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Abstract 

Forkhead box C1 (FOXC1) is a member of the forkhead family of transcription factors that are 
characterized by a DNA-binding forkhead domain. Increasing evidence indicates that FOXC1 is 
involved in tumor progression. However, the role of tumor hypoxia in FOXC1 regulation and its 
impact on lung cancer progression are unclear. Here, we report that FOXC1 was upregulated in 
hypoxic areas of lung cancer tissues from rodents or humans. Hypoxic stresses significantly 
induced FOXC1 expression. Moreover, hypoxia activated FOXC1 transcription via direct binding 
of hypoxia-inducible factor-1α (HIF-1α) to the hypoxia-responsive element (HRE) in the FOXC1 
promoter. FOXC1 gain-of-function in lung cancer cells promoted cell proliferation, migration, 
invasion, angiogenesis, and epithelial–mesenchymal transition in vitro. However, a knockdown of 
FOXC1 in lung cancer cells inhibited these effects. Notably, knockdown of tumor hypoxia-induced 
FOXC1 expression via HIF-1-mediated FOXC1 shRNAs in lung cancer xenograft models 
suppressed tumor growth and angiogenesis. Finally, systemic delivery of FOXC1 siRNA 
encapsulated in lipid nanoparticles inhibited tumor growth and increased survival time in lung 
cancer-bearing mice. Taken together, these data indicate that FOXC1 is a novel hypoxia-induced 
transcription factor and plays a critical role in tumor microenvironment-promoted lung cancer 
progression. Systemic FOXC1 blockade therapy may be an effective therapeutic strategy for lung 
cancer. 
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Introduction 
Each year, lung cancer is the leading cause of 

cancer-related deaths worldwide. There is a high risk 
of mortality in patients with recurrences and 
metastases [1]. Compared to the other cancers, such as 
liver, breast, and prostate cancers, the clinical 
outcomes of conventional therapies, including 
radiotherapy and chemotherapy, remain poor despite 

major efforts to improve treatment methods over the 
past years. Almost 85% of lung cancers are classified 
as non-small-cell lung cancer (NSCLC), which is the 
most common lung cancer with only a 15.9% five-year 
survival rate [2]. The strategy for treating NSCLC is to 
slow down its progression using surgery in early 
stages (I-II), or chemotherapy, as well as radiotherapy, 
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in late stage (III) [3]. More recent therapeutic 
strategies employ anti-angiogenesis agents 
(Bevacizumab) and anti-epidermal growth factor 
receptor agents (Gefitinib). However, the overall 
survival rate remains low because NSCLC 
progression is rapid and there is no effective 
therapeutic target for NSCLC.  

Tumor hypoxia is a fundamental characteristic of 
various tumors [4]. High levels of hypoxia in lung 
tumor patients are associated with higher diagnostic 
grades [5]. HIF-1α is a potent transcription factor 
which can regulate tumor cell proliferation, growth, 
metastasis, and apoptosis [6]. HIF-1α has been 
reported to have different expression profiles in 
NSCLC and in other types of lung cancer. HIF-1α 
expression was 75.8% positive in NSCLC and 45.5% 
positive in small-cell lung cancer [7]. HIF-1α was also 
reported to have a positive association with various 
genes in NSCLC, such as epidermal growth factor 
receptor (EGFR), matrix metalloproteinase 9 
(MMP)-9, and p53, which are considered to be 
cancer-related genes [8]. Tumor hypoxia also 
promoted NSCLC metastasis through M2 
macrophages by ERK signaling [9]. Moreover, the 
hypoxic environment triggering HIF-1α expression 
can also lead to the growth of tumor vasculature in 
lung tumors, which contributes to their metastases by 
interacting with vascular endothelial growth factor 
(VEGF) [10]. Nevertheless, the contribution of tumor 
hypoxia in regulating the putative, main target gene 
that promotes lung cancer progression remains 
unclear. Therefore, it is primordial to find the major 
indicator that can be used as a diagnostic or 
therapeutic target in NSCLC. 

Forkhead Box C1 (FOXC1) is a transcription 
factor that plays an important role in regulating 
ocular development in the embryonic stage [11]. It has 
been pointed out that mice homozygous for either a 
spontaneous mutation in FOXC1, or an engineered 
null mutation, die prenatally or perinatally with 
identical phenotypes. These defects include 
hemorrhagic hydrocephalus, genitourinary and 
cardiovascular defects, as well as the intervention, or 
narrowing, of the aortic arch, ventricular septal 
defects (VSD), and pulmonary valve dysplasia [12]. 
These results show that FOXC1 is important in 
embryonic development. Besides, FOXC1 is also 
required for arterial specification and lymphatic 
sprouting during vascular development [13]. FOXC1 
and FOXC2 induced the expression of arterial 
markers in vitro and worked in conjunction, at an 
earlier stage, to precisely control the proper process of 
arterial specification, by regulating the expression of 
Notch signaling genes, such as Dll4. FOXC1 and 
FOXC2, and also directly interacted with the VEGF 

signaling pathway to promote arterial gene 
expression [14]. Over the past decade, studies have 
shown that FOXC1 is highly expressed, and promotes 
metastases, in several cancers [15, 16]. FOXC1 
participates in breast cancer, hepatocellular 
carcinoma, pancreatic ductal adenocarcinoma, and 
lung cancer progression with poor clinical prognoses 
[17, 18]. FOXC1 has been implicated in promoting 
both tumor cell proliferation and metastasis. To date, 
the precise mechanism by which FOXC1 expression is 
upregulated in cancers is still unknown. 

In this study, we hypothesize that FOXC1 is one 
of the hypoxia-responsive genes and plays a role in 
tumor hypoxia-enhanced progression effects in the 
tumor microenvironment. We show that FOXC1 
expression is regulated by HIF-1α in tumor hypoxia 
conditions and it contributes to lung cancer 
progression. Lung cancer cells stably transduced with 
HRE-driven FOXC1 shRNAs exhibit significant 
growth inhibition in vivo. Moreover, systemic delivery 
of FOXC1 siRNA encapsulated in lipid nanoparticles 
(LNPs) as an oligonucleotide drug was sufficient to 
blunt lung cancer progression and constituted a 
translational path for the clinical treatment of lung 
cancer patients. 

Materials and Methods 
Cell culture 

A549, CL1-0 and CL1-5 human lung cells were 
cultured in RPMI (Life Technologies) supplemented 
with 10% fetal bovine serum (FBS), 10 mM HEPES, 
and 1% penicillin-streptomycin (PS). Cells were 
maintained at 37°C in a humidified incubator 
containing 5% CO2 and 20% O2 in air.  

In vitro hypoxic treatments 
Cells were treated in Biospherix C-Chamber 

(Biospherix) inside a standard culture chamber by 
means of exhausting and gassing with 95% N2 and 5% 
CO2 to produce oxygen concentrations of 0.5 to 1% at 
37 °C to achieve hypoxic condition as previous 
described [19, 20].  

