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Abstract 
 
Rationale: Forkhead box M1 (FoxM1) is a transcription factor that promotes cell proliferation by regulating a 
broad spectrum of genes that participate in cell cycle regulation, such as Cyclin B, CDC25B, and Aurora B 
Kinase. We have shown that hypoxia, a well-known stimulus for pulmonary hypertension (PH), induces FoxM1 
in pulmonary artery smooth muscle cells (PASMC) in a HIF-dependent pathway, resulting in PASMC 
proliferation, while the suppression of FoxM1 prevents hypoxia-induced PASMC proliferation. However, the 
implications of FoxM1 in the development of PH remain less known.  
 
Methods: We determined FoxM1 levels in the lung samples of idiopathic PAH (pulmonary arterial hypertension) 
(IPAH) patients and hypoxia-induced PH mice. We generated constitutive and inducible smooth muscle cell 
(SMC)-specific FoxM1 knockdown or knockout mice as well as FoxM1 transgenic mice which overexpress 
FoxM1, and exposed them to hypoxia (10 % O2, 90% N2) or normoxia (Room air, 21 % oxygen) for four weeks, 
and measured PH indices. We also isolated mouse PASMC (mPASMC) and mouse embryonic fibroblasts (MEF) 
from these mice to examine the cell proliferation and expression levels of SMC contractile proteins. 
 
Results: We showed that in hypertensive human lungs or mouse lungs, FoxM1 levels were elevated. 
Constitutive knockout of FoxM1 in mouse SMC caused early lethality, whereas constitutive knockdown of FoxM1 
in mouse SMC prevented hypoxia-induced PH and PASMC proliferation. Inducible knockout of FoxM1 in SMC 
reversed hypoxia-induced pulmonary artery wall remodeling in existing PH. Overexpression of FoxM1 enhanced 
hypoxia-induced pulmonary artery wall remodeling and right ventricular hypertrophy in mice. Alteration of FoxM1 
status did not affect hypoxia-induced hypoxia-inducible factor (HIF) activity in mice. Knockout of FoxM1 
decreased PASMC proliferation and induced expression of SMC contractile proteins and TGF-β/Smad3 
signaling.  
 
Conclusions: Our studies provide clear evidence that altered FoxM1 expression in PASMC contributes to PH 
and uncover a correlation between Smad3-dependent signaling in FoxM1-mediated proliferation and de-
differentiation of PASMC.   
  



Introduction 
 
Pulmonary arterial hypertension (PAH) is a devastating disease that results in a progressive increase in 
pulmonary vascular resistance, right ventricular failure, and ultimately death [1, 2]. Despite recent advances in 
the management of PAH, currently there is no cure for PAH. PAH is characterized by pulmonary arterial 
remodeling with vascular cell proliferation [1, 2]. Hypoxia is a well-established stimulus for the induction of 
pulmonary hypertension (PH) in several animal models that exhibit pulmonary artery smooth muscle cell 
(PASMC) proliferation and de-differentiation [3]. However, the mechanisms by which hypoxia mediates 
pulmonary artery remodeling and PH remain incompletely understood. 
 
Recent evidence suggests that hypoxia induces Forkhead box M1 (FoxM1) in some cancer cell lines and that 
FoxM1 contains a putative hypoxia-inducible factor (HIF) response element in its promoter [4]. FoxM1 is a 
transcription factor that stimulates cell proliferation by regulating a broad spectrum of genes that participate in 
cell cycle regulation, such as Cyclin B, CDC25B, and Aurora B Kinase [5-7]. Elevated FoxM1 levels are reported 
in rapidly proliferating cells, including many human carcinomas [5, 7]. In the lungs, FoxM1 has been implicated 
in the tumorigenesis of lung cancer [8, 9] and the loss of FoxM1 prevents maturation of lung vasculature and 
attenuates proliferative epithelial and endothelial repair after lung injury [10-12]. However, the effect of Fox M1 
on PASMC proliferation and its role in the pathogenesis of PH are less known.   
 
In a recent study, we have shown that exposure to hypoxia up-regulates FoxM1 gene expression in an HIF-2α-
dependent pathway, but not in an HIF-1a-dependent pathway [13]. We have also demonstrated that the inhibition 
of FoxM1 prevents the hypoxia-induced expression of Aurora A kinase and Cyclin D1 and the proliferation of 
human PASMC [13]. However, it is not known whether FoxM1 plays a role in the pathogenesis of PH in vivo.  
 
