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Abstract: Cancer pathogenesis results from genetic alteration-induced high or low transcriptional
programs, which become highly dependent on regulators of gene expression. However, their role
in progressive regulation of non-small-cell lung cancer (NSCLC) and how these dependencies may
offer opportunities for novel therapeutic options remain to be understood. Previously, we identified
forkhead box F1 (FOXF1) as a reprogramming mediator which leads to stemnesss when mesenchymal
stem cells fuse with lung cancer cells, and we now examine its effect on lung cancer through
establishing lowly and highly expressing FOXF1 NSCLC engineered cell lines. Higher expression of
FOXF1 was enabled in cell lines through lentiviral transduction, and their viability, proliferation, and
anchorage-dependent growth was assessed. Flow cytometry and Western blot were used to analyze
cellular percentage in cell-cycle phases and levels of cellular cyclins, respectively. In mice, tumorigenic
behavior of FOXF1 was investigated. We found that FOXF1 was downregulated in lung cancer tissues
and cancer cell lines. Cell proliferation and ability of migration, anchorage-independent growth,
and transformation were inhibited in H441-FOXF1H and H1299-FOXF1H, with upregulated tumor
suppressor p21 and suppressed cellular cyclins, leading to cell-cycle arrest at the gap 1 (G1) phase.
H441-FOXF1H and H1299-FOXF1H injected mice showed reduced tumor size. Conclusively, highly
expressing FOXF1 inhibited NSCLC growth via activating tumor suppressor p21 and G1 cell-cycle
arrest, thus offering a potentially novel therapeutic strategy for lung cancer.
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1. Introduction

According to the National Cancer Institute, among all types of cancer, lung cancer is the second
common cancer type with the highest mortality rate in the United States [1]. It is also considered the
leading cause of death in Taiwan [2]. Of the two major types, non-small-cell lung cancer (NSCLC)
is the most common, which is estimated to be 80% of lung cancer, whereas another major type is
called small-cell lung cancer (SCLC), which is approximated to be 20%. Furthermore, the NSCLCs
are sub-divided into adenocarcinoma (30–40%), squamous cell carcinoma (30–40%), and large-cell
carcinoma (<10%) [3]. Notably, lung cancer has high risk of relapse after the surgery, as many cases
fail to achieve a sufficient cure following surgery [4], and 30%–55% of patients with NSCLC die of
the recurrence of lung cancer, despite curative resection [5,6]. Therefore, to eliminate lung cancer,
an attempt was made to combine chemo- and radiotherapy, which might decrease the risk of relapse.
However, some researches showed the inadequacy of this combined therapy [7–9]. Hence, developing
a comprehensive treatment of lung cancer is still an important issue worldwide.

Genetic alterations induce high or low transcriptional programs, which lead to cancer pathogenesis.
These programs may render cancer cells to become highly dependent on regulators of gene expression.
Therefore, with reference to forkhead box F1 (FOXF1), a protein implicated in cancer progression,
we aimed to understand outcomes of transcriptional dependencies and whether this protein involved
in transcriptional control could be an attractive target of a new generation of drugs, thereby imparting
opportunities for novel therapeutic interventions in cancer.

In recent years, FOXF1 proteins were implicated in cancer progression. These proteins are highly
expressed in fetal and adult lung tissues [10], and they were identified to regulate angiogenesis during
embryonic development [11]. Furthermore, FOXF1 also plays a vital role in the development of
pulmonary alveoli and vasculature, whereas any deletions or mutations in the FOXF1 gene are believed
to cause alveolar capillary dysplasia with misalignment of pulmonary veins [12–14]. In a few previous
studies, FOXF1 was demonstrated as a tumor suppressor [15,16], and it was found downregulated in
certain types of cancers, including prostate and breast cancer tissues, when compared to normal [17,18].
In our previous study, FOXF1 was identified as a reprogramming mediator that leads to stemness, when
mesenchymal stem cells (MSCs) fuse with lung cancer cell, and its restoration leads to p21-regulated
growth suppression in fusion progeny [19]. This implies that FOXF1 and its downstream molecules
might act as molecular targets for the development of diagnostic and therapeutic tools against lung
cancer. In this study, we initially examined FOXF1 expression in lung cancer tissues and cell lines
compared to those with normal tissues. Furthermore, we created a highly expressing FOXF1 lung
cancer cell line (FOXF1H) through lentiviral transduction of lowly expressed FOXF1 parental cell
lines (FOXF1L) and comparatively characterized their cell proliferation and migration ability. We also
attempted to determine mechanistic insight into FOXF1-mediated regulation of the cell cycle via flow
cytometric analysis. Later, the transformation ability of these cell lines was tested in in vitro and
in vivo models.

2. Results

2.1. FOXF1 is Downregulated in Lung Cancer Tissue and Cell Lines

Previously, our studies identified FOXF1 as a putative tumor suppressor, which could mediate
mesenchymal stem cell fusion-induced reprogramming of lung cancer cells to a more benign state [19].
To verify the expression of FOXF1 in lung cancer compared to normal tissue, various stages of lung
cancer tissue were collected. Additionally, FOXF1 expression in lung cancer cell lines (H441 and
H1299) was compared with normal lung cell lines (MRC5 and BEAS-2B). Our results demonstrated
significantly lowered gene expression of FOXF1 not only in cancer tissues (Figure 1A), but also in H441
and H1299 cell lines (Figure 1B), compared to their respective normal controls. As a result, highly
proliferated cells with enlarged nucleus and nucleo-cytoplasmic ratio could be seen in lung histological
sections of stage III and IV (Figure S1, Supplementary Materials). Furthermore, we also interrogated the
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FOXF1 expression in the Oncomine database (http://www.oncomine.org), a cancer microarray database
and web-based data-mining platform, which provides publicly available gene expression datasets.
We selected six studies [20–25] in this database which also revealed significantly lowered expression
(4–19-fold) of FOXF1 gene in lung cancer compared to normal tissue (Figure 1C). A similar trend of
FOXF1 expression profiles was also validated in The Cancer Genome Atlas (TCGA) and genotype-tissue
expression (GTEx) projects using the GEPIA2 online platform (http://gepia2.cancer-pku.cn/#index)
(Figure S2, Supplementary Materials).
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Figure 1. Downregulation of forkhead box F1 (FOXF1) in lung cancer. (A) Real-time PCR-dependent
FOXF1 messenger RNA (mRNA) levels in lung cancer (n = 41) and normal lung tissues (n = 7).
The relative mRNA level was stratified at dot plots according to the cancer grade. * p < 0.01, using
Welch’s unpaired t-test. (B) FOXF1 mRNA levels in BEAS-2B, MRC5, H441, and H1299 cells. (C) In silico
analysis of FOXF1 expression using Oncomine Research Edition (https://www.oncomine.org/). FOXF1
mRNA expressions in normal and malignant lung specimens are presented as box and whisker plots.
The authors, published journal, and year of each study are indicated under the graph. The number of
the sample (listed under each specimen), fold changes of the mRNA expression of FOXF1, and p-value
are indicated in each panel. Data are expressed as means ± standard error (SE). * p < 0.05; ** p < 0.01,
using Welch’s unpaired t-test.
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2.2. Highly Expressed FOXF1 Lung Cancer Cell Showed Inhibited Cell Proliferation Ability

After identifying the lowered expression of FOXF1 in lung cancer tissues and cell lines, we further
established highly expressing FOXF1 lung cancer cell line (FOXF1H) through lentiviral transduction of
lowly expressing FOXF1 parental cell lines (FOXF1L) to investigate the relationship between FOXF1
and lung cancer. Our qPCR and Western blot results confirmed the significantly higher expression
of FOXF1 in these developed cell lines (Figure 2A,B, respectively). Thereafter, a cell counting and
BrdU incorporation assay was conducted to assess the cell proliferation ability of H441-FOXF1H and
H1299-FOXF1H cell lines. These cell lines showed reduced cell number (Figure 2C), with inhibited
proliferation ability (Figure 2D), compared to their counterparts (H441-FOXF1L and H1299-FOXF1L,
respectively).
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Figure 2. Proliferation ability of highly expressing FOXF1 non-small-cell lung cancer cell lines.
Determination of relative expression levels of (A) FOXF1 mRNA, (B) protein, (C) cell growth, and
(D) BrdU incorporation assay-based in vitro cell proliferation of H441-FOXF1H and H1299-FOXF1H

cell lines compared to their respective controls (H441-FOXF1L and H1299-FOXF1L). β-actin served as a
loading control. Data are expressed as means ± SE. ** p < 0.01; *** p < 0.001, using Welch’s unpaired
t-test.

2.3. Highly Expressed FOXF1 Promotes G1 Cell-Cycle Arrest

The cell-cycle checkpoints are signal transduction pathways to track the successful completion of
events in a phase of the cell cycle [26]. Therefore, using flow cytometry, we further investigated the
impact of FOXF1 expression on the cell cycle. The representative cell-cycle histograms showed the
population shift to the G1 phase of H441-FOXF1H and H1299-FOXF1H cell lines (Figure 3A). The bar
graph and the respective table are presented with the cellular percentage of each phases, which clearly
show a higher population of cells in G1 phase of highly expressing FOXF1 cell lines compared to their
counterparts (Figure 3B). This indicates that FOXF1 may promote pronounced cell-cycle arrest in the
G1 phase of lung cancer.
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2.4. High Expression of FOXF1 Promotes Tumor Suppression and Inhibits Cellular Cyclins

The cell cycle is known to be regulated by tumor suppressors and cellular cyclins [27]. Hence,
to gain mechanistic insight into FOXF1-mediated regulation of the cell cycle, we determined the
protein expression of cell-cycle-related proteins, including p21, cyclin A2, cyclin B1, and cyclin E2.
The Western blot demonstrated upregulated p21 level, a well-known promoter of cell-cycle arrest,
in the H441-FOXF1H and H1299-FOXF1H cell lines. On the contrary, the levels of cyclin A2, B1, and
E2 in these cell lines were inhibited (Figure 4A). The above-mentioned data were further confirmed
through their quantification (Figure 4B).
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Figure 4. FOXF1-mediated regulation of cell-cycle regulatory proteins. (A) Representative Western
blots showing expression of FOXF1, p21, and cyclins A2, B1, and E2 in highly FOXF1-expressing
non-small-cell lung cancer (NSCLC) cell lines (H441-FOXF1H and H1299-FOXF1H). (B) Quantified
protein expressions of p21 and cyclins A2, B1, and E2. β-actin served as a loading control. Data are shown
as means ± SE. *, p < 0.05; ** p < 0.01; *** p < 0.001, using paired t-test, compared to respective control.
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2.5. High Expression of FOXF1 Inhibits Anchorage-Independent Growth Ability and Transformation Ability

The ability of anchorage-independent cell growth and the ability of transformation are the
identified signatures of tumors with metastatic potential [28]. Therefore, we also evaluated the
other cancerous characteristics of highly expressing FOXF1 lung cancer cell lines, H441-FOXF1H and
H1299-FOXF1H. Specifically, we conducted the soft agar assay to observe the effect on ability of
anchorage-independent growth and transformation of these cell lines, which showed significantly
reduced colony number (Figure 5A,B), implying inhibited transformation ability.
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Figure 5. Analysis of anchorage-independent growth ability of highly expressing FOXF1 NSCLCs.
Comparative phase-contrast images of (A) H441-FOXF1H and H1299-FOXF1H colonies with
low-expressing counterparts and their relative quantifications (B). Images were captured at 10×
magnification. Data are shown as means ± SE. * p < 0.05, using Welch’s unpaired t-test.

2.6. High Expression of FOXF1 Inhibits Lung Cancer Cell Migration Ability

To evaluate the effect of high expression of FOXF1 on lung cancer cell metastatic potential,
we performed the wound healing assay, which shows the migration ability of cell lines. Here, 24 h
after wound creation, an inhibited migration ability was observed in H441-FOXF1H (Figure 6A) and
H1299-FOXF1H (Figure 6B), which was also confirmed through quantification, compared to their
respective controls.
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Figure 6. The effect of FOXF1 on the migration ability of non-small-cell lung cancer cell lines.
The representative images and the migration area quantify the highly expressing FOXF1 cell lines and
controls of H441 (A) and H1299 (B). Images were captured at 10×magnification. Data are shown as
means ± SE. ** p < 0.01, using Welch’s unpaired t-test.

2.7. High Expression of FOXF1 Inhibits Lung Cancer Cell Tumorigenicity In Vivo

In order to determine the in vivo effect of FOXF1 on the tumorigenic ability of lung cancer cells,
the highly expressing FOXF1 cells (H441-FOXF1H and H1299-FOXF1H) were subcutaneously injected
into non-obese diabetic/severe combined immunodeficiency (NOD-SCID) mice to observe the size
of tumor formed. The results showed a significantly reduced tumor volume in the H441-FOXF1H

and H1299-FOXF1H group compared to control (H441-FOXF1L and H1299-FOXF1L) (Figure 7A,B),
indicating that FOXF1 could inhibit tumorigenesis.
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Figure 7. The in vivo anti-tumor effect of FOXF1 on non-small-cell lung cancer cell lines. Volumes
of tumors generated by subcutaneous injection of highly expressing FOXF1 or control cell lines of
(A) H441 and (B) H1299. Results are plotted as tumor volume versus days after implantation. * p < 0.05,
using two-way ANOVA.

3. Discussion

FOXF1 is crucial to the development of the lung, and its haploinsufficiency may cause lung
deformity [12,29], such as severe alveolar capillary dysplasia with misalignment of pulmonary
veins [12–14]. FOXF1 is also reported as the downstream target of the hedgehog signaling
pathway [30,31], which is a pivotal factor for cell differentiation and organ formation during
embryogenesis. However, the hedgehog signaling pathway is aberrantly activated in various cancers,
leading to cancer initiation, as well as tumor growth [32,33]. Being a downstream target of the
hedgehog signaling pathway, many studies suggested that FOXF1 is positively correlated with cancer
development. This is supported by a few reports, in which the expression of FOXF1 was increased
in basal cell carcinoma, medulloblastoma, and rhabdomyosarcomas [34,35]. In a seminal study,
FOXF1 was suggested as a potential prognostic marker due to its correlation with malignancy and
metastasis of colorectal cancer [36]. A similar outcome was reported by Fulford et al., in which FOXF1
promoted prostate tumor growth and progression by activating extracellular signal-regulated kinase 5
(ERK5) signaling [37]. Even an immunohistochemical staining-based study demonstrated positively
correlated FOXF1 expression in many NSCLCs with lymph node metastasis [38]. On the contrary,
the functional role of FOXF1 remains controversial, as various studies also demonstrated that FOXF1
expression was inhibited in various tumor types including lung, prostate, bladder, ovarian, and breast
cancers [15,17,18]. These pathogenic outcomes might be attributed to genetic alterations that induce
high or low transcriptional programs, resulting in a dynamic network with multiprotein complexes
collaborating as nodes of stimulating, suppressing, remodeling, and insulating function. In spite of
this complexity, certain oncogenic impulses may depend on protein complexes, as well as individual
factors; therefore, identifying and validating these targets could provide not only mechanistic insights,
but also therapeutic options.

This above-mentioned evidence implies the different roles of FOXF1 in various types of cancers.
Nonetheless, most of the clinical NSCLC samples demonstrated in our study exhibited a low
expression of FOXF1, which was validated through the Oncomine database, as well as GEPIA2
online platform. Moreover, other studies also reported lowly expressed FOXF1 in clinical NSCLC
samples [39,40]. These outcomes are also in line with immunohistochemical (IHC) staining-based
studies on clinical lung and breast cancer [18,40]. Additionally, our previous study demonstrated
that MSCs fuse spontaneously with lung cancer cells, thereby potentially reprogramming the cells
to a slow-growing, non-tumorigenic, and stem-like state. According to Wei et al., this might be
attributed to a complementation of genetic defects, including upregulation of FOXF1 and p21, as well
as restoration of normal terminal differentiation pathways [19]. This study also showed that FOXF1, in
addition to acting as a reprogramming stemness regulator, could serve as a putative tumor suppressor,
leading to p21-regulated growth suppression in fused progeny. This implies the anti-lung cancer
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activities of FOXF1; however, the detailed underlying mechanism needs to be investigated. Hence,
we aimed to investigate outcomes of transcriptional dependencies using the FOXF1 gene in lung
cancer. The above-mentioned studies are in agreement with our results showing lowly expressed
FOXF1 in cancer tissues, as well as in H441 and H1299 cell lines, in addition to data obtained from
ONCOMINE database and in The Cancer Genome Atlas (TCGA) and genotype-tissue expression
(GTEx) projects. However, no significant difference in relative FOXF1 expression was observed among
lung cancer patients on the basis of gender, age, histopathological type, histologic grade, and tumor,
node, metastasis (TNM) staging system in the groups of our tissue array data (Table S1, Supplementary
Materials). It is well known that enhanced cell viability and accelerated proliferation are hallmarks of
cancer. However, in this study, we reported an inhibited proliferation of highly expressing FOXF1 lung
cancer cells compared to their relatively low-expression counterpart, which reveals the anti-proliferative
activities induced by FOXF1. As per our previous study, the reprogrammed inhibition of FOXF1 in the
fusion cell lines (MSCs with lung cancer cells) led to an inhibited p21 expression, which resulted in
their accelerated grow rate [19]. Therefore, we infer that FOXF1 modulates lung cancer growth via
regulating p21. It was documented that p21 participates in multiple tumor suppressor pathways and
promotes anti-proliferative activities, which are independent of the classical p53 tumor-suppressor
pathway [41]. Moreover, p21 is also reported as a universal inhibitor of cyclin kinases [42]. Cyclins are
a family of proteins which control cell-cycle progression through activating cyclin-dependent kinase
(CDK) enzymes [43]. According to the classical model of cell-cycle control, D-type cyclins and CDK4
or CDK6 regulate events in early G1 phase, whereas cyclin E–CDK2 triggers the synthesis (S) phase.
Additionally, cyclin A–CDK1 and cyclin A-CDK2 regulate the completion of the S phase, while cyclin
B-CDK1 is responsible for mitosis [44]. The arrest of the G1 phase of the cell cycle is an irreversible
process, which is indicative of apoptotic cells [45]. These findings support our results, displaying
upregulated levels of p21 and the inhibited cyclins A2, B1 and E2, leading to cell-cycle arrest at
the G1 phase in the highly expressing FOXF1 cell lines. This is also in line with various studies
demonstrating cell-cycle-associated regulation of cancer; consequently, cell-cycle inhibitors like FOXF1
might be considered as a therapeutic target in the management of cancer [46–48]. Furthermore,
anchorage-independent growth is the capacity of transformed cells to grow independently of a solid
surface, which is a hallmark of cancer [28,49]. In this context, our soft agar assay demonstrated a
significantly inhibited anchorage-independent cell growth in highly expressing FOXF1 lung cancer
cell lines, indicating the tumor-suppressing effect of FOXF1. Furthermore, to examine the in vivo
effect of FOXF1 on tumor growth, we injected highly expressing FOXF1 cell lines H441-FOXF1H and
H1299-FOXF1H in the mice, which revealed significantly decreased tumor size compared to their
parental counterpart.

In addition to the various significant outcomes, this study also includes a few limitations.
The observed downstream effects could be attributed to differential expression levels of FOXF1,
as all the experiments were conducted under identical conditions using FOXF1L and FOXF1H cell
lines; however, the role of any other possible confounding factor can be explored in future studies.
Furthermore, although our study could not provide detailed insight into potential downstream targets
of FOXF1, the recent ChIP-seq and RNA-seq analysis-based study by Bolte et al. revealed various FOXF1
targets, including the genes regulating extracellular matrix remodeling (Timp3, Adamts9) and cell-cycle
progression (Cdkn1a, Cdkn2b, Cenpj, Tubb4a), which are crucial for lung regeneration [50]. This study
also indicated that FOXF1 directly regulates Cdkn1a (p21) and Cdkn2b (p15) genes, which possess
multiple FOXF1-binding sites near the promoter region and within introns. Moreover, overexpressed
TIMP3 levels are found to be associated with inhibitory effects on cell invasion and migration in
NSCLC [51]. Adamts9 was reported as a tumor suppressor which could inhibit tumor growth
and angiogenesis in various cancers including lung cancer [15,52–54]. We further probed possible
downstream targets of FOXF1 through TRRUST (Transcriptional Regulatory Relationships Unraveled
by Sentence-Based Text Mining, www.grnpedia.org/trrust), a database of reference transcription
factor (TF)–target regulatory interactions in humans based on literature curation [55]. This database
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includes an important study which reported E-cadherin (CDH1) as a downstream target of FOXF1.
Specifically, FOXF1 could regulate the transcriptional activity of CDH1 by acting on its FOXF1-binding
site, eventually contributing to cell migration and invasiveness in lung cancer [56]. Since cell polarity
and normal epithelial structure are maintained by E-cadherin [57,58], its reduced levels would lead to
increased cell motility and enhanced cancer cell invasion [59,60]. This evidence corresponds to our
study where highly expressed FOXF1 could inhibit cell migration in lung cancer, possibly through
upregulation of E-cadherin and TIMP3. Taken together, FOXF1 significantly inhibited the cell growth
and migration of lung cancer, largely via stimulating tumor suppressor p21 and inhibiting levels of
cyclins, leading to an arrested cell cycle in the G1 phase (Figure 8).
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4. Materials and Methods

4.1. Cell Culture

H441 (ATCC® HTB-174™) and H1299 (ATCC® CRL-5803™) cell lines were cultured in Roswell
Park Memorial Institute (RPMI)-1640 medium supplemented with 10% fetal bovine serum (GE
healthcare life sciences, Logan, UT, USA) and 1% PSA (penicillin, streptomycin, and amphotericin)
(Mediatech, Manassas, VA, USA). For highly expressing FOXF1 cell lines, H441-FOXF1H and
H1299-FOXF1H, an additional 2.5 µg/mL puromycin (Sigma-Aldrich, Saint Louis, MO, USA) was used
in the medium. All the cell cultures were maintained at 37 ◦C in a humidified incubator with 5% CO2.

4.2. Animal Studies

All the animal studies were approved by The Institutional Animal Care and Use Committee
(IUCAC) of Taipei Medical University (Approval no. LAC-2016-0526; 1 August 2017). Six-week-old
non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice were purchased from the
BioLAS Co., Taiwan. The mice were housed under pathogen-free conditions and fed autoclaved food
and water.

4.3. In Silico Analysis of FOXF1 Gene Expression

The OncomineTM Cancer Microarray Database (URL: www.oncomine.org, accession date:
10 December 2017) was used to perform the comparative in silico analysis of FOXF1 gene expression
in cancer versus normal tissue [20–25]. Furthermore, we validated the FOXF1 expression profile in

www.oncomine.org
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The Cancer Genome Atlas (TCGA) and genotype-tissue expression (GTEx) projects using the GEPIA2
online platform (URL: http://gepia2.cancer-pku.cn/#index, accession date: 10 April 2020). We chose
datasets of lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC), which were
represented as box plots, with a p-value cutoff set at 0.05.

4.4. Higher Expression of FOXF1

Human FOXF1 open reading frame (ORF) complementary DNA (cDNA) was purchased (clone
identifier (ID) #OHu23845) from GenScript and cloned into the pRNAT-U6.2-Lenti lentivirus expression
vector from GenScript. Lentiviral vectors and packaging constructs were transfected into 293FT cells
(Invitrogen) with Lipofectamine 2000 Transfection Reagent (Invitrogen). Infectious viral particles were
collected 48 h after transfection. Log-phase target cells, including H441 and H1299 cells, were infected
with appropriate virus titers in media containing 8 µg/mL polybrene. Media were changed the
following day; 24 h later, infected cells were selected with 800 µg/mL of G418 (Invitrogen) for seven
days and subsequently cultured in complete growth medium with 400 µg/mL G418. Real-time PCR
and Western blot analyses were utilized to evaluate the level of FOXF1 expression.

4.5. Real-Time Polymerase Chain Reaction (PCR)

For lung cancer cell line analysis, total RNA was extracted using the PureLink RNA Mini Kit
(Invitrogen, USA) according to the manufacturer’s instructions. Reverse transcription (RT) was
performed as previously described [19]. Quantitative PCR was performed using an ABI 7300 real-time
PCR system (Applied Biosystems), and gene expression was calculated using the 2−∆Ct or 2−∆∆Ct

methods with calibration samples included in each experiment. For lung cancer tissue analysis,
a TissueScan cDNA array plate (HLRT105) was purchased from Origene™ (Rockville, MD, USA),
which consisted of seven-normal, six-stage IA, 5-IB, 13-IIB, 7-IIIA, 7-IIIB, and 3-IV. The sample patient
population included 29 males and 19 females with age ranging from 44 to 84 years old.

The primers used were as follows:

β-actin-F (forward): 5′–AGAGCTACGAGCTGCCTGAC–3′;
β-actin-R (reverse): 5′–AGCACTGTGTTGGCGTACAG–3′;
FOXF1-F: 5′–AAGCCGCCCTATTCCTACATC–3′;
FOXF1-R: 5′–GCGCTTGGTGGGTGAACT–3′.

4.6. Western Blot Analysis

Protein extraction and immunoblotting were performed as previously described [19].
The following antibodies were used: rabbit polyclonal anti-FOXF1 (Abcam #ab23194, 1:500), rabbit
monoclonal anti-p21 (Cell Signaling Technology #2947, 1:2000), mouse monoclonal anti-cyclin A2
(Cell Signaling Technology #4546, 1:1000), rabbit polyclonal anti-cyclin B1 (Cell Signaling Technology
#4138, 1:1000), rabbit polyclonal anti-cyclin E2 (Cell Signaling Technology #4132, 1:750), and mouse
monoclonal anti-β-actin (Millipore #MAB1501, 1:10000).

4.7. Cell Count

Control and highly expressing FOXF1 cell lines of H1299 and H441 were seeded at 5 × 104 cells
per well in a six-well plate and incubated for one, three, and five days. Cells were stained with 0.4%
trypan blue (Invitrogen, Eugene, OR, USA) and counted with a hemocytometer after incubating for the
indicated time course.

4.8. Cell Proliferation Assay

To measure the cell proliferation activity, both the lowly expressing FOXF1 control (H441-FOXF1L,
H1299-FOXF1L) and the highly expressing FOXF1 lung cancer cells (H441-FOXF1H, H1299-FOXF1H)
were seeded at a density of 1.6 × 104 cells into 96-well plates. After 24 h of incubation, cell proliferation
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was determined in vitro using a BrdU cell proliferation assay kit (Merck Millipore Burlington, MA,
USA). According to the manufacturer’s instructions, the optical density (OD) values at 450 nm
wavelength were analyzed using a Multiskan PC (Thermo Labsystem, Beverly, MA, USA).

4.9. Cell-Cycle Analysis

For cell-cycle analysis by flow cytometry, the cells were trypsinized and washed with PBS and
fixed with 75% ethanol. Then, 500 µL of RNase A (0.2 mg/mL, Sigma-Aldrich, 10109142001) and 500 µL
of propidium iodide (0.02 mg/mL, Sigma-Aldrich, 11348639001) were added to the cell suspensions,
and the mixtures were incubated for 30 min in the dark. A flow cytometer (BD FACS Calibur) was
used for cell-cycle analysis, and 10,000 events for each sample were recorded. Data acquisition and
analysis were done using BD FACSDiva software version 4.1 (BD Biosciences, San Jose, CA, USA), and
the percentages of cells present in the G1, S, and G2/M (mitosis) phases were determined.

4.10. Anchorage-Independent Growth

Firstly, 1 mL of 0.5% agar in complete growth medium was added to each well of a six-well plate
as a base agar. The top agar was prepared using 1 mL of 0.3% agar in complete growth medium
containing 3 × 105 cells of H441-FOXF1L and H441-FOXF1H, and 1 × 104 cells of H1299-FOXF1L

and H1299-FOXF1H, and it was overlaid on the base agar. Growth medium (2 mL) was added on
top of the second layer and changed twice a week. After incubation for three weeks, the colonies
formed were stained with 0.005% crystal violet in methanol (Fisher Scientific, Hampton, NH, USA)
and then enumerated.

4.11. Wound Healing Assay

To evaluate the wound healing, 1.5× 105 cells of H441-FOXF1L and H441-FOXF1H, and 1× 105 cells
of H1299-FOXF1L and H1299-FOXF1H cells were seeded in a 24-well plate to obtain a confluent
monolayer. The wounds were created through scraping the monolayer in a straight line with a 200-µL
pipette tip, and debris was removed by washing with sterile PBS. Thereafter, the migration ability of
these cells was assessed through measuring the recovered area of wound by cell migration.

4.12. Tumorigenicity In Vivo

To examine the tumorigenicity in vivo, 5 × 105 cells of H441-FOXF1L and H441-FOXF1H, and
1 × 106 cells of H1299-FOXF1L and H1299-FOXF1H were subcutaneously injected into six-week-old
non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice (n = 5). The tumor size was
measured with a digital caliper twice a week. The tumor size was calculated using the following formula:

Volume =
Lengh×Width2

2
.

4.13. Statistical Analysis and Replicates

The sample size in each experiment was at least n = 3, unless otherwise indicated. Statistical
analyses were conducted utilizing GraphPad Prism 5 (version 5.01, GraphPad Software, San Diego,
CA, USA) and Microsoft Excel (Office 2016 Professional Plus, Santa Rosa, California, USA). All data
are presented as means ± standard error (SE).

5. Conclusions

Based on our results, it could be inferred that highly expressing FOXF1 inhibits non-small-cell
lung cancer growth via activating tumor suppressor p21, leading to cell-cycle arrest at the G1 phase.
Thus, FOXF1 could be a potential therapeutic candidate for lung cancer.
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Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/9/
3227/s1. Supplementary Table S1. Patient demographic and clinicopathological characteristics. Supplementary
Figure S1. Representative lung tissue sections (H&E stain) of normallung and lung carcinoma (Stage III and IV).
Supplementary Figure S2. In silico analysis of FOXF1 expression profiles from TheCancer Genome Atlas (TCGA)
and genotype-tissue expression (GTEx) projects using GEPIA2 online platform.

Author Contributions: Conceptualization, C.-Y.W.; data curation, C.-Y.W., W.-P.D. and C.-H.C.; formal analysis,
C.-Y.W., C.-H.C., N.K.D., H.-J.W., J.-H.L., C.-C.C., H.-C.C., W.-P.D. and K.-L.O.; investigation, C.-H.C., N.K.D.,
H.-J.W., J.-H.L., H.-C.C., W.-P.D. and K.-L.O.; methodology, C.-Y.W., C.-H.C., and H.-J.W.; software, C.-Y.W.,
N.K.D., J.-H.L., and C.-C.C.; validation, C.-Y.W., C.-H.C., N.K.D., H.-J.W., C.-C.C., H.-C.C., W.-P.D. and K.-L.O.;
visualization, C.-Y.W., N.K.D., J.-H.L., C.-C.C., H.-C.C., and K.-L.O.; writing—original draft, C.-Y.W. and N.K.D.;
writing—review and editing, C.-Y.W., C.-H.C., N.K.D., H.-J.W., J.-H.L., C.-C.C., H.-C.C., W.-P.D. and K.-L.O.;
project administration, W.-P.D.; resources, W.-P.D.; supervision W.-P.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by grants from the Ministry of Science and Technology, R.O.C (MOST
104-2313-B-038-001, 104-2221-E-038-016, 105-2314-B-038-011, and 106-2314-B-038-077-MY2), and the Stem Cell
Research Center, Taipei Medical University, Taipei, Taiwan.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

FOXF1 Forkhead box F1
NSCLC Non-small-cell lung cancer

References

1. Henley, S.J.; Gallaway, S.; Singh, S.D.; O’Neil, M.E.; Buchanan Lunsford, N.; Momin, B.; Richards, T.B.
Lung cancer among women in the united states. J. Womens Health 2018, 27, 1307–1316. [CrossRef]

2. Kuo, C.N.; Liao, Y.M.; Kuo, L.N.; Tsai, H.J.; Chang, W.C.; Yen, Y. Cancers in taiwan: Practical insight from
epidemiology, treatments, biomarkers, and cost. J. Med. Assoc. 2019. [CrossRef] [PubMed]

3. Hosseinzadeh, F.; Ebrahimi, M.; Goliaei, B.; Shamabadi, N.J.P.o. Classification of lung cancer tumors based on
structural and physicochemical properties of proteins by bioinformatics models. PLoS ONE 2012, 7, e40017.
[CrossRef] [PubMed]

4. Uramoto, H.; Tanaka, F. Recurrence after surgery in patients with nsclc. Transl. Lung Cancer Res. 2014, 3, 242.
5. Al-Kattan, K.; Sepsas, E.; Fountain, S.W.; Townsend, E.R. Disease recurrence after resection for stage i lung

cancer. Eur. J. Cardio-Thorac. Surg. 1997, 12, 380–384. [CrossRef]
6. Hoffman, P.C.; Mauer, A.M.; Vokes, E.E. Lung cancer. Lancet 2000, 355, 479–485. [CrossRef]
7. Albain, K.S.; Swann, R.S.; Rusch, V.W.; Turrisi, A.T., III; Shepherd, F.A.; Smith, C.; Chen, Y.; Livingston, R.B.;

Feins, R.H.; Gandara, D.R.J.T.L. Radiotherapy plus chemotherapy with or without surgical resection for stage
iii non-small-cell lung cancer: A phase iii randomised controlled trial. Lancet 2009, 374, 379–386. [CrossRef]

8. Thomas, M.; Rübe, C.; Hoffknecht, P.; Macha, H.N.; Freitag, L.; Linder, A.; Willich, N.; Hamm, M.;
Sybrecht, G.W.; Ukena, D.J.T.l.o. Effect of preoperative chemoradiation in addition to preoperative
chemotherapy: A randomised trial in stage iii non-small-cell lung cancer. Lancet Oncol. 2008, 9, 636–648.
[CrossRef]

9. Pless, M.; Stupp, R.; Ris, H.-B.; Stahel, R.A.; Weder, W.; Thierstein, S.; Xyrafas, A.; Frueh, M.; Cathomas, R.;
Zippelius, A. Neoadjuvant Chemotherapy with or Without Preoperative Irradiation in Stage iiia/n2 Non-Small
CELL lung Cancer (Nsclc): A Randomized Phase iii Trial by the Swiss Group for Clinical Cancer Research
(Sakk Trial 16/00). American Society of Clinical Oncology. 2013. Available online: https://clinicaltrials.gov/

ct2/show/NCT00030771 (accessed on 9 April 2014).
10. Hellqvist, M.; Mahlapuu, M.; Samuelsson, L.; Enerbäck, S.; Carlsson, P.J.J.o.B.C. Differential activation of

lung-specific genes by two forkhead proteins, freac-1 and freac-2. J. Biol. Chem. 1996, 271, 4482–4490.
[CrossRef]

11. Mahlapuu, M.; Ormestad, M.; Enerback, S.; Carlsson, P.J.D. The forkhead transcription factor foxf1 is
required for differentiation of extra-embryonic and lateral plate mesoderm. Development 2001, 128, 155–166.

http://www.mdpi.com/1422-0067/21/9/3227/s1
http://www.mdpi.com/1422-0067/21/9/3227/s1
http://dx.doi.org/10.1089/jwh.2018.7397
http://dx.doi.org/10.1016/j.jfma.2019.08.023
http://www.ncbi.nlm.nih.gov/pubmed/31522970
http://dx.doi.org/10.1371/annotation/2b218d50-a9d5-45b2-80d0-0e806e530749
http://www.ncbi.nlm.nih.gov/pubmed/29161736
http://dx.doi.org/10.1016/S1010-7940(97)00198-X
http://dx.doi.org/10.1016/S0140-6736(00)82038-3
http://dx.doi.org/10.1016/S0140-6736(09)60737-6
http://dx.doi.org/10.1016/S1470-2045(08)70156-6
https://clinicaltrials.gov/ct2/show/NCT00030771
https://clinicaltrials.gov/ct2/show/NCT00030771
http://dx.doi.org/10.1074/jbc.271.8.4482


Int. J. Mol. Sci. 2020, 21, 3227 14 of 16

12. Stankiewicz, P.; Sen, P.; Bhatt, S.S.; Storer, M.; Xia, Z.; Bejjani, B.A.; Ou, Z.; Wiszniewska, J.; Driscoll, D.J.;
Bolivar, J.J.T.A.J.o.H.G. Genomic and genic deletions of the fox gene cluster on 16q24. 1 and inactivating
mutations of foxf1 cause alveolar capillary dysplasia and other malformations. Am. J. Hum. Genet. 2009,
84, 780–791. [CrossRef] [PubMed]

13. Luk, H.M.; Tang, T.; Choy, K.W.R.; Tong, M.F.T.; Wong, O.K.; Lo, F.M.I. Maternal somatic mosaicism of foxf1
mutation causes recurrent alveolar capillary dysplasia with misalignment of pulmonary veins in siblings.
Am. J. Med. Genet. Part. A 2016, 170, 1942–1944. [CrossRef] [PubMed]

14. Alsina Casanova, M.; Monteagudo-Sánchez, A.; Rodiguez Guerineau, L.; Court, F.; Gazquez Serrano, I.;
Martorell, L.; Rovira Zurriaga, C.; Moore, G.E.; Ishida, M.; Castañon, M. Maternal mutations of foxf1 cause
alveolar capillary dysplasia despite not being imprinted. Hum. Mutat. 2017, 38, 615–620. [CrossRef]
[PubMed]

15. Lo, P.; Leung, A.; Kwok, C.; Cheung, W.; Ko, J.; Yang, L.; Law, S.; Wang, L.; Li, J.; Stanbridge, E.J.;
et al. Identification of a tumor suppressive critical region mapping to 3p14. 2 in esophageal squamous
cell carcinoma and studies of a candidate tumor suppressor gene, adamts9. Oncogene 2007, 26, 148–157.
[CrossRef]

16. Tokino, T.; Tamura, M.; Idogawa, M.; Sasaki, Y. Forkhead transcription factor foxf1 is a novel p53 target gene
and regulates cancer cell migration and invasion. In Proceedings of the AACR Annual Meeting, San Diego,
CA, USA, 5–9 April 2014; p. 598.

17. Watson, J.V.; Doggett, N.A.; Albertson, D.G.; Andaya, A.; Chinnaiyan, A.; Van Dekken, H.; Ginzinger, D.;
Haqq, C.; James, K.; Kamkar, S. Integration of high-resolution array comparative genomic hybridization
analysis of chromosome 16q with expression array data refines common regions of loss at 16q23–qter
and identifies underlying candidate tumor suppressor genes in prostate cancer. Oncogene 2004, 23, 3487.
[CrossRef]

18. Lo, P.-K.; Lee, J.S.; Liang, X.; Han, L.; Mori, T.; Fackler, M.J.; Sadik, H.; Argani, P.; Pandita, T.K.; Sukumar, S.
Epigenetic inactivation of the potential tumor suppressor gene foxf1 in breast cancer. Cancer Res. 2010,
70, 6047–6058. [CrossRef]

19. Wei, H.-J.; Nickoloff, J.A.; Chen, W.-H.; Liu, H.-Y.; Lo, W.-C.; Chang, Y.-T.; Yang, P.-C.; Wu, C.-W.; Williams, D.F.;
Gelovani, J.G.; et al. Foxf1 mediates mesenchymal stem cell fusion-induced reprogramming of lung cancer
cells. Oncotarget 2014, 5, 9514. [CrossRef]

20. Su, L.-J.; Chang, C.-W.; Wu, Y.-C.; Chen, K.-C.; Lin, C.-J.; Liang, S.-C.; Lin, C.-H.; Whang-Peng, J.; Hsu, S.-L.;
Chen, C.-H.F. Selection of ddx5 as a novel internal control for q-rt-pcr from microarray data using a block
bootstrap re-sampling scheme. BMC Genom. 2007, 8, 140. [CrossRef]

21. Bhattacharjee, A.; Richards, W.G.; Staunton, J.; Li, C.; Monti, S.; Vasa, P.; Ladd, C.; Beheshti, J.; Bueno, R.;
Gillette, M. Classification of human lung carcinomas by mrna expression profiling reveals distinct
adenocarcinoma subclasses. Proc. Natl. Acad. Sci. USA 2001, 98, 13790–13795. [CrossRef]

22. Hou, J.; Aerts, J.; Den Hamer, B.; Van Ijcken, W.; Den Bakker, M.; Riegman, P.; van der Leest, C.; van der Spek, P.;
Foekens, J.A.; Hoogsteden, H.C. Gene expression-based classification of non-small cell lung carcinomas and
survival prediction. PLoS ONE 2010, 5, e10312. [CrossRef]

23. Stearman, R.S.; Dwyer-Nield, L.; Zerbe, L.; Blaine, S.A.; Chan, Z.; Bunn Jr, P.A.; Johnson, G.L.; Hirsch, F.R.;
Merrick, D.T.; Franklin, W.A. Analysis of orthologous gene expression between human pulmonary
adenocarcinoma and a carcinogen-induced murine model. Am. J. Pathol. 2005, 167, 1763–1775. [CrossRef]

24. Landi, M.T.; Dracheva, T.; Rotunno, M.; Figueroa, J.D.; Liu, H.; Dasgupta, A.; Mann, F.E.; Fukuoka, J.;
Hames, M.; Bergen, A.W. Gene expression signature of cigarette smoking and its role in lung adenocarcinoma
development and survival. PLoS ONE 2008, 3, e1651. [CrossRef] [PubMed]

25. Beer, D.G.; Kardia, S.L.; Huang, C.-C.; Giordano, T.J.; Levin, A.M.; Misek, D.E.; Lin, L.; Chen, G.; Gharib, T.G.;
Thomas, D.G. Gene-expression profiles predict survival of patients with lung adenocarcinoma. Nat. Med.
2002, 8, 816. [CrossRef] [PubMed]

26. Baldi, A.; De Luca, A.; Esposito, V.; Campioni, M.; Spugnini, E.P.; Citro, G. Tumor suppressors and cell-cycle
proteins in lung cancer. Pathol. Res. Int. 2011, 2011. [CrossRef] [PubMed]

27. Velez, A.M.A.; Howard, M.S. Tumor-suppressor genes, cell cycle regulatory checkpoints, and the skin. N. Am.
J. Med. Sci. 2015, 7, 176. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ajhg.2009.05.005
http://www.ncbi.nlm.nih.gov/pubmed/19500772
http://dx.doi.org/10.1002/ajmg.a.37660
http://www.ncbi.nlm.nih.gov/pubmed/27109257
http://dx.doi.org/10.1002/humu.23213
http://www.ncbi.nlm.nih.gov/pubmed/28256047
http://dx.doi.org/10.1038/sj.onc.1209767
http://dx.doi.org/10.1038/sj.onc.1207474
http://dx.doi.org/10.1158/0008-5472.CAN-10-1576
http://dx.doi.org/10.18632/oncotarget.2413
http://dx.doi.org/10.1186/1471-2164-8-140
http://dx.doi.org/10.1073/pnas.191502998
http://dx.doi.org/10.1371/journal.pone.0010312
http://dx.doi.org/10.1016/S0002-9440(10)61257-6
http://dx.doi.org/10.1371/journal.pone.0001651
http://www.ncbi.nlm.nih.gov/pubmed/18297132
http://dx.doi.org/10.1038/nm733
http://www.ncbi.nlm.nih.gov/pubmed/12118244
http://dx.doi.org/10.4061/2011/605042
http://www.ncbi.nlm.nih.gov/pubmed/22007345
http://dx.doi.org/10.4103/1947-2714.157476
http://www.ncbi.nlm.nih.gov/pubmed/26110128


Int. J. Mol. Sci. 2020, 21, 3227 15 of 16

28. Mori, S.; Chang, J.T.; Andrechek, E.R.; Matsumura, N.; Baba, T.; Yao, G.; Kim, J.W.; Gatza, M.; Murphy, S.;
Nevins, J.R. Anchorage-independent cell growth signature identifies tumors with metastatic potential.
Oncogene 2009, 28, 2796. [CrossRef]

29. Mahlapuu, M.; Enerbäck, S.; Carlsson, P. Haploinsufficiency of the forkhead gene foxf1, a target for sonic
hedgehog signaling, causes lung and foregut malformations. Development 2001, 128, 2397–2406.

30. Madison, B.B.; McKenna, L.B.; Dolson, D.; Epstein, D.J.; Kaestner, K.H. Foxf1 and foxl1 link hedgehog
signaling and the control of epithelial proliferation in the developing stomach and intestine. J. Biol. Chem.
2009, 284, 5936–5944. [CrossRef]

31. Katoh, Y.; Katoh, M. Hedgehog signaling, epithelial-to-mesenchymal transition and mirna. Int. J. Mol. Med.
2008, 22, 271–275. [CrossRef]

32. Di Magliano, M.P.; Hebrok, M. Hedgehog signalling in cancer formation and maintenance. Nat. Rev. Cancer
2003, 3, 903. [CrossRef]

33. Katoh, Y.; Katoh, M. Hedgehog target genes: Mechanisms of carcinogenesis induced by aberrant hedgehog
signaling activation. Curr. Mol. Med. 2009, 9, 873–886. [CrossRef] [PubMed]

34. Wendling, D.S.; Lück, C.; Von Schweinitz, D.; Kappler, R. Characteristic overexpression of the forkhead box
transcription factor foxf1 in patched-associated tumors. Int. J. Mol. Med. 2008, 22, 787–792. [PubMed]

35. Lae, M.; Ahn, E.; Mercado, G.; Chuai, S.; Edgar, M.; Pawel, B.; Olshen, A.; Barr, F.; Ladanyi, M. Global
gene expression profiling of pax-fkhr fusion-positive alveolar and pax-fkhr fusion-negative embryonal
rhabdomyosarcomas. J. Pathol. 2007, 212, 143–151. [CrossRef] [PubMed]

36. Lo, P.-K.; Lee, J.S.; Chen, H.; Reisman, D.; Berger, F.G.; Sukumar, S. Cytoplasmic mislocalization of
overexpressed foxf1 is associated with the malignancy and metastasis of colorectal adenocarcinomas.
Exp. Mol. Pathol. 2013, 94, 262–269. [CrossRef] [PubMed]

37. Fulford, L.; Milewski, D.; Ustiyan, V.; Ravishankar, N.; Cai, Y.; Le, T.; Masineni, S.; Kasper, S.; Aronow, B.;
Kalinichenko, V.V.; et al. The transcription factor foxf1 promotes prostate cancer by stimulating the
mitogen-activated protein kinase erk5. Sci. Signal. 2016, 9, ra48. [CrossRef]

38. Gialmanidis, I.P.; Bravou, V.; Petrou, I.; Kourea, H.; Mathioudakis, A.; Lilis, I.; Papadaki, H. Expression of
bmi1, foxf1, nanog, and γ-catenin in relation to hedgehog signaling pathway in human non-small-cell lung
cancer. Lung 2013, 191, 511–521. [CrossRef]

39. Herrera-Merchan, A.; Cuadros, M.; Rodriguez, M.I.; Rodriguez, S.; Torres, R.; Estecio, M.; Coira, I.F.; Loidi, C.;
Saiz, M.; Carmona-Saez, P.; et al. The value of lncrna fendrr and foxf1 as a prognostic factor for survival of
lung adenocarcinoma. Oncotarget 2019, 5, 1172–1185. [CrossRef]

40. Miao, L.; Huang, Z.; Zengli, Z.; Li, H.; Chen, Q.; Yao, C.; Cai, H.; Xiao, Y.; Xia, H.; Wang, Y. Loss of long
noncoding rna foxf1-as1 regulates epithelial-mesenchymal transition, stemness and metastasis of non-small
cell lung cancer cells. Oncotarget 2016, 7, 68339. [CrossRef]

41. Abbas, T.; Dutta, A. P21 in cancer: Intricate networks and multiple activities. Nat. Rev. Cancer 2009,
9, 400–414. [CrossRef]

42. Xiong, Y.; Hannon, G.J.; Zhang, H.; Casso, D.; Kobayashi, R.; Beach, D. P21 is a universal inhibitor of cyclin
kinases. Nature 1993, 366, 701–704. [CrossRef]

43. Galderisi, U.; Jori, F.P.; Giordano, A. Cell cycle regulation and neural differentiation. Oncogene 2003,
22, 5208–5219. [CrossRef] [PubMed]

44. Hochegger, H.; Takeda, S.; Hunt, T. Cyclin-dependent kinases and cell-cycle transitions: Does one fit all?
Nat. Rev. Mol. Cell Biol. 2008, 9, 910–916. [CrossRef] [PubMed]

45. Ahmad, N.; Adhami, V.M.; Afaq, F.; Feyes, D.K.; Mukhtar, H. Resveratrol causes waf-1/p21-mediated g1-phase
arrest of cell cycle and induction of apoptosis in human epidermoid carcinoma a431 cells. Clin. Cancer Res.
2001, 7, 1466–1473. [PubMed]

46. Collins, K.; Jacks, T.; Pavletich, N.P. The cell cycle and cancer. Proc. Natl. Acad. Sci. USA 1997, 94, 2776–2778.
[CrossRef] [PubMed]

47. McDonald, E.; El-Deiry, W.S. Cell cycle control as a basis for cancer drug development. Int. J. Oncol. 2000,
16, 871–957. [CrossRef] [PubMed]

48. Sherr, C.J.; Roberts, J.M. development. Cdk inhibitors: Positive and negative regulators of g1-phase
progression. Genes Dev. 1999, 13, 1501–1512. [CrossRef]

49. Borowicz, S.; Van Scoyk, M.; Avasarala, S.; Rathinam, M.K.K.; Tauler, J.; Bikkavilli, R.K.; Winn, R.A. The soft
agar colony formation assay. Jove (J. Vis. Exp.) 2014, e51998. [CrossRef]

http://dx.doi.org/10.1038/onc.2009.139
http://dx.doi.org/10.1074/jbc.M808103200
http://dx.doi.org/10.3892/ijmm_00000019
http://dx.doi.org/10.1038/nrc1229
http://dx.doi.org/10.2174/156652409789105570
http://www.ncbi.nlm.nih.gov/pubmed/19860666
http://www.ncbi.nlm.nih.gov/pubmed/19020777
http://dx.doi.org/10.1002/path.2170
http://www.ncbi.nlm.nih.gov/pubmed/17471488
http://dx.doi.org/10.1016/j.yexmp.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23103611
http://dx.doi.org/10.1126/scisignal.aad5582
http://dx.doi.org/10.1007/s00408-013-9490-4
http://dx.doi.org/10.18632/oncotarget.22154
http://dx.doi.org/10.18632/oncotarget.11630
http://dx.doi.org/10.1038/nrc2657
http://dx.doi.org/10.1038/366701a0
http://dx.doi.org/10.1038/sj.onc.1206558
http://www.ncbi.nlm.nih.gov/pubmed/12910258
http://dx.doi.org/10.1038/nrm2510
http://www.ncbi.nlm.nih.gov/pubmed/18813291
http://www.ncbi.nlm.nih.gov/pubmed/11350919
http://dx.doi.org/10.1073/pnas.94.7.2776
http://www.ncbi.nlm.nih.gov/pubmed/9096291
http://dx.doi.org/10.3892/ijo.16.5.871
http://www.ncbi.nlm.nih.gov/pubmed/10762622
http://dx.doi.org/10.1101/gad.13.12.1501
http://dx.doi.org/10.3791/51998


Int. J. Mol. Sci. 2020, 21, 3227 16 of 16

50. Bolte, C.; Flood, H.M.; Ren, X.; Jagannathan, S.; Barski, A.; Kalin, T.V.; Kalinichenko, V.V. Foxf1 transcription
factor promotes lung regeneration after partial pneumonectomy. Sci. Rep. 2017, 7, 1–14. [CrossRef]

51. Kong, L.; Zhang, P.; Li, W.; Yang, Y.; Tian, Y.; Wang, X.; Chen, S.; Yang, Y.; Huang, T.; Zhao, T. Kdm1a
promotes tumor cell invasion by silencing timp3 in non-small cell lung cancer cells. Oncotarget 2016, 7, 27959.
[CrossRef]

52. Lo, P.H.Y.; Lung, H.L.; Cheung, A.K.L.; Apte, S.S.; Chan, K.W.; Kwong, F.M.; Ko, J.M.Y.; Cheng, Y.; Law, S.;
Srivastava, G. Extracellular protease adamts9 suppresses esophageal and nasopharyngeal carcinoma tumor
formation by inhibiting angiogenesis. Cancer Res. 2010, 70, 5567–5576. [CrossRef]

53. Du, W.; Wang, S.; Zhou, Q.; Li, X.; Chu, J.; Chang, Z.; Tao, Q.; Ng, E.; Fang, J.; Sung, J.; et al. Adamts9 is
a functional tumor suppressor through inhibiting akt/mtor pathway and associated with poor survival in
gastric cancer. Oncogene 2013, 32, 3319–3328. [CrossRef] [PubMed]

54. Liu, C.; Yang, Z.; Deng, Z.; Zhou, Y.; Gong, Q.; Zhao, R.; Chen, T. Upregulated lncrna adamts9-as2 suppresses
progression of lung cancer through inhibition of mir-223-3p and promotion of tgfbr3. Iubmb Life 2018,
70, 536–546. [CrossRef] [PubMed]

55. Han, H.; Cho, J.-W.; Lee, S.; Yun, A.; Kim, H.; Bae, D.; Yang, S.; Kim, C.Y.; Lee, M.; Kim, E.; et al. Trrust v2:
An expanded reference database of human and mouse transcriptional regulatory interactions. Nucleic Acids
Res. 2018, 46, D380–D386. [CrossRef] [PubMed]

56. Tamura, M.; Sasaki, Y.; Koyama, R.; Takeda, K.; Idogawa, M.; Tokino, T. Forkhead transcription factor foxf1
is a novel target gene of the p53 family and regulates cancer cell migration and invasiveness. Oncogene 2014,
33, 4837–4846. [CrossRef]

57. Cavallaro, U.; Christofori, G. Cell adhesion and signalling by cadherins and ig-cams in cancer. Nat. Rev. Cancer
2004, 4, 118–132. [CrossRef]
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