Vector constructions and viral transduction 
The lentiviral vector pLKO AS2 (National RNAi 

Core Facility, Taiwan) was used as the backbone to 
generate a lentiviral reporter vector. The multiple 
cloning sites (MCS) of pTA-Luc vector (Clontech) was 
inserted with the cDNA fragment bearing -2100 to + 1 
bp FOXC1 promoter to drive the expression of firefly 
luciferase gene. The FOXC1 promoter driven reporter 
gene cassette was amplified from promoter to SV40 
ploy A on the constructed pTA-Luc vector using PCR 
and inserted into pLKO AS2 as pLKO AS2-FOXC1-p 
by XhoI and MluI restriction enzymes. The mutant of 
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hypoxia response element (HRE) on FOXC1 promoter 
was generated in the pLKO AS2-FOXC1-p as template 
by Quick Change Site-directed Mutagenesis Kit 
(Stratagene). Full-length human FOXC1 cDNA was 
amplified in a reaction with Platinum Taq DNA 
polymerase (Invitrogen) and was subcloned into 
pAS2.EYFP.puro (National RNAi core facility, 
Academia Sinica, Taiwan) at the NheI and EcoRI sites. 
The pGreenFire1-SFFV [21] was used to generate lung 
cancer reporter cells bearing SFFV promoter-driven a 
dual optical reporter gene encoding both green 
fluorescence protein (GFP) and luciferase (Luc). 
Lentiviral vectors carrying short hairpin RNAs 
(shRNA)-targeting HIF-1α (5’- TGCTCTTTGTGGTTG 
GATCTA-3’), HIF-2α (5’-CCATGAGGAGATTCGTG 
AGAA-3’) and FOXC1 (5’-GCCGCACCATAG 
CCAGGGCTT-3’ for FOXC1 shRNA-1; 5’-CCACT 
GCAACCTGCAAGCCAT-3’ for FOXC1 shRNA-2) 
and scrambled shRNA (http://rnai.genmed.sinica. 
edu.tw/file/vector/C6-7/17.1.pLAS.Void.pdf) were 
provided by National RNAi core facility, Academia 
Sinica in Taiwan. To generate a hypoxia-driven 
FOXC1 knockdown system, the cytomegalovirus 
(CMV) promoter in the lentiviral vectors carrying 
FOXC1 shRNAs (FOXC1 shRNA-2) were replaced 
with 8 repeats of the HREs derived from 
p8xHRE-TKGFP plasmids described elsewhere [22]. 
Lentivirus production and cell transduction were 
carried out according to protocols described 
elsewhere [23, 24]. All constructs were confirmed by 
DNA sequencing. 

Promoter analysis and Luciferase assays 
rVISTA software was used to identify one 

putative hypoxia response elements (HRE) within the 
human and mouse FOXC1 proximal promoter region 
(-2100 to + 1). To determine the role of HIF-1α in 
hypoxia-induced transcriptional activation of FOXC1, 
the stably FOXC1 promoter-driven luciferase 
reporter-transfected A549, CL1-0, CL1-5 and HEK293 
cells were pretreated with or without scramble or 
HIF-1α shRNAs for 48 hours and then exposed to in 
vitro hypoxic stress for 24 hours or cells were 
incubated with YC-1 (10 μM; Sigma-Aldrich) together 
with in vitro hypoxic stress for 24 hours. Besides, cells 
were transfected with control plasmids (pcDNA3) or 
pcDNA3-HIF-1α with oxygen-dependent degradation 
domain (ODD) deletion mutant (HIF-1α/ΔODD) for 
48 hours under normoxic conditions. To assay the 
reporter activities of hypoxia response element (HRE) 
mutations in FOXC1 promoter, HRE mutant and 
wild-type constructs of FOXC1 promoter were 
co-transfected with phRL-SV40 containing the Renilla 
luciferase gene (Promega) into A549 cells, and the 
cells were treated with or without hypoxia for 24 

hours. Firefly luciferase activities were assayed and 
normalized to those of Renilla luciferase. Luciferase 
activity was determined by mixing 10 μL of extracts 
from 1 ×105 cells and 100 μL of luciferase assay 
reagent (Promega) according to the manufacturer’s 
instructions.  

Chromatin immunoprecipitation  
Chromatin immunoprecipitation assays were 

performed using Imprint Chromatin Immunopreci-
pitation Kit (Sigma-Aldrich) according to the 
manufacturer’s protocol using an anti-HIF-1α 
antibody (Novus). For tissue chromatin 
immunoprecipitation assays, frozen human tumor 
tissues were collected and followed by the Tissue 
Chromatin Immunoprecipitation Kit (Abcam). PCR 
for the HRE in the FOXC1 promoter was performed 
with specific primers: HRE (F) 5’-ACCCAGGAA 
GTCTGCGCGAA-3’ and (R) 5’-AGCCCCGCGGT 
CCTCCGGCC-3’ were used for the input DNA PCR 
product. 

Western blot assay 
Cells were lysed and extracts were prepared as 

described previously [22]. HIF-1α, HIF-2α, FOXC1, 
VEGF, E-cadherin and Fibronectin proteins in human 
cells were detected in 150 µg of cell extract using 
monoclonal anti-HIF-1α antibody (diluted 1:650; 
Novus), anti-HIF-2α antibody (diluted 1:700; Cell 
Signaling Technology), anti-FOXC1 antibody (1:1000; 
Novus), anti-VEGF antibody (1:2000; Genetex), 
E-cadherin antibody (diluted 1:1000; Novus) and 
Fibronectin antibody (diluted 1:1000; Novus). 
Western blots were normalized using a monoclonal 
anti-β-actin antibody (diluted 1:10,000; 
Sigma-Aldrich). 

Real-time quantitative PCR 
Q-PCR analysis was performed as described 

previously [22]. The gene primers were: VEGF (F) 
5’-TGCCCGCTGCTGTCTAAT-3’ and (R) 
5’-TCTCCGCTCTGAGCAAGG-3’ ; FOXC1 (F) 
5’-TTACCGGTAAGCCTAGATTAGGCC-3’ and (R) 
5’-TTGAATTCGGTAACATTATTGGTT-3’ ;β-catenin 
(F) 5’-GCTTTCAGTTGAGCTGACCA-3’ and (R) 5’- 
CAAGTCCAAGATCAGCAGTCTC -3’ ; E-cadherin 
(F) 5’-GGTCTGTCATGGAAGGTGCT -3’ and (R) 
5’-GATGGCGGCATTGTAGGT-3’; Vimentin (F) 
5’-TGGTCTAACGGTTTCCCCTA-3’and (R) 
5’-GACCTCGGAGCGAGAGTG-3’; Fibronectin (F) 
5’-GACGCATCACTTGCACTTCT-3’ and (R) 
5’-GATGCACTGGAGCAGGTTTC-3’; GAPDH (F) 
5’-GCACAAGAGGAAGAGAGAGACC-3’ and (R) 
5’-AGGGGAGATTCAGTGTGGTG-3’. 
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Enzyme-linked immunosorbent assay (ELISA) 
Antibody sandwich ELISAs were used to 

evaluate VEGF levels in the CM (Sigma-Aldrich) 
according to the manufacturer’s instructions. 

Cell growth analysis 
Cell proliferation and viability were determined 

by the trypan blue dye exclusion test. Briefly, cells 
were seeded in 24-well plates (5×104cells/well). Cells 
were harvested in indicated days by trypsin/EDTA 
treatment and counted by microscope after trypan 
blue staining, respectively. 

Cell migration and invasion assays 
Cell migration was measured using the 24-well 

cell transwell from (Corning Costar Corporation) and 
following manufacturer’s instructions. The lung 
cancer cells were trypsinized, washed by PBS, and 
suspended in medium without FBS. The lower wells 
of the chambers were added medium with 10% FBS. 
Upper wells were filled with serum-free medium with 
lung tumor cells (20,000 cells per well). Then, the 
chamber was placed into incubator. Assays were 
stopped by removal of the medium from the upper 
wells and careful removal of the filters after 12 hours. 
Filters were then fixed with methanol by submersion 
and were briefly wiped on the cells on the upper side 
using the Q-tip. Evaluation of migrating cells was 
performed under the microscope were examined 
(four fields per filter) for the presence of cells at the 
lower membrane side. The lung cancer cell invasive 
ability was also performed by transwell pre-coated 
with Matrigel (2.5 mg/ml; BD Biosciences Discovery 
Labware). Cells (3×104) were seeded onto the upper 
wells of transwells and incubated for 16 hours. 
Evaluation of invading cells was as same as the 
protocol of migration assay. The experiments were 
performed thrice in triplicate. 

Tube formation assay 
The standard Matrigel assay was utilized to 

evaluate in vitro angiogenesis activity by quantifying 
the tube formation of HUVECs. To examine the role of 
FOXC1 on lung cancer cell-induced tube formation of 
HUVECs, 48-well culture plates were coated with 200 
µl of Matrigel (BD) per well then allowed to 
polymerize for 30 minutes at 37°C. The CM derived 
from CL1-5 cells with or without FOXC1 knockdown 
or CL1-0 cells with or without FOXC1 overexpression 
was added to HUVEC suspension 30 minutes before 
seeding. Cell suspensions of 150 µl (1.5 × 104 cells) 
were seeded on polymerized Matrigel. After 
incubation at 37°C for 8 hours, each culture was 
photographed using a Zeiss observer A1 axio 
microscope (Zeiss). For quantitative measurements of 

capillary tube formation, Matrigel wells were 
digitized under a ×4 objective for measurement of 
total tubes and tube length of capillary tube 
formation. Tracks of HUVEC organized into networks 
of cellular cords (tubes) were counted and averaged in 
randomly selected three microscopic fields.  

Animal models  
Eight-week-old male nude mice (Balb/c nu/nu) 

were purchased from the Animal Facility of the 
National Science Counsel (NSC) and were used to 
establish lung cancer animal models. For in vivo tumor 
growth assay, 3×106 lung cancer cells with luciferase 
reporter were injected subcutaneously into the dorsal 
aspects of anterior or posterior limbs of mice. For in 
vivo metastatic assay, ~1×106 lung cancer cells with 
luciferase reporter were injected intravenously via tail 
vein. Tumor growth and metastasis were assayed by 
bioluminescent imaging (BLI). All animal studies 
were conducted according to Institutional Guidelines 
of China Medical University and approved by the 
Institutional Animal Care and Use Committees of 
China Medical University.  

Bioluminescent imaging (BLI) 
Mice were imaged with the IVIS Imaging System 

200 Series (Caliper) to record bioluminescent signal 
emitted from the engrafted tumors. Mice were 
anesthetized with isoflurane from the imaging system 
and received intraperitoneal injection of D-Luciferin 
(Caliper) at a dose of 250 µg/g body weight. Imaging 
acquisition was performed at 15 minutes after 
luciferin injected. For BLI signal quantitative analysis, 
regions of interest encompassing the intracranial area 
of signal were defined using the software (Living 
Image 2.60.1) and the total number of photons per 
second per steradian per square centimeter were 
recorded.  

FOXC1 siRNA encapsulated in lipid 
nanoparticles 

FOXC1 siRNA encapsulated in lipid 
nanoparticles were generated according to previously 
published methods [25]. Briefly, FOXC1 siRNA was 
synthesized in a large scale by Integrated DNA 
Technologies and contained 2’-O-methyl (2’-OMe) 
modifications. Modified target siRNAs were 
encapsulated into LNP. Scramble siRNA molecules 
were used for control experiments.  

MicroPET imaging 
 The [18F] fluoromisonidazole (FMISO) tracer 

was produced as previously reported [26]. Each 
subject was injected with 3.9 MBq of 18F-FMISO. At 
120 minutes after injection, mice were scanned on a 
small-animal positron emission tomography (PET) 
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scanner (microPET; Concorde Microsystems) under 
isoflurane anesthesia. Static images (10 minutes) were 
obtained with a zoom factor of 2 in a 256 × 256 matrix. 
Calculations were corrected for radiation decay of 18F 
and the amount of injected dose, and the consistent 
color scale was applied to all PET images.  

Tissue immunofluorescence imaging 
For hypoxic area studies, the hypoxia marker, 

pimonidazole (70 mg/kg, intraperitoneal; HPI) and 
perfusion marker, Hoechst 33342 (1 mg/mouse; 
intravenous; Sigma) were administered 3 hours and 5 
minutes prior to tumor excision, respectively. Tumor 
tissues were frozen in the OCT embedding matrix 
(Shandon Lipshaw). Frozen tissue sections (10 µm) 
were obtained with an OTF cryomicrotome 
(Bright-Hacker), fixed in ice-cold methanol for 10 
minutes, and washed with PBS. Tumor sections were 
first incubated with FITC-conjugated 
anti-pimonidazole monoclonal antibody (1: 25; 
Chemicon International) for 1 hour at room 
temperature. Tumor sections were then co-stained for 
FOXC1 by including FOXC1 monoclonal antibody 
(Novus Biologicals) at a final concentration of 10 
µg/mL. Sections were washed 3 times in PBS, each 
wash lasting 5 minutes. For FOXC1 staining, sections 
were incubated with DyLght 649-conjugated goat 
anti-rabbit antibody (1∶100 dilution; Molecular 
Probes) and washed again. For human specimen 
staining studies, frozen human lung cancer and 
normal lung tissue sections were incubated with 
primary antibodies, FOXC1 (1:200 dilution; Novus 
Biologicals) or/and HIF-1α (1:150 dilution; Novus 
Biologicals) overnight at 4 °C and secondary 
antibodies, DyLght 649-conjugated goat anti-rabbit 
antibody (1:100 dilution; Molecular Probes) or Dylight 
488-conjugated goat-anti-mouse antibody (1:100 
dilution; Abcam). For angiogenesis studies, HIF-1α 
(1:100 dilution; Novus Biologicals) and vWF (1:100 
dilution; Cell Signaling Technology) double staining 
were also followed the same procedures. At the end of 
the staining periods, the sections were sealed with 
90% glycerin in PBS containing antifade medium 
DABCO (25 mg/mL) and DAPI (0.5 mg/mL). Tissue 
fluorescence was visualized with the Axio Observer 
A1 digital fluorescence microscope system (ZEISS).  

Cell immunofluorescence imaging 
Cells were fixed for 15 minutes with 4% of 

paraformaldehyde at room temperature and then 
washed three times with PBS. The samples were then 
incubated overnight at 4°C with the respective 
anti-E-cadherin antibody (1:100 dilution; Novus 
Biologicals), anti-Vimentin antibody (1:100 dilution; 
Novus Biologicals) in PBS. The samples were 

subsequently rinsed with PBS three times and 
incubated for 1hour at room temperature with the 
appropriate dye-conjugated Alexa Fluor® 594 and 
Alexa Fluor® 488 secondary antibodies (1:100 
dilution; Jackson ImmunoResearch). Finally, the 
samples were washed again with PBS and sealed with 
90% glycerin in PBS containing antifade medium 
DABCO (25 mg/mL) and DAPI (0.5 mg/mL). Control 
sample were performed without primary antibody. 
All of images were observed with the Axio Observer 
A1 digital fluorescence microscope system (ZEISS).  

Immunohistochemical staining 
Immunohistochemical staining was performed 

on human lung cancer tissue arrays (Biomax) using 
the avidin–biotin–peroxidase complex method. The 
paraffin sections were deparaffinized, and rehydrated 
in a graded series of ethanol (50-100%). Endogenous 
peroxidase activity was blocked using 0.3% hydrogen 
peroxidefor for 15 minutes. The sections were 
incubated overnight at 4°C with primary antibody 
(1:100 dilution) followed by conjugation to the 
secondary antibody (1:100 dilution) then 
counterstained with Delafield’s haematoxylin, 
dehydrated and mounted. Negative controls were 
stained without primary antibody. 

Fluorescence-activated cell-sorting (FACS) 
analyses 

Tumor tissues were disaggregated with an 
enzyme cocktail containing collagenase type III 
(Sigma), hyaluronidase (Sigma), and collagenase type 
IV (Sigma), washed several times, and resuspended in 
phosphate-buffered saline (PBS) to produce a single 
cell suspension. Prior to flow cytometry, cells were 
incubated with monoclonal FOXC1 antibody in cold 
fluorescence-activated cell sorting (FACS) buffer (PBS, 
0.5% BSA) on ice for 30 minutes. After washing in 
FACS buffer, cells were incubated with DyLght 
649-conjugated goat anti-rabbit antibody. After the 
final washing step, fluorescence was measured using 
a FACScalibur instrument and FACSDiva 6.0 software 
(BD Bioscience). The hypoxic subpopulations were 
further gated or isolated based on the analysis of 
Hoechst 3342 and pimonidazole in dot plots. The 
control cells are derived from disaggregated the A549 
xenografts with Hoechst 33342 and pimonidazole 
treatments, which are both Hoechsr 3342 and 
pimonidazole-negative, and were set in the lower left 
quadrant of the plot. Same setting conditions were 
used thereafter, cell populations located outside of 
this quadrant of the plot were defined as either 
Hoechst 3342- and pimonidazole + cells (chronic 
hypoxic cells), Hoechst 3342+ and pimonidazole + cells 
(cycling hypoxic cells) or Hoechst 3342+ and 
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pimonidazole- cells (Normoxic cells). FOXC1 
expression was further evaluated in these 
subpopulations. 

Statistical Analysis 
All experiments were done at least in triplicates. 

All data are given as mean ± SD. Statistical analyses 
were performed with SPSS 18.0 software using 
unpaired Student’s t test and ANOVA with 
Bonferroni’s or Tukey’s multiple comparison post hoc 
tests, where appropriate. P < 0.05 was considered 
significant. 

Results  
FOXC1 is highly expressed in areas of tumor 
hypoxia  

We first observed tumor hypoxia in lung cancer 
xenografts by PET imaging with 18F-FMISO tracer 
(Fig. 1A). There was a significant increase in the 
accumulation of 18F-FMISO in high aggressive CL1-5 
xenografts as compared to low aggressive CL1-0 
xenografts, indicating that hypoxia levels in CL1-5 
xenografts were higher than in CL1-0 xenografts. 
Moreover, western blotting of xenograft lysates 
confirmed that both HIF-1α and FOXC1 expression 
were significantly higher in CL1-5 xenografts as 
compared to CL1-0 xenografts (Fig. 1B). To better 
verify endogenous tumor hypoxia-mediated FOXC1 
expression in the solid tumor, staining with Hoechst 
33342, a perfusion marker, and pimonidazole, a 
hypoxia marker, together, with immunofluorescence 
imaging and flow cytometry, were utilized to identity 
hypoxic tumor subpopulations from A549 xenografts. 
Immunofluorescence imaging and flow cytometry 
analyses showed highly heterogeneous Hoechst 33342 
and pimonidazole staining in A549 xenografts (Fig. 
1C and 1D). The FOXC1 staining indicated that 
FOXC1 expression occurs in the cycling hypoxic 
(Hoechst 3342+ and pimonidazole +) and chronic 
hypoxic (Hoechst 3342- and pimonidazole+) areas of 
tumors (Fig. 1C). FOXC1 expression in cycling 
hypoxic cells (Hoechst 3342+ and pimonidazole + cells) 
and chronic hypoxic cells (Hoechst 3342- and 
pimonidazole+) was higher than in normoxic cells 
(Hoechst 3342+ and pimonidazole-) (Fig. 1E). In 
addition, the results from immunofluorescence 
staining of HIF-1α and FOXC1 human lung cancer 
specimens also demonstrate that FOXC1 expression 
co-localizes with high expression of HIF-1α (Fig. 1F). 
Taken together, these results suggest that hypoxia 
may regulate FOXC1 expression in tumor 
microenvironments.  

FOXC1 is upregulated and correlates with 
HIF-1α expression in human lung cancer  

In order to understand the clinical significance of 
FOXC1 in lung cancer patients, FOXC1 expression 
was first examined in the lung specimens of five 
NSCLC patients and their paired normal background 
tissues by immunofluorescence imaging and western 
blotting analysis. Higher protein levels of FOXC1 
were observed in tumor tissues than in the paired 
normal background tissues (Fig. 2A and 2B). 

Moreover, immunohistochemical staining of 
FOXC1 expression in the lung specimens of 64 
NSCLC patients and 15 unpaired normal tissues also 
showed that  

FOXC1 is highly expressed in lung cancer 
tissues, but not in unpaired normal tissues (Fig. 2C). 
The expression of FOXC1 and HIF-1α in late stage 
lung cancer samples was significantly higher than in 
early stages (Fig 2D and 2E). In addition, there was a 
linear correlation between FOXC1 and HIF-1α 
expression in lung cancer samples (R2=0.876) (Fig 2F). 
We also used the web-based Kaplan-Meier Plotter 
analysis tool to investigate the association between 
FOXC1 expression and survival outcomes in lung 
cancer patients. Although the P value did not reach 
statistical significance, lung cancer patients with high 
FOXC1 levels had poor overall survival rates 
compared to those with low FOXC1 levels (P=0.056, 
HR=1.14) in a total 1,926 patients (Fig. 2G). 
Furthermore, the expression of FOXC1 in lung cancers 
with lymph node and distant metastasis was higher 
than that in lung cancers without lymph node and 
distant metastasis (Fig. 2H and 2I). These findings 
suggest that the expression of FOXC1 was 
significantly higher in human lung cancer tissues. The 
expression of FOXC1 is closely associated with the 
tumor grade, HIF-1α expression, and poor prognosis 
of lung cancer. 

Hypoxia-induced FOXC1 expression is 
dependent on HIF-1α  

To determine the role of hypoxia in FOXC1 
regulation, we examined FOXC1 expression in A549 
and CL1-5 cells after treatment with cobalt chloride 
(CoCl2), a chemical inducer of HIF-1. FOXC1 
expression was clearly induced by CoCl2 compared to 
controls in mRNA and protein levels (Fig. 3A, S1A, 
S2A and S2B). Moreover, FOXC1 mRNA and protein 
levels were increased in CL1-0 and CL1-5 cells at 24 
hours after hypoxic treatment (<1% O2) (Fig. 3B, S1B, 
S2C and S2D). We next analyzed the time course of 
FOXC1, HIF-1α, and HIF-2α expression in A549 cells 
with hypoxic stress (<1% O2). FOXC1 expression was 
induced 3 hours after hypoxic treatment and was 
accompanied by HIF-1α expression (Fig. 3C and S2E). 
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The expression of VEGF was examined as positive 
control in CoCl2 and hypoxia chamber treatment (Fig. 
S1C and S1D). However, HIF-2α expression was 
induced at 12 hours after hypoxic treatment. FOXC1 
and HIF-1α had similar dynamic expression patterns, 
suggesting that HIF-1α may regulate FOXC1 
expression. To identify the role of HIF-1α in the 
regulation of FOXC1 expression, CL1-0 cells were 
transfected with HIF-1α-oxygen-dependent 
degradation domain (ODD) deletion mutant plasmids 
(Fig. 3D, S2F and S2G). HIF-1α overexpression in 

CL1-0 cells significantly increased FOXC1 expression 
under normoxic conditions. In contrast, knockdowns 
of HIF-1α in CL1-5 and A549 cells, via lentiviral 
transduction with shRNA against HIF-1α, fully 
inhibited hypoxia-induced FOXC1 expression (Fig. 
3D, 3E, S2H and S2I). However, knockdowns of 
HIF-2α in CL1-5 and A549 cells did not have a 
significant effect on hypoxia-induced FOXC1 
expression. These results indicate that HIF-1α is the 
major regulator of hypoxia-induced FOXC1 
expression.  

 
Figure 1. FOXC1 highly expresses in tumor hypoxic areas. (A) [18F] fluoromisonidazole (FMISO) PET imaging of CL1-0 and CL1-5 xenografts. Data are means ± SD 
(n=6), *P < 0.01 compared to CL1-0 xenografts, unpaired Student t-test. (B) HIF-1α and FOXC1 protein levels in homogenised CL1-0 and CL1-5 xenografts after PET 
imaging. Data are means ±SD (n=6). *P < 0.001 compared to CL1-0 xenografts, unpaired Student t-test. (C) Representative immunofluorescence images of 
microscopic A549 xenografts. Top left, fluorescence image of perfusion marker, Hoechst 33342 (blue). Top right, fluorescence image of hypoxia marker, 
pimonidazole (green). Bottom left, fluorescence image of FOXC1 expression (red). Bottom right, fluorescence overlay image of Hoechst 33342 (blue), pimonidazole 
(green), and FOXC1 (red). Yellow color represents the co-localization of pimonidazole and FOXC1. Bars = 100 μm. (D) Scatterplots by 2-color staining with 
Hoechst 3342 and pimonidazole. (E) Mean channel fluorescence of FOXC1 staining was determined in cycling hypoxic cells (Hoechst 3342+ and pimonidazole+), 
chronic hypoxic cells (Hoechst 3342− and pimonidazole+), and normoxic cells (Hoechst 3342+ and pimonidazole-) as gated in scatterplots by Hoechst 3342 and 
pimonidazole staining. Data are means ±SD (n=6). *P < 0.0001 compared to normoxic cells, one-way ANOVA with Tukey multiple comparison test. (F) 
Immunofluorescence imaging of FOXC1 and HIF-1α expression in two human lung cancer tissue samples. Bars = 20 μm. 
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Figure 2. FOXC1 is upregulated and correlated with HIF-1α expression in human lung cancer. (A) Immunofluorescence imaging of FOXC1 and HIF-1α expression 
in the human lung specimen and its paired normal background tissue. Bars = 20 μm. (B) FOXC1 protein levels in homogenised human lung cancer tissues and its paired 
normal background tissues. Data are means ±SD (n=5). *P < 0.0001 compared to normal background tissues, unpaired Student t-test. (C) Immunohistochemical 
staining of FOXC1 expression in human lung cancer specimens (n=64) and unpaired normal tissue specimens (n=15). Data are means ±SD. *P < 0.0001 compared to 
normal background tissues, unpaired Student t-test. (D) The association between HIF-1α expression and tumor grade in 64 lung cancer specimens. (E) The association 
between FOXC1expression and tumor grade in 64 lung cancer specimens. (F) The association between HIF-1α and FOXC1expression in 64 lung cancer specimens. 
(G) Survival analysis of the lung cancer patients with FOXC1 high and low expression using the Kaplan-Meier Plotter website for lung cancer. (H and I) 
Immunohistochemical staining of FOXC1 expression in human lung cancer specimens with or without lymph node and distant metastasis. Data are means ±SD. *P < 
0.001 compared to human lung cancer specimens without lymph node and distant metastasis, unpaired Student t-test. 
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Figure 3. Hypoxia-induced FOXC1 expression is dependent on HIF-1α. (A) The protein levels of FOXC1 and HIF-1α in A549 and CL1-5 cells with incubation of 
cobalt chloride (50 μM), which mimics hypoxia, for 24 hours. (B) The protein levels of FOXC1 and HIF-1α in CL1-0 and CL1-5 cells at 24 hours after normoxic and 
hypoxic treatment (<1% O2). (C) Time course of FOXC1 and HIF-1α expression after exposure of A549 cells to <1% O2. (D) The protein levels of FOXC1 and 
HIF-1α in CL1-0 cells transfected with control or HIF-1α-ODD deletion mutant plasmids for 48 hours and in CL1-5 cells with or without HIF-1α knockdown at 24 
hours after hypoxic treatment (<1% O2). (E) The protein levels of FOXC1, HIF-1α and HIF-2α in A549 and CL1-5 cells with or without HIF-1α or HIF-2α knockdown 
at 24 hours after hypoxic treatment (<1% O2). 

 

HIF-1α binds directly to the FOXC1 promoter 
and regulates its expression  

To investigate the molecular mechanism by 
which hypoxia induces FOXC1 expression, 
bioinformatics analysis identified one HIF-1α-binding 
site in the human and mouse FOXC1 promoter 
sequence from bases −2000 to +1 (Fig. 4A), suggesting 
that HIF-1α might regulate FOXC1 expression by 
directly binding to its promoter. In the reporter 
assays, FOXC1 promoter reporter plasmids 
(FOXC1-Luc) responded to hypoxia stimulation in 
CL1-0, CL1-5 and A549 cells (Fig. 4B). However, 
knockdown of HIF-1α in these cells inhibited 
hypoxia-induced FOXC1 promoter activation. 
Moreover, treatment with YC-1 (an HIF-1α inhibitor) 
also abrogated hypoxia-mediated FOXC1 promoter 
activities (Fig. 4C). Coexpression of 
HIF-1α-oxygen-dependent degradation domain 
(ODD) deletion mutant and FOXC1-Luc significantly 
enhanced the reporter activity, but control plasmids 
did not. To pinpoint the exact binding motifs, we 
introduced the mutations into the HRE of FOXC1-Luc 
(Fig. 4A). The ablation of HRE, on the FOXC1 
promoter, abrogated hypoxia-mediated FOXC1 
induction (Fig. 4D). ChIP assays also confirmed the 
binding of HIF-1α to the FOXC1 promoter in cells 
(Fig. 4E, 4F) as well as in human lung cancer tissues 
(Fig. 4G, 4H). Collectively, these results suggest that 
HIF-1α regulates FOXC1 transcription by directly 

binding to the FOXC1 promoter in a 
hypoxia-dependent fashion. 

FOXC1 promotes cell growth and malignancy 
in lung cancer cells  

We next investigated the functional role of 
FOXC1 in lung cancer cell progression. In the high 
aggressive CL1-5 cells expressing high levels of 
FOXC1 endogenously, FOXC1 was knocked down 
using two independent FOXC1 target shRNAs via a 
lentiviral-based system. Western blot analysis 
confirmed successful knockdown as manifested by 
significantly decreased FOXC1 expression (Fig. 5A 
and S2J). Knockdown of FOXC1 in CL1-5 cells 
significantly inhibited cell growth, migration and 
invasion (Fig. 5B, 5C and 5D), suggesting that FOXC1 
is essential in contributing to cell growth and 
malignancy in lung cancer cells. Moreover, the 
conditional medium (CM) from CL1-5 cells, with or 
without a FOXC1 knockdown, was collected. Human 
umbilical vein endothelial cells (HUVECs), cultured 
in CM from CL1-5 cells with a FOXC1 knockdown, 
exhibited a decrease in tube formation, compared to 
HUVECs cultured with CM from wild-type CL1-5 
cells (Fig. 5E, 5F and 5G). The expression and 
secretion of VEGF were also decreased in A549 and 
CL 1-5 cells with FOXC1 knockdown (Fig. S3A and 
S3B). Therefore, tumor FOXC1 plays a role in 
angiogenesis via the secretion of angiogenic factors. 
We also examined the epithelial-mesenchymal 
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transition (EMT) by observing the expression of EMT 
markers such as β-catenin, E-cadherin, vimentin, and 
fibronectin. Q-PCR and western blotting analysis 
revealed that FOXC1 knockdown in CL1-5 cells 
increased the expression of β-catenin and E-cadherin, 
but decreased the expression of vimentin and 
fibronectin (Fig. 5H, 5I, S2K and S2L), suggesting that 
cells with a FOXC1 knockdown undergo a 
mesenchymal to epithelial transition-like process. In 
order to further test whether FOXC1 gain-of-function 
is able to promote lung cancer cell progression, the 
low aggressive CL1-0 cells that express low levels of 
FOXC1 endogenously were stably transduced using 
recombinant lentiviruses expressing FOXC1 (Fig. 
S4A). Compared with wild-type CL1-0 cells, or with 
control lentiviral vector-infected CL1-0 cells, FOXC1 
overexpressing CL1-0 cells exhibited increased cell 
growth, migration, and invasion (Fig. S4B, S4C and 
S4D). Moreover, the CM collected from CL1-0 cells 
with FOXC1 gain-of-function significantly promoted 
the capillary tube-like formation of HUVECs, 
compared to CM from wild-type CL1-0 cells, or to the 
control lentiviral vector-infected CL1-0 cells (Fig. S4E, 
S4F and S4G). FOXC1 overexpression in CL1-0 cells 
also increased the expression of vimentin and 
fibronectin, but decreased the expression of β-catenin 
and E-cadherin (Fig. S4H). Moreover, FOXC1 
overexpression induced a mesenchymal spindle-like 
morphology in A549 cells under a phase-contrast 
microscope (Fig. S5A and S5B). Immunofluorescence 
imaging analysis also demonstrated that A549 cells 
with FOXC1 gain-of-function exhibited an 
upregulation of vimentin, but a downregulation of 
E-cadherin (Fig. S5C). However, a knockdown of 
FOXC1 in A549 cells generated the opposite results. 
Collectively, these findings indicate that FOXC1 
promotes cell growth, migration, invasion, 
angiogenesis, and EMT in lung cancer cells. 

Blockage of hypoxia-induced FOXC1 inhibits 
tumor growth in lung cancer xenografts 

To investigate the impact of tumor 
hypoxia-induced FOXC1 in lung cancer progression, 
we first created a novel conditional FOXC1 
knockdown platform using lentivirus vectors 
encoding 8× HRE-driven FOXC1 shRNAs (Fig. S6A). 
A549 cells stably expressing luciferase were 
transduced with lentivirus vectors carrying 
HRE-driven FOXC1 shRNAs or scramble shRNAs. 
Western blotting confirmed FOXC1 knockdown 
under hypoxic condition in the A549 cells (Fig. S6B). 
These cells were implanted subcutaneously into nude 
mice. Bioluminescent imaging (BLI) was utilized to 
assess tumor growth. A549 cells with a 
hypoxia-induced FOXC1 knockdown displayed 

significant growth inhibition in vivo, compared to 
wild-type cells or to control cells (Fig. 6A and 6B). 
These xenografts were further examined for the 
expression of HIF-1α, FOXC1 and Von Willebrand 
factor (vWF), an endothelial cell marker for 
angiogenesis, by immunofluorescence staining. 
HIF-1α and FOXC1 double-staining indicated that 
FOXC1 expression co-localized with HIF-1α 
expression in wild-type or in control lung cancer 
xenografts (Fig. 6C). In the lung cancer xenografts 
with the HIF-1α-induced FOXC1 knockdown, 
however, FOXC1 expression disappeared in 
HIF-1α-expressed areas, indicating that tumor 
hypoxia-mediated FOXC1 knockdown really works in 
tumor microenvironment. Moreover, the 
HIF-1-induced FOXC1 knockdown also largely 
decreased the vWF expression (Fig. 6C), indicating 
genetic depletion of FOXC1 inhibits tumor 
angiogenesis in vivo. These results show that tumor 
hypoxia-induced FOXC1 plays an important role in 
tumor growth and angiogenesis. Furthermore, we 
determined the role of FOXC1 in lung cancer 
metastasis. CL1-5 cells, with or without a FOXC1 
knockdown, were lentivirally transduced with the 
luciferase reporter gene and intravenously injected 
into nude mice. The FOXC1 knockdown in CL1-5 cells 
caused a significant reduction in the number of mice 
exhibiting lung metastases (Fig. 6D), suggesting that 
FOXC1 contributes to lung cancer metastasis.  

Finally, we investigated whether the targeted 
inhibition of FOXC1 by the systemic delivery of 
FOXC1 siRNA represents a viable means to inhibit 
tumor growth in lung cancer xenografts. To enhance 
siRNA stability in vivo, and prevent unwanted 
immune activation, native FOXC1 siRNA was 
chemically modified by selective incorporation of 
2'-O-methyl (2'OMe)-uridine or -guanosine 
nucleosides into one strand of the siRNA duplex, and 
encapsulated into LNPs. Mice receiving systemic 
delivery of FOXC1 siRNA LNPs displayed a 
significant inhibition of FOXC1 expression and tumor 
growth in CL1-5 xenografts, compared to mice 
receiving systemic delivery of empty LNPs or 
scramble siRNA LNPs (Fig. 6E, 6F and 6G). We also 
performed the Kaplan–Meier analysis for animals 
treated with FOXC1 siRNA LNPs, scramble siRNA 
LNPs, and empty LNPs. FOXC1 siRNA LNP-treated 
mice showed significantly longer morbidity-free 
survival times (Fig. 6H). Moreover, FOXC1 siRNA 
LNPs-mediated tumor growth inhibition was 
dose-dependent (Fig. 6I). Taken together, these results 
show that FOXC1 is an important regulator of lung 
cancer growth and that specific targeting of FOXC1 by 
RNAi could be a novel therapeutic modality for lung 
cancer.  
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Figure 4. HIF-1α binds directly to the FOXC1 promoter to regulate its expression. (A) Graphic representation of the putative and mutant FOXC1 promoter. One 
putative hypoxia response element (HRE) was identified in human and mouse FOXC1 promoter. (B) The reporter activities of FOXC1 promoter in CL1-0, CL1-5 and 
A549 cells with or without HIF-1α knockdown at 24 hours after hypoxic treatment (<1% O2). Data are means ±SD (n=9). *P < 0.0001 compared to normoxic cells; 
# P <0.001 compared to scramble (scr.) shRNA, one-way ANOVA with Tukey multiple comparison test. (C) The reporter activities of FOXC1 promoter in HEK-293 
and A549 cells cultured in hypoxia for 24 hours in the absence or presence of YC-1 or in cells co-transfected with control or HIF-1α-ODD deletion mutant plasmids 
for 48 hours. Data are means ±SD (n=9). *P < 0.0001 compared to control cells; # P <0.001 compared to vehicle, one-way ANOVA with Tukey multiple comparison 
test. (D) Luciferase reporter plasmids carrying the wild type (WT) or mutant FOXC1 promoter regions were co-transfected with the Renilla luciferase reporter 
plasmid into A549 cells; and the cells were treated with or without hypoxia (<1% O2) for 24 hours. (E and F) Chromatin immunoprecipitation followed by real-time 
PCR (ChIP-qPCR) assay of HIF-1α binding in FOXC1 promoter in response to hypoxia (<1% O2) for 24 hours. Results are expressed as percentage of input. Data are 
means ±SD (n=9). *P < 0.001 compared to non-specific IgG, unpaired Student t-test. (G and H) Chromatin immunoprecipitation followed by real-time PCR 
(ChIP-qPCR) assay of HIF-1α binding in FOXC1 promoter in frozen human lung cancer tissues. Results are expressed as percentage of input. Data are means ±SD 
(n=9). *P < 0.001 compared to non-specific IgG, unpaired Student t-test. 
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Figure 5. FOXC1 promotes cell growth and malignancy in lung cancer cells. (A) Western blot analysis of FOXC1 knockdown in CL1-5 cells via the lentiviral-based 
FOXC1 shRNA. (B) Cell growth of CL1-5 cells with or without FOXC1 knockdown for 7 days. Cell growth was examined by trypan blue staining. The migration (C) 
and invasion (D) of CL1-5 cells with or without FOXC1 knockdown were measured by in vitro migration and invasion assay, respectively. The morphology 
characteristics (E) and quantification of total tubes (F) and tube length (G) for in vitro tube formation of HUVECs incubated with conditional medium from CL1-5 cells 
with or without FOXC1 knockdown. (H) The transcript levels of epithelial-mesenchymal transition (EMT) markers in CL1-5 cells with or without FOXC1 
knockdown. (I) The protein levels of E-cadherin and fibronectin in CL1-5 cells with or without FOXC1 knockdown. Data are means ±SD (n=9). *P < 0.001 compared 
to wild type (WT) cells, one-way ANOVA with Tukey multiple comparison test. 

 
Discussion 

Hypoxia is a common feature of the tumor 
microenvironment in solid tumors and it contributes 
to malignant tumor progression [27-29]. In lung 
cancer, tumor hypoxia is generally associated with 
disease progression and poor prognosis [30]. 
Moreover, growing evidence suggests that tumor 
hypoxia is able to promote lung cancer growth and 
metastasis [9, 10]. In mechanisms of 
hypoxia-promoted tumor progression, HIF-1 has been 
recognized as a master regulator that controls 
proliferation, apoptosis, differentiation, energy 
metabolism, angiogenesis and metastasis [31]. Many 
effector genes involved in these physiological 
processes have one or more HRE motifs, and 
therefore, HIF-1 is able to directly regulate their 
expression and function by binding to their promoters 

[32, 33]. However, HIF-1 has been found to interact 
with a variety of transcription factors and to interfere 
with their transcriptional activities. The mechanisms 
by which HIF-1-regulated transcription factors and 
their transcriptional activities act are through the 
modulation of expression level in activator, repressor 
or transcription factor itself or the interference of 
transcription factor and its associated protein 
interaction [34, 35]. The current study identified a 
novel HIF-1α interacting transcription factor, FOXC1, 
which plays an important role in lung cancer 
progression. HIF-1α directly binds to the FOXC1 
promoter and acts to increase its transcriptional 
activity. Therefore, FOXC1 is a hypoxia-responsive 
gene, and the protein it encodes acts as another 
regulator to modulate hypoxia-response genes even if 
they lack the HRE motif. 
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Figure 6. Blockage of hypoxia-induced FOXC1 inhibits tumor growth in lung cancer xenografts. (A) Bioluminescent images of tumor growth in A549 xenografts with 
or without conditional FOXC1 knockdown using lentivirus vectors encoding 8X HRE-driven FOXC1 shRNAs. (B) Tumor growth derived from luminescent signal 
(photon flux) in above experiments. Data are means ±SD (n=6). *P < 0.01 compared to wild type (WT) xenografts, two-way ANOVA with Bonferroni’s post hoctest. 
(C) representative immunofluorescence images from frozen sections of tumor tissues in above experiments immunostained to detect the HIF-1α (green), FOXC1 
(red), vWF (red) and nuclear DNA (blue). (D) Bioluminescent images and metastatic probability of mice intravenously injected with CL1-5 cells with or without 
FOXC1 knockdown via tail vein. (E) FOXC1 protein levels in homogenised CL1-5 xenografts from mice with systemic delivery of empty LNPs (NP-1), scramble 
siRNA LNPs (NP-2) or FOXC1 siRNA LNPs (NP-3) at a dose of 2 mg/kg for 3 days. Data are means ±SD (n=6). *P < 0.001 compared to NP-1, one-way ANOVA with 
Tukey multiple comparison test. (F) Bioluminescent images from mice received NP-1, NP-2 or NP-3 treatment on day 21 after tumor implantation. Mice were 
injected at a dose of 2 mg/kg at 7, 10, 13 and 16 days via tail vein. (G) The mean normalized BLI values associated with longitudinal monitoring of tumor growth for 
each treatment group. Data are means ±SD (n=6~8). *P < 0.001 compared to NP-1, two-way ANOVA with Bonferroni’s post hoctest. (H) The corresponding 
survival curves of CL1-5 xenograft-bearing mice for each treatment group. (I) Tumor weight of CL1-5 xenografts from mice received NP-3 treatment at different 
dosages on day 21. Data are means ±SD (n=6~8). *P < 0.01 compared to control mice without treatment. one-way ANOVA with Tukey multiple comparison test.
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Although it is widely known that FOXC1 plays 
important roles in both, normal biological processes 
and tumor progression [15, 36], the conditions and 
mechanisms involved in the regulation of FOXC1 
expression are less well understood. In tumor 
progression, the microRNAs, miR-639 and miR-548I, 
modulate FOXC1 expression via post-transcriptional 
gene regulation [37, 38]. Epidermal growth factor 
receptor (EGFR) activates FOXC1 transcription 
through the ERK and Akt pathways in basal-like 
breast cancer [39]. Moreover, interleukin-8 (IL-8) 
induces FOXC1 expression through activation of 
phosphoinositide 3-kinase signaling [40], suggesting 
that tumor inflammation is an induction condition for 
FOXC1 expression. Besides, FOXC1 expression is 
regulated by BMP4 in early osteogenic differentiation 
[41]. In the present study, we show that hypoxia 
induces FOXC1 expression in the tumor 
microenvironment. FOXC1 upregulation is found in 
chronic or cycling tumor hypoxic areas, and is 
associated with hypoxia and HIF-1α levels in lung 
cancer xenograft models. Our data also provide a 
molecular mechanism to explain how hypoxia can 
regulate FOXC1 expression. HIF-1α directly binds to 
HRE motif in the FOXC1 promoter and further 
increases its transactivation. These findings not only 
highlight the fact that hypoxia is a critical stressor for 
FOXC1 induction in the tumor microenvironment, but 
also suggest that other pathological conditions, such 
as stroke or myocardial infarction, may also promote 
FOXC1 upregulation and function. Further studies are 
needed to confirm this hypothesis and elucidate the 
potential role of hypoxia-induced FOXC1 in these 
ischemic diseases. 

Recent studies have shown that the high 
expression of FOXC1 is associated with poor clinical 
outcome in non-small cell lung cancer patients [18]. 
However, the impact of FOXC1 upregulation in lung 
cancer progression is still unclear. In this study, our 
results indicate that FOXC1 plays an important role in 
lung cancer progression. The knockdown of FOXC1 in 
CL1-5 cells with high FOXC1 expression and 
invasiveness inhibited cell proliferation, migration, 
invasion, angiogenesis, and EMT. By contrast, 
overexpression of FOXC1 in CL1-0 cells with low 
FOXC1 expression and invasiveness has opposite 
effects. These observations are in line with reports 
linking FOXC1 to other cancers, such as 
nasopharyngeal cancer, liver cancer, stomach cancer, 
pancreatic cancer, and melanoma [16, 42-47], 
suggesting that FOXC1 promotes tumor growth and 
malignancy. Most importantly, we show that tumor 
hypoxia-induced FOXC1 contributes to lung cancer 
progression. Hypoxia-driven FOXC1 knockdown in 
CL1-5 cells suppressed their growth and angiogenesis 

in vivo, indicating that FOXC1 is a critical mediator 
involved in tumor microenvironment-mediated 
tumor growth and malignancy. These findings 
suggest that FOXC1 is a potential therapeutic target in 
lung cancer treatment. 

In order to translate our findings derived from 
basic research into clinical applications, we used 
RNAi-based LNP as a treatment strategy to allow for 
effective silencing of a target RNA in tumor cells in 
vivo, while reducing unwanted immune responses, 
because a FOXC1 inhibitor has not yet been 
developed. Here, we used FOXC1 siRNA chemically 
modified by selective incorporation of 2’OMe uridine 
or guanosine nucleosides and formulated with LNP to 
protect the systemically administered siRNA from 
serum nucleases, thus extending the siRNA in vivo 
half-life, according to previous studies [48-50]. Our 
results clearly demonstrate that the treatment of lung 
cancer-bearing mice with 2’OMe-modified FOXC1 
siRNA encapsulated in LNP was sufficient to mediate 
potent silencing of the target mRNA and to effectively 
suppress lung tumor growth and angiogenesis in vivo. 
Moreover, this compound inhibited tumor growth in 
a dose-dependent manner and extended the survival 
time in these mice. Although more work is needed to 
optimize the therapeutic dose and to address the 
problem of potential side-effects, these findings 
indicate that there is clinical utility of FOXC1 siRNA 
targeting for the treatment of lung cancer disease with 
high therapeutic efficiency. 

 In conclusion, this is the first study to report that 
tumor hypoxia regulates FOXC1 expression and that 
this mechanism contributes to lung cancer 
progression. In addition, our findings provide 
preclinical proof-of-concept for FOXC1 blockade as a 
systemic therapy for lung cancer. Targeting of FOXC1 
with RNAi-based nanoparticles allowed a therapeutic 
benefit in a preclinical model of lung cancer, 
providing an attractive therapeutic modality for lung 
cancer. 
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