In our current study, we generated constitutive and inducible smooth muscle cell (SMC)-specific FoxM1 
knockdown and knockout mice as well as FoxM1 transgenic mice to investigate whether FoxM1 plays a causal 
role in the genesis of PH. We found that although constitutive knockout of FoxM1 in SMC is lethal, knockdown 
or inducible knockout of FoxM1 in SMC prevented or reversed hypoxia-induced PH indices, respectively. 
Overexpression of FoxM1 enhanced hypoxia-induced pulmonary artery remodeling and right ventricular 
hypertrophy. We also revealed that FoxM1-mediated PASMC proliferation and de-differentiation is correlated 
with a Smad3-dependent pathway.  
 
  



Methods: 
 
Lung samples from normal donors and PAH patients. 

Lung tissue sections of four normal donors and four IPAH patients were kindly provided by Drs. Suzy A. 
A. Comhair and Serpil C. Erzurum at Department of Pathobiology, Respiratory Institute, Cleveland Clinic. The 
use of these lung tissue sections was approved by the University of Illinois at Chicago Institutional Review Board.  
 
FoxM1 knockout mice and transgenic FoxM1 mice 

We generated a strain of smooth muscle cell (SMC)-specific FoxM1 knockout (sm-FoxM1-/-) and 
knockdown mice (sm-FoxM1+/-) by crossing FoxM1fl/fl mice [14] with sm22α-Cre mice as previously described 
[15]. We also created a strain of inducible SMC-specific FoxM1 knockout mice by crossbreeding FoxM1fl/fl mice 
with SMMHC-CreERT2 mice [16]. In Rosa26-FoxM1 transgenic mice, the FoxM1 transgene is driven by the 
Rosa26 promoter and thus expresses ubiquitously [9].  

To examine whether the knockdown of FoxM prevents hypoxia-induced PH, we exposed sm-FoxM1+/- 
mice and their wild type littermates to room air (normoxia) or 10% oxygen (hypoxia) for 4 weeks in a BioSpherix 
A-chamber (BioSpherix, Lacona, NY) in which the oxygen concentration (10%) was monitored with a Proox 
Model P110 oxygen controller (BioSpherix).  

To examine whether the knockout of FoxM1 reverses existing PH, we first exposed SMMHC-CreERT2-
FoxM1fl/fl mice to hypoxia and normoxia for nine days and then gave them 4-hydroxytamoxifen (4-OHT) or vehicle 
(corn oil) (i.p.) for 5 consecutive days, during which mice remained in normoxic or hypoxic conditions. After the 
last administration of 4-OHT or vehicle, we maintained these mice in hypoxia or normoxia for an additional two 
weeks.  

To study the role of overexpression of FoxM1 in hypoxia-induced PH, we exposed rosa26-FoxM1 mice 
and Balb/c mice (purchased from the Jackson Laboratory as control for rosa26-FoxM1 mice) to hypoxia (10% 
O2) and normoxia for three weeks.  

After normoxic or hypoxic exposure of these mice, we measured their right ventricular pressure (RVP) 
with a 1.4F pressure transducer catheter (Millar Instruments) and AcqKnowledge software (Biopac Systems Inc.) 
and calculated the right ventricular systolic pressure (RVSP) as a surrogate for pulmonary artery pressure. Blood 
was drawn and collected in BD Microtainer tubes with K2E (K2EDTA) (Becton, Dickinson and company, Franklin 
Lakes, NJ) and analyzed in a Siemens ADVIA 120 hematology analyzer (Siemens Healthcare GmbH, Erlangen, 
Germany). Mouse hearts were excised and dissected to determine the RV/(LV+S) ratio (right ventricle/(left 
ventricle + septum)) as a parameter of right ventricular (RV) hypertrophy. Mouse lung tissues were harvested, 
fixed, embedded, and sectioned, and stained with hematoxylin and eosin for morphometric analysis to quantify 
pulmonary arterial wall thickness on the arteries with a diameter of 50-100µm, which demonstrate significant 
remodeling during hypoxia [15, 17]. All animals were handled according to National Institutes of Health guidelines 
and the Institutional Animal Care and Use Committee-approved experimental protocols. Both male and female 
mice were included, but SMMHC-CreERT2-FoxM1fl/fl mice were all male as the SMMHC-Cre transgene was 
inserted on the Y Chromosome [18]. The animal studies were randomized and blinded.  
 
Isolation of Mouse Pulmonary Artery Smooth Muscle Cells (mPASMC) 

mPASMC were isolated from mouse lungs as we have previously described [15]. For SMMHC-FoxMfl/fl 
mice, we first injected these mice with 4-OHT or vehicle (corn oil) for five consecutive days, allowed them recover 
for one week before the mPASMC isolation. mPASMC were cultured and maintained in SmGM-2 medium 
(Lonza). Generally, we grew mPASMC for at least 2 weeks to obtain enough cells for experiments. The purity of 
mPASMC was validated with the co-immunofluorescence staining of SMA, Surfactant protein C (type II airway 
epithelial cell marker) and DAPI as we described [15]. 
   
Isolation and culture of mouse embryonic fibroblasts (MEF) 

MEF were isolated from mice following published procedures [19]. Briefly, on day 14-16 of pregnancy, 
mice were sacrificed, and embryos were removed and rinsed in PBS. After decapitation and evisceration, the 
embryos were finely minced with a scalpel blade, incubated with dispase (2 mg/ml; Sigma-Aldrich) for 45 minutes, 
and plated into cell culture flasks in DMEM complete media. After fibroblasts had grown out from the tissue slices, 
we removed the tissue slices and grew and expanded the cell population. MEF were identified based on the 
morphology and expression of vimentin and collagen. Cell viability was checked by Trypan blue exclusion assay. 
All cells were maintained in a humidified incubator with a constant supply of 5% CO2 at 37°C.  
 



Migration assay 
1x104 cells were plated on uncoated inserts (BD Biosciences, Franklin Lakes, NJ) and incubated for 24 

hours. The cells that migrated to the other side of the inserts were fixed, stained, and counted under the 
microscopic fields at 200x magnification using a calibrated ocular grid.  
 
BrdU incorporation, Cell proliferation, and cell death 

Briefly, mPASMC and MEF were plated at 5000 cells/well into 96-well plates and incubated overnight 
before the assays. Cell proliferation was determined by two methods: 1) the incorporation of 5-Bromo-2’-
Deoxyuridine (BrdU) using the BrdU Proliferation Assay (Calbiochem, San Diego, CA); 2) cell proliferation assay 
by CellTiter 96® Aqueous One Solution Cell Viability Assay (Promega, Madison, WI), according to the 
manufacturer’s instructions. Cell death was measured by the release of lactate dehydrogenase (LDH) using the 
Cytotoxicity Detection Kit (LDH) (Roche, Indianapolis, IN).  
 
Quantitative Real-time Reverse Transcription PCR (qRT-PCR) 

We used a miRNeasy Mini Kit (Qiagen, Valencia, CA) and an RNase-Free DNase Set (Qiagen) to extract 
the total RNA. We determined the quantity and quality of total RNA with Nanodrop 2000 spectrophotometer 
(ThermoScientific, Rockford, IL) and then performed reverse transcription using High Capacity Reverse 
Transcription kits (Applied Biosystems, Foster City, CA). qRT-PCR was conducted with SYBR Green PCR 
Master Mix (Applied Biosystems, Foster City, CA) on a StepOnePlus or a ViiA 7 Real-Time PCR System (Applied 
Biosystems). The abundance of Ribosomal protein L19 (RPL19) was used as internal control.  
 
Western Blotting 

After three washes with ice-cold phosphate-buffered saline (PBS), cells were lysed in an mRIPA buffer 
(50 mM Tris pH 7.4, 1% NP-40, 0.25% deoxycholate, 150 mM NaCl, and protease inhibitors), homogenized, and 
centrifuged at 13,000 g for 10 min at 4°C. We then determined the protein concentrations of the supernatants 
using Bio-Rad protein assay solution (Bio-Rad, Hercules, CA). Proteins were separated by SDS-polyacrylamide 
gel electrophoresis, transferred to BA85 nitrocellulose membrane (PROTRAN, Whatman, Dassel, Germany), 
incubated with primary and secondary antibodies, and detected with SuperSignal West Pico Chemiluminescent 
Substrate (ThermoScientific). The following antibodies were used in this study: α-tubulin (Cat#T5168), actin 
(Cat#A2228), α-smooth muscle actin (α-SMA)(Cat#A5228), calponin (Cat#C2687) (Sigma-Aldrich, St. Louis, 
MO), smooth muscle protein 22-α (SM22α) (Cat#ab10135, Abcam, Cambridge, MA), myocardin (Cat#MAB4028, 
R&D Systems), and proliferating cell nuclear antigen (PCNA) (Cat#10205-2-AP, Proteintech Group, Chicago, 
IL), Smad2/3, phospho-Smad2 (ser465/467) (Sigma-Aldrich and Protein Technologies, Inc.), phospho-Smad3 
(ser423/425) (Sigma-Aldrich and Protein Technologies, Inc.), anti-mouse (Cat#172-1011), anti-rabbit (Cat#172-
1034), and anti-goat (Cat#172-1019) IgG-HRP conjugates (Bio-Rad). The gray density of protein bands was 
quantified by the ImageJ software. 
 
Immunohistochemistry (IHC) 

IHC staining were performed as we described previously with multiple antibody dilution and two 
commercially available FoxM1 antibodies [13, 17]. To quantify IHC staining in pulmonary arteries, we converted 
the brown staining of these images into a single red color channel (RGB:255,0,0) in Photoshop. We then changed 
the red channels into greyscale images for quantification with the ImageJ software by measuring the intensity of 
the grey color. 
 
Immunofluorescence (IF) staining 

The lung tissue sections were de-paraffinized and rehydrated according to standard protocols. After 
antigen retrieval in 0.01 M citrate buffer (pH 6.0), the tissue sections were incubated with 1% Triton X-100 for 15 
min and incubated with 5% BSA (in TBS, pH=7.4) for 30 min, followed by overnight incubation with the primary 
antibodies at 4 °C. After a wash with TBS, the sections were incubated with the secondary antibodies at room 
temperature for 1 h. After being washed three times with TBS, the sections were mounted using the 496-
diamidino-2-phenylindole (DAPI) mounting medium. The fluorescence was recorded with a ZEISS Z1 
AxioObserver fluorescence microscope (Carl Zeiss, Oberkochen, Germany).   

Statistical Analysis 
All experiments were repeated at least three to five times independently. Two-way ANOVA, One-way 

ANOVA, and t-test were performed using GraphPad Prism 4 (GraphPad, San Diego, CA) when applicable. 



Bonferroni posttests were carried out after ANOVA. For animal studies, we estimated the sample size with an 
online power analysis tool (http://www.datavis.ca/online/power/index.html), adopting a moderate to large 
difference (effect size 0.75). In 2x2 studies, n=3, 4, 5, 10 are sufficient to achieve a power of 0.416, 0.535, 0.636, 
and 0.911, respectively. Data are presented as mean ± SEM. The significant difference values were set at 0.05 
and 0.01.  

 
 
 
  



Results:  
 
Hypertensive lungs express elevated levels of FoxM1. To investigate whether hypertensive lungs express 
elevated levels of FoxM1, we determined FoxM1 expression in lung samples of normal and idiopathic PAH 
(IPAH) patients through immunohistochemistry staining. As shown in Fig 1A-B, lungs of IPAH patient express 
increased levels of FoxM1. We observed that in IPAH lungs, FoxM1 was located in both the cytosol and nucleus 
(Fig 1C). We further investigated the expression levels of FoxM1 in the lungs of mice with hypoxia-induced PH. 
We exposed C57BL/6 mice to hypoxia (10% O2) or room air for three weeks. We measured hematocrit (HCT), 
right ventricular systolic pressure (RVSP), and the RV/(LV+S) ratio (i.e., the mass ratio of the right ventricle (RV) 
to left ventricle(LV) and septum(S)). As expected, hypoxia increased the hematocrit in the mice (Fig 1D) and 
induced RVSP and the RV/(LV+S) ratio (Fig 1E-F), suggesting HIF activity and hypoxia-induced PH. These are 
consistent with previous reports [20, 21]. We determined the total amount of FoxM1 mRNA in the lungs of mice 
exposed to normoxia or hypoxia for one to three weeks. As shown in Fig 1G, hypoxia significantly induced 
FoxM1 mRNA expression, with peak expression one week after exposure to hypoxia. The FoxM1 protein 
expression was elevated one week after hypoxic exposure and stayed upregulated until the end of the two-week 
exposure (Fig 1H-I). These results show that FoxM1 is induced in hypertensive lungs. 
 
SMC-specific FoxM1 is required for normal development of mice. To address the role of FoxM1 in hypoxia-
induced PH in vivo, we crossed the FoxM1-Floxed mice (FoxM1fl/fl) [14] with the SM22-Cre mice (the Cre 
recombinase is driven by sm22α promoter, thus the Cre recombinase is specifically expressed in smooth muscle 
cells (SMC) [15]) to specifically knock down or knock out FoxM1 in SMC (sm-FoxM1+/- and sm-FoxM1-/-) (Fig 
2A). The genotype of these mice was confirmed by PCR of DNA samples isolated from mouse tails (Fig 2B). In 
both heterozygous interbreeding and crossing between FoxM1fl/fl and sm-FoxM1+/-, we found that the genotypes 
of the offspring did not exhibit the mendelian inheritance ratio, with extremely low occurrence of sm-FoxM1-/- 
mice (Fig 2C-2D). Moreover, out of 8 sm-FoxM1-/- mice, 4 of them died a month after birth, 2 were used to isolate 
mouse PASMC (mPASMC) two weeks after birth for studies in Fig 7, and 2 were used to measure RVSP after 
four weeks exposure to hypoxia (Fig 3A). This suggests that SMC-specific FoxM1 is required for the normal 
development of mice and the constitutive knockout of FoxM1 in SMC likely causes embryonic lethality of these 
mice. 
 
Constitutive SMC-specific knockdown of FoxM1 inhibits hypoxia-induced PH. Since we were unable to 
obtain a sufficient amount of mature sm-FoxM1-/- mice due to the requirement of FoxM1 in the development of 
mice, we instead used sm-FoxM1+/- mice to examine the participation of SMC-specific FoxM1 in PH, utilizing a 
well-established hypoxia-induced mouse model of PH. We exposed 8-10 week old adult sm-FoxM1+/- and 
FoxM1fl/fl littermates to hypoxia (10 % O2, 90% N2) or normoxia (Room air, 21 % oxygen) for 4 weeks. After 
normoxic or hypoxic exposure, we measured their RVSP, RV hypertrophy (RV/(LV+S) ratio), and pulmonary 
arterial wall thickness as described [20, 21]. As shown in Fig 3, constitutive knockdown of FoxM1 in SMC 
attenuated hypoxia-induced increase in RVSP (Fig 3A) and arterial wall thickness (Fig 3C), but not RV/(LV+S) 
ratio (Fig 3B). These results suggest that suppression of SMC-specific FoxM1 inhibits hypoxia-induced PH.  
 
Inducible knockout of SMC-specific FoxM1 reverses existing vessel remodeling in hypoxic mice. To 
address whether FoxM1 can be a therapeutic target for the treatment of PAH, we investigated whether the loss 
of FoxM1 reverses existing PH. We created an inducible SMC-specific FoxM1 knockout mouse model by 
crossing FoxM1fl/fl mice with SMMHC-CreERT2 mice in which Cre expression is inducible with the administration 
of tamoxifen (Fig 4A) [18]. We generated SMMHC-CreERT2-FoxM1fl/fl mice bearing SMMHC-CreERT2 and 
confirmed their genotypes by PCR with DNA samples isolated from mouse tails (Fig 4B). We also isolated mouse 
PASMC from these mice and confirmed the reduction of FoxM1 mRNA (Fig 4C). We exposed SMMHC-CreERT2-
FoxM1fl/fl mice to hypoxia and normoxia to induce PH. On day 9 of hypoxia exposure, mice were given 4-
hydroxytamoxifen (4-OHT) or vehicle (corn oil) (i.p.) for 5 consecutive days, during which these mice remained 
in nomoxic or hypoxic conditions. After the administration of 4-OHT or vehicle, mice remained in hypoxia or 
normoxia for an additional two weeks. The total duration of the experiment was four weeks of exposure to 
normoxia or hypoxia. We measured RVSP, RV/(LV+S), RV/Heart, Heart/Body, and pulmonary artery wall 
thickness. As shown in Fig 4D-4H, SMC-specific inducible knockout of FoxM1 has little effect on hypoxia-induced 
RVSP, RV/(LV+S), and RV/Heart, but decreased hypoxia-induced pulmonary artery wall thickening and 
Heart/Body ratio, suggesting that the inhibition of FoxM1 may partially reverse existing PH. In addition, we found 



that inducible knockout of FoxM1 had little effect on basal and hypoxia-induced heart rate (HR) (Fig 4I) right 
ventricular contractility as measured by the rate of rise of right ventricular pressure (dP/dt) (Fig 4J). 
 
Overexpression of FoxM1 enhances hypoxia-induced RV hypertrophy and vessel remodeling in vivo. 
Since loss-of-function of SMC-specific FoxM1 limits hypoxia-induced PH (Fig 3-4), we then investigated whether 
the overexpression of FoxM1 induces PH or enhances hypoxia-induced PH. To address this, we utilized rosa26-
FoxM1 mice in which FoxM1 expression is driven by rosa26 and expressed ubiquitously in the tissues [10, 22]. 
Rosa26-FoxM1 mice are viable, fertile, and do not exhibit abnormalties in normal conditions [10, 22]. We 
confirmed that FoxM1 was overexpressed in mouse lungs (Fig 5A-B). Since rosa26-FoxM1 is on Balb/c 
background, we purchased Balb/c mice (wt) from the Jackson Laboratory as a control for rosa26-FoxM1 mice. 
8-10 week-old rosa26-FoxM1 and Balb/c were exposed to hypoxia (10% O2) and normoxia for three weeks to 
induce PH. After normoxic or hypoxic exposure, we examined their RVSP, RV hypertrophