (2]

E

Scientific Reports|  (2024) 14:21451 | https://doi.org/10.1038/s41598-024-72578-7 nature portfolio


https://cytoscape.org/
https://cytoscape.org/
https://github.com/tidyverse/ggplot2
https://github.com/tidyverse/ggplot2

www.nature.com/scientificreports/

(A)

G

CD4+ T Cell

Dendritic Cell

partial.cov = 9.35
o oo %y *ePT266-15
MY

o mrtglcor=0.34
=8.17e-1
S o

7|
5)

0. 02 03
Infiltration Level

=

a

=

o~

=

2

= S

] a3 L 4
3

s -
‘B

@

4

3

w .'._-,'."

by .

. .

s oo 04 05 00 05 10

Infiltration Level

* MFAP4 and FOXF1 both high expression D)

Infiltration level

* MFAP4 high expression (B)

204 " MFAP4 low expression

ey

CD4+T cells Dendritic

CD4+ T Cell

Dendritic Cell

partial cores 0.284
p = 2.82¢-10)

partal.cor = 0.231
O eeo

7

FOXF1 Expression Level (log2 TPM)

01 02 03
Infiltration Level

05 00

05

Infiltration Level

e FOXF1 high expression
= FOXF1 low expression

prers

Infiltration level

MFAP4 and FOXF1 both high expression

2.0 > o MFAP4 high expression e FOXF1 high expression
= MFAP4 and FOXF1 both low expression 20 = MFAP4 low expression 20- = FOXF1 low expression 207w MFAP4 and FOXF1 both low expression
—_ EEI33 ) ° [
— [ >
[ - N >
s 1.5 3 K o
= - o
5 i 2 2 =
£ 107 w4 £ g 5
5 T 9 A
=
L= x x &
=
+ iti . CD4+ T cell -
CD4+Tcells Dendritic COge T eells pendritic cells Makers COgrmeells pendritic cells Makers Makers  Dendritic cells Makers

(2o
tSNE_1
) 3 .
o % -Log10(Pvalue.adjusted)
FOXF1/MFAP4 Low - [} n T 1 . 4
number number s O X mmly s §01°
FOXF1/MFAP4 High - » O 2 M O o R & v o Interaction strength
150 s T O ®© 1 355 W2
150 I XL I 3N AoV A= [ 0.6
120 FOXF1/MFAP4 Low- - 8 'x 7 @ 2 2 8 8 S z I
Denditic Cells- .sa FOXF1MFAP4 High- 35 3§> g B 9 3 3 % 3 s
5 S S S y
: = 2282528838
CDA+T Cells- enC2- Highico#+T{ O © O @ © @ O @ @ © Ioz
, , \ . DC1- LowiCD4+T1 @ @ © © @ O @ @ © ©
SRR PR Rh b R Gk HighpCs 1 & & O @ @ @ O & & &
o o SFElErag i e LowDCs {9 6 © O 6 O & & & &
Qo*? o *?\\\:i“&«\
<00
(L) TNFSF10_RIPK1 O . <> ‘ O . <> ‘ O . <> ’ O . Interaction strength
PerRMC2CCL42 @ @ € € @ O ¢ ¢ o o ¢ ¢ o o [ ]
osMr_osM{ @ e ¢ ¢ o e ¢ ¢ o e ¢ ¢ o [ d 10
MIF_TNERSF14{ O @) & O O O & O O O & O (©) ©)
mksorLty O @ < € O @ ¢ @ O e & ¢ O e 05
IcAM1_sPN{ O (0} & O O (@) & © O (@) o O ©) ©) l
ICAM1_ITGAL  © 0] O © @) (] o © O (] SO @) @
ICAM1_aLb2 complex{ Q) [©) e <o @) @) e @ @) (@) O @ @) 0) »
F11R_alb2 complex . () ‘ ’ ) ) ‘ ’ ) ) ‘ ’ ) ™Y -Log10(Pvalue.adjusted)
CSF1_SLC7A1{ @ [ < ¢ [ [ . 'Y [ [ ¢ . [ [ ; ;;
CDH1_aEb7 complex Q * Q ’ @) @ 0 ’ @) () Q ’ o () P
cossaperEsT © 0 O 0O 0O @ 0 O O 0 O O O 0 O ® o
cD40_TNFSF1381  © @) ® ¢ [} o ® o @ [ ] o 9 () (] @ 5
™ 3] = = £ £ = = MY 5 N N (6] (] . 40
g 8 =2 £ & & £ = § § § g§g 2 &
5 :® 5 § & § =2 & 3§ § £ = & &
£ S z S 4 3 T = 2 3 ) 3 £ S

in-depth analysis using scRNA-Seq data. Figure 7e and f display the clustering and annotation of immune cells
and T cells, respectively. Similarly, the subpopulations of CD4+ T cells and myeloid cells are respectively shown
in Fig. 7g and h. Cell communication analysis shows that the high expression of FOXF1/MFAP4 significantly
increases the interaction between LUAD cells and CD4+ T cells and DCs, which is consistent with the results
of data analysis from TIMER database (Fig. 7i). The similarity is that the subpopulations of CD4+ T cells (Thl
and NKT) and DCs (cDC1, DC3 and pDC) also exhibit stronger interactions with LUAD cells overexpressing
FOXF1/MFAP4 (Fig. 7j). Figure 7k demonstrates the enhanced interaction of some ligands-receptors between
LUAD cells and CD4+ T cells and DCs (such as EGFR-TGFB1 and CDH1-KLRG1) due to the increased levels
of FOXF1/MFAP4. Similarly, the high expression of FOXF1/MFAP4 also results in enhancement of the interac-
tions of many ligands-receptors between LUAD cells and the subpopulation of CD4+ T cells and DCs are also
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«Fig. 7. The expression of FOXF1 and MFAP4 in LUAD cells is linked to immune cells infiltration and cellular
communication. (a-c) Analysis of the relationship between the expression of FOXF1 and MFAP4 and CD4+ T
cells and dendritic cells (DCs) infiltration using TIMER database. (d) Analysis of the association between the
expression of MFAP4 and FOXF1 with the marker genes of CD4+ T cells and dendritic cells. (e) The tSNE plot
shows that immune cells are annotated as T cells, B cells and Myeloid cells. (f) The tSNE plot shows that T cells
are annotated as CD4+/CD8+T cells (Double positive T cells), CD4-/CD8- T cells (Double negative T cells),
CD8+T cells (Single positive T cells), CD4+ T cells (Single positive T cells). (g) CD4+ T cells are divided into
Tem, Thl and NKT. (h) The tSNE plot shows that Myeloid cells are annotated as Macrophages/Monocytes,
cDC2, DC3, Cdc3 and pDC. (i) Heatmap showing the number of ligand-receptor pairs that CD4+ T cells
and DCs interact with LUAD tumor cells at different expression levels of FOXF1 and MFAP4. (j) Heatmap
showing the number of ligand-receptor pairs that CD4+ T cells subpopulation (Tcm, Th1 and NKT) and DCs
subpopulation (cDC2, DC3, cDC3 and pDC) interact with LUAD tumor cells at different expression levels of
FOXF1 and MFAP4. (k) Using bubble plots to exhibit ligand-receptor pairs between high/low FOXF1/MFAP4
expression OSCC cells and CD4+ T cells and DCs. (1) Bubble plots exhibiting ligand-receptor pairs between
high/low FOXF1/MFAP4 expression OSCC cells and subpopulation of CD4+ T cells and DCs (Tcm, Thl, NKT,
cDC2, DC3, cDC3 and pDC). The tSNE plot was generated from “Seurat” package (version 4.4.0, https://github.
com/satijalab/seurat) in R. The “ggplot2” (version 3.5.0, https://github.com/tidyverse/ggplot2) package in R was
used to plot the heatmap and the bubble plot.

enhanced (Fig. 71). These results suggest that the expression of FOXF1/MFAP4 may affect the infiltration level
of CD4+ T cells and DCs by affecting the interaction between LUAD cells and immune cells.

To get insight into the relevant mechanisms of FOXF1/MFAP4 affecting the infiltration of CD4+ T cells and
DCs, we further analyzed the expression of important immune factors associated with the function of CD4+ T
cells and DCs. The results indicate that the expression levels of many cytokines related to the anti-tumor immune
function of CD4+ T cells and DCs, such as IL-2, IL-12 and TNEF-B, all are increased along with the increased
levels of FOXF1/MFAP4 (Fig. 8a). In addition, GSEA indicate that the pathways associated with antitumor
immunity are significantly enriched with the expression of FOXF1/MFAP4, while the pathways suppressing
anti-tumor immunity exhibit a downward trend (Fig. 8b). These data indicates the function of FOXF1/MFAP4
in anti-tumor immunity (Fig. 8c).

Discussion

Despite the treatment of LUAD has made great progress, 5-year survival rate of LUAD is still very low due to
its high degree of recurrence and metastasis'*. Therefore, it is essential for us to study the new pathogenesis of
LUAD and explore new possible therapeutic targets. In our study, through the comprehensive use of multi-omics
data analysis and in vitro experiments, we revealed the potential function role of FOXF1/MFAP4/FAK signal
axis in the metastasis of LUAD. And the increased expression of FOXF1/MFAP4 may enhance the anti-tumor
ability of LUAD patients.

As an important transcription factor, FOXF1 has been reported that FOXF plays an essential role in the pro-
gression of a variety of cancers, including colon cancer, prostate cancer, and lung cancer, etc. For instance, FOXF1
can promote epithelial mesenchymal transformation during colon cancer metastasis through transcriptional
activation of SNAII®, and enhance the growth and progression of prostate cancer by regulating the expression of
extracellular signal-regulated kinase 5 (ERK5)">. However, as a key mesenchymal transcriptional factor essential
for lung development, the expression of FOXF1 is found to be negatively correlated with the malignant state of
tumor cells*, which is consistent with the observations of this study in lung cancer. In fusion positive rhabdomyo-
sarcoma (FP-RMS) tumor cells, FOXF1 protein binds chromatin near enhancers associated with FP-RMS gene
signature, and cooperates with PAX3-FOXO1 and E-box transcription factors MYOD1 and MYOG to regulate
FP-RMS-specific gene expression promoting FP-RMS tumorigenesis's.

Heterozygous point mutations and genomic deletions involving FOXF1 have been reported in newborns with
a lethal lung developmental disorder!”. There have been various reports of FOXF1 levels being deregulated in
cancer, the role of FOXFI in carcinogenesis is still controversial. The complexity of FOXF1 role in carcinogen-
esis might be attributed to the observations: (1) regulation of FOXF1 expression likely utilizes a combination of
chromosomal looping, differential methylation of an upstream CpG island overlapping GLI transcription factor
binding sites, and the function of lung-specific long non-coding RNAs (IncRNAs); (2) genomic and epigenetic
complexity of the FOXF1 Locus in 16q24.1of human chromosome'$; (3) the complex protein regulatory net-
work formed by FOXF1 protein. Therefore, identifying target genes of FOXF1 may provide new options for the
treatment of tumors.

MFAP4, produced by vascular smooth muscle cells and highly enriched in the blood vessels of the heart
and lung, has been indicate to be a carrier of the tumor associated carbohydrate sialyl-Lewis x in pancreatic
adenocarcinoma'®. Loss of MFAP4 alters the balance between myeloid and lymphoid lineages during both primi-
tive and definitive haematopoiesis, which could significantly impact the downstream function of the immune
system?. Emerging data suggest that MFAP4 is actively involved in the pathogenesis of remodeling-associated
diseases, including fibrosis, cardiovascular disorders, aging, asthma and cancer through activation of integrin-
mediated signaling as well as by modulating TGF-p pathway*'. Human MFAP4 promoter is a TATA-less pro-
moter that can be up-regulated by retinol and coenzyme Q10 (coQ10) in Detroit 551 cells*’. While the function
of MFAP4 in LUAD is still lacking. We here verify the important function of MFAP4 in LUAD cells migration
and proliferation, and identify it as an important target gene of FOXF1 to inhibit the metastasis of LUAD cells.

Scientific Reports |

(2024) 14:21451 | https://doi.org/10.1038/s41598-024-72578-7 nature portfolio


https://github.com/satijalab/seurat
https://github.com/satijalab/seurat
https://github.com/tidyverse/ggplot2

www.nature.com/scientificreports/

(A)j

Midssa,

Expression

2
1

Pathways enriched in FOXF1 expression

(B).
group

MFAP4_H
MFAP4_L

— Infammatory Response

Running Enrichment Score:

+

o~
D
4

v

IL-15
IL-21

)
=2

IFN.

@  cxcLio
cxcLe
IL-12A
IL-12B
TNF-B

A AR AL

Expression

+

<z
=

CXCL10
CxCL9
IFN-y
-1
IL-12A
IL-128
IL-15
IL-21
TNF-B

Expression

CXCLY
IL-12A
IL-128
IL-15
IL-2
21
TNF-

>
> T
[+ 4

CXCL10

IL-

(C)

,I Activiation

-| Antigen Presentation

LL LT YT TN AT MO T T
[T TATI T T 0

group

FOXF1_H Rank in Ordered Dataset

FOXF1_L

Pathways enriched in MFAP4 expression
5 00
group

FOXF1_MFAP4_H
FOXF1_MFAP4_L

I T I IL LTI W T

N It

WAL T O T
[T AT AR MR LR

Rank in Ordered Dataset

Secretion
« [Activiation e eas
== |nhibition
o =P Stimulation
0,0

meune Evasion ﬂ

IL-2
o
0.0 .
||_.O1 2] —A | CD8+T .:.
5 cell TNE-B l
OOO §_—/v
IL-15]

clelelelelelele e e e leJe Je e Te e Je e

0000000000 00000000000 0O

FOXF1/MFAP4 High Expression
LUAD Cell

DO

1~y

« Glycolysis l

Fig. 8. Analysis of the potential mechanism

Fatty Acid i

Metabolism I

|

- FAK Signaling l { |
Pathway - I

N |

|

|

Promoter of
MFAP4

of FOXFI and MFAP4 in anti-tumor immunity of LUAD. (a)

Expression level of immune factors associated with CD4+ T cells and DCs in FOXF1/MFAP4 high expression
and low expression LUAD samples from TCGA database. (b) Enrichment analysis of immune-related pathways
in FOXF1/MFAP4 high expression and low expression LUAD samples from TCGA database by using GSEA. (c)
The possible mechanism of FOXF1/MFAP4 on anti-tumor immunity in LUAD. The violin vlot and the GSEA
plot were generated from “ggplot2” (version 3.5.0, https://github.com/tidyverse/ggplot2) package in R.
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As the critical molecule of FAK signal pathway, FAK is a non-receptor tyrosine kinase with key roles in regu-
lating cell adhesion migration, proliferation and survival®. As a major driver of invasion and metastasis, the
increased expression of FAK is associated with poor prognosis of cancer patient. Two main regulatory mecha-
nisms that known to contribute to FAK activation are the interactions with membrane lipids and stretching forces
applied to FAK?*. Our study indicates that overexpression of FOXF1/MFAP4 could inhibit the phosphorylation
of FAK, which may suggest that the inhibition of FOXF1/MFAP4 on the metastasis of LUAD cells is involved in
inhibiting the activation of FAK signal pathway, and how these molecules inhibit the phosphorylation of FAK
remains to be further studied. And our results provide a new research direction for the further study of the
mechanism of metastasis of LUAD.

We here demonstrate the potential function of FOXF1 and MFAP4 in anti-tumor immunity. The content
and proportion of immune cells in tumor immune microenvironment play an essential role in the growth and
migration of tumor cells*. CD4+ T cells can target tumor cells in a variety of ways, such as eliminating them by
direct lysis or indirectly regulating components in the tumor microenvironment, and affect the intensity of B
cells in the process of anti-tumor immunity*. And also, DCs are the key antigen presenting cells that trigger T
cell-mediated anti-tumor immunity”’. High infiltration level of CD4+ T cells and DCs has been found to be sig-
nificantly associated with the expression of FOXF1 and MFAP4 and some important immune factors that play key
roles in anti-tumor immunity have been found to be positively related to the expression of the two genes, such as
IL-12,1L-15 and IL-2. CD8+ T cells are one of the main effector cells of anti-tumor immunity, but they are usually
in the functional state of T cell exhaustion when they infiltrate around tumor cells?®. Previous studies have found
that IL-12 and IL-15 secreted by DCs and IL-2 secreted by CD4+ T cells can enhance the function of exhausted
CD8+ T cells and further enhance the function of anti-tumor immunity®. Interestingly, our study found that
in the LUAD samples with high expression of FOXF1 and MFAP4, the expression level of IL-12, IL-15 and IL-2
was higher than that of low expression group. And cell communication analysis indicates that with the increase
of FOXF1/MFAP4 expression, the interactions of some ligands-receptors between LUAD cells and CD4+ T cells
and DCs is also enhanced. Among these interacting ligands and receptors, the reduction of CDH1 expression in
intestinal epithelial cells is found to promote the recruitment of KLRG1 + GATA3 + regulatory T cells (Tregs)™®,
which can inhibit the ability of immunity to clear tumor cells. Unfortunately, no study has been reported about
the effect of increased expression of CDHI in tumor cells on the level of Tregs infiltration. In this study, we for
the first time observed that high expression of FOXF1/MFAP4 can enhance the interaction of CDH1-KLRG1
between LUAD and CD4+ T cells. Therefore, we speculate that the high expression of FOXF1/MFAP4 may
inhibit the infiltration of Tregs by enhancing the CDH1-KLRGI interactions between LUAD cells and Tregs.
Due to the facts that the scRNA-Seq datasets in this study are not annotated to Tregs, we are unable to elucidate
the detailed interactions between LUAD cells and Tregs through CDH1-KLRG1 in this study, which needs to
be further studied. In addition, Natural Killer T cells (NKT) is also found to be able to enhance association
with FOXF1/MFAP4-high-expressing LUAD cells through multiple ligands-receptors, such as CD55_ADGRES5,
ICAM1_ITGAL and ICAM1_SPN. However, there are still few studies on the above-mentioned ligand-receptor
pairs between LUAD cells and NKT, and further study is needed in the future.

In present study, GSEA shows that immune response-related pathways (IL2-Stat5-Signaling, Inflammatory-
Response) are significantly up-regulated in LUAD samples with high expression of FOXF1/MFAP4, while
Fatty-Acid-Metabolism and Glycolysis are down-regulated. Enhanced glycolysis in lung cancer cells inhibits
T cells infiltration and activation in the tumor microenvironment, while inhibition of glycolysis enhances T
cells-mediated antitumor immunity in vitro and in vivo®!. At the same time, fatty acid can inhibit the anti-tumor
activity of T cells*? and promote the expression of T cells immune checkpoints, thus making T cells more likely
to be inhibited*. As our research results show, the high expression of FOXF1/MFAP4 is very likely to inhibit
fatty acid metabolism and glycolysis in LUAD cells, which will be more conducive to the function of T cells to
exert anti-tumor immunity. Based on the above results, we speculate that the expression of FOXF1/MFAP4 in
LUAD cells can enhance the anti-tumor immune function by affecting the related signal pathways in LUAD
(such as fatty acid metabolism, glycolysis and FAK signal pathway) and the interactions between LUAD cells
and CD4+ T cells and DCs.

In summary, our research for the first time demonstrates the potential function of FOXF1/MFAP4/FAK
signaling axis in the regulation of LUAD cells’ metastasis and the modulation in anti-tumor immunity, which
may provide profound insights for further study of the specific potential mechanism of LUAD and develop new
treatment strategies.

Materials and methods

Collection and bioinformatics analysis of public datasets

The gene array datasets, including GSE10072 (58 LUAD samples and 49 normal samples), GSE116959 (46 LUAD
samples and 11 normal samples) and GSE31210 (226 LUAD samples and 20 normal samples), were downloaded
from GEO database*. The Bulk RNA-Sequencing (RNA-Seq) data of LUAD and corresponding para-cancerous
tissues (54 normal samples and 497 LUAD samples) were downloaded from TCGA database using “TCGA-
biolinks” package in R*. The “Count” was used for subsequent differential gene expression analysis, and the
“TPM” (Transcripts Per Million) was used for absolute quantitative analysis. The single cell RNA-Sequencing
(scRNA-Seq) data of LUAD (GSE131907), including 2 normal lung tissue samples, 8 LUAD samples from the
primary sites and 3 LUAD samples from the metastatic sites, was downloaded from GEO database. The “limma”
package®® and “DEseq2” package were used to screen the differentially expressed genes (DEGs) of gene array
data and Bulk RNA-Seq data, respectively. Gene Ontology (GO) analysis, Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Set Enrichment Analysis (GSEA) were carried out using “clusterProfiler” package.
Single sample gene set enrichment analysis (ssGSEA) was performed using “GSVA” package. The “WGCNA”

Scientific Reports |

(2024) 14:21451 | https://doi.org/10.1038/s41598-024-72578-7 nature portfolio



www.nature.com/scientificreports/

package was used to build a co-expression network. Random forest prognostic model was built by “randomFor-
est” package. The “Seurat” package was used to perform dimensionality reduction clustering, cells annotation
and other related analysis of sScRNA-Seq data, and the specific analysis process refers to the previously published
article”. The “InferCNV” package®® was used to identify LUAD cells in scRNA-Seq samples by calculating the
Copy Number Variation (CNV) of all epithelial cells. The “Harmony” package® was used to merge different
scRNA-Seq samples and perform batch correction. The “monocle2” package*® was used for pseudotime analysis.
The “CellPhoneDB” package*! was used for intercellular interaction analysis. Kaplan—-Meier Plotter database
and Gene Expression Profiling Interactive Analysis (GEPIA) database were used for survival analysis. Using
Immune Estimation Resource (TIMER) database to analyze the infiltration of immune cells*>. The “Pheatmap”
and “ggplot2” packages were used to visualize analysis results.

Cell culture and LUAD clinical samples

Human LUAD cell lines namely A549 and SPC-A1, human renal epithelial cell lines namely 293 T were purchased
from American Type Culture Collection (ATCC) and respectively cultured in RPMI 1640 or DMEM medium
supplemented with 10% fetal bovine serum (FBS, Gibco/BRL, USA) at 37 °C with 5% CO,. A total of 7 fresh
samples of human LAUD and paired normal lung tissues were provided by Shanghai Biochip Company Ltd.
All samples were collected under the informed consent of the patients. And the present study was conducted
according to human subject research guidelines and received Institutional Review Board approval. All clinical
samples were frozen and stored at — 80 °C immediately after collection, and then used for Quantitative Real-time
PCR (qRT-PCR) and Western blot analysis.

Plasmids and transfection

The exogenous expression system of FOXF1 or MFAP4 was generated by sub-cloning PCR-amplified full-length
human FOXF1 or MFAP4 ¢cDNA into plasmid pEZ-M02 (pEZ-M02-FOXF1) or pReceiver-M98 (pReceiver-
M98-MFAP4). To knock down FOXF1I, one short hairpin RNA (shRNA) oligo nucleotides were cloned into the
pU6-GFP-puro (FOXF1-shRNA: 5-GTGCTTCATCAAGCTACCCAA-3'). The above plasmids and negative
control (NC) were synthesized by Guangzhou FulenGen Co., Ltd. To knock down MFAP4, we designed and
synthesized MFAP4 specific siRNA (MFAP4 siRNA: 5'-TGGAGAGGTTTTGCCTTCA-3) in RiboBio Co., Ltd.
Before the transfection experiment, the cells were incubated with intact culture medium without antibiotics for
two hours, and then the cell transfection operation was carried out according to the instructions of the transfec-
tion reagent (Zeta Life advanced DNA/RNA Transfection Reagent).

gqRT-PCR

Trizol (Invitrogen) was used to extract total RNA from cells and tissues, and cDNA was synthesized by reverse
transcription using FastQuantRT kit (TianGen, Beijing, China) according to the instructions. qRT-PCR was
performed by standard methods using SYBR (Kangwei, Beijing, China). Shanghai Songon Biotech designed
and synthesized all primers (Table S2). The mRNA expression level was calculated by the 2—ACT or 2-AACT
methods and normalized to GAPDH. All experiments were performed in triplicates.

Western blot

Prepare cell or tissue protein lysates using RIPA lysis buffer (add 1 pl PMSF per 100 pl), and quantify by BCA
analysis according to the instructions. Antibodies against MFAP4 (1:1000, 17661-1-AP), f-Tubulin (1:5000,
10068-1-AP) and goat anti rabbit secondary antibodies were purchased from Proteintech Group Inc, Wuhan
Sanying (Wuhan, China). Antibody against FOXF1 (1:1000, A17356) was purchased from ABclonal Company.
Antibodies against FAK (1:1000, AF6397) and p-FAK-Tyr397 (1:1000, AF3398) were purchased from Affinity
Biosciences Company. Western blot was performed according to previously described methods®.

Dual-luciferase reporter gene assay

MFAP4 promoter expression plasmids (pEZX-PG02-MFAP4) was constructed using firefly luciferase reporter
gene vector pEZX-PG02. GAPDH promoter expression plasmids (pEZX-PL01-GAPDH) internal reference
plasmids was constructed using Rinilla luciferase reporter gene vector pEZX-PLO1. The specific groups were
as follows: ©FOXF1:pEZX-PG02-MFAP4 + pEZ-M02-FOXF1 + pEZX-PL01-GAPDH; ®@Vector:pEZX-PG02-
MFAP4 + pEZ-M02-Vector + pEZX-PL01-GAPDH. 293 T cells were inoculated into 96-well plate, and then the
transfection experiment was carried out as mentioned above. The transfected 293 T cells were incubated for 48 h,
and then the luciferase (firefly luciferase and Rinilla luciferase) activity was detected by dual luciferase reporter
system (spectramax paradigm, USA).

Wound healing assay and Transwell
To evaluate the effect of FOXF1 and MFAP4 expression on the migration of LUAD cells, A549 and SPC-AL1 cells
(104/mL) were seeded in 12-well plate and cultured in RPMI 1640 medium containing 10% FBS at 37 °C with
5% CO,. After the cells were completely healed, use a sterile pipette tip to create an artificial wound along the
center of each monolayer, and wash the cells twice with PBS solution. After discarding the PBS, add FBS-free
RPMI 1640 medium to continue culturing the cells, and record the healing degree of the cells at 12 h, 24 h and
36 h, respectively.

In order to detect the change of invasive ability of LUAD cells, the Transwell chamber was placed in a 12-well
plate. Firstly, Matrigel (Corning Incorporated) was prepared on the upper chamber to form a hydrated basement
membrane. Then the LUAD cells suspension prepared by 1640 medium without serum (104/mL) were injected
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into the upper chamber and the complete medium was added into the lower chamber. After 24 h, the cells on the
upper surface of the chamber were erased with a cotton swab, and then the invasive cells on the lower surface
were fixed and stained with 4% paraformaldehyde and 0.1% crystal violet, respectively. Randomly select 3 areas
to shoot and count the number of invasion cells.

Chromatin Immunoprecipitation (chip)

Chip was performed using a kit (Thermo Fisher Scientific, 26157) according to the manufacturer’s protocol.
Chromatin was prepared and immunoprecipitated using antibody against FOXF1 (Novus Biologicals, AF4798).
Negative control samples were prepared using control IgG antibody (Proteintech Group Inc, Wuhan Sanying,
30000-0-AP). Immunoprecipitated chromatin was analyzed by qRT-PCR using SYBR (Kangwei, Beijing, China).
The primers for the MFAP4 promoter are as follows: 5'-CACATGAGGGAGCAGAGGAC-3'(F), 5'-GGAGCC
AGGTGCCTACATTT-3'(R).

Statistical analysis

All statistical analyses and graph drawing are performed with R (version 4.2.2) and Graph Pad Prism (version
8.0). The Student’s t test or Mann-Whitney U-test is used to compare the difference within two groups. Log-rank
test is used in all survival analysis. Pearson or Spearman rank correlation test is used for correlation analysis.
In all statistical analyses, p <0.05 are considered significant and denoted by *, p <0.01 by **, p <0.001 by ***,
p<0.0001 by ****,

Data availability

The datasets supporting the current findings are presented within the manuscript and/or additional supporting
files. They are also available from the corresponding author upon reasonable request. No original sequencing
data were generated in this study. The public datasets used in the article can be found in the following public
databases: GEO database (https://www.ncbi.nlm.nih.gov/geo/, GSE10072, GSE116959, and GSE131907) and
TCGA database (https://www.cancer.gov/ccg/research/genome-sequencing/tcga, LUAD RNA-seq sample).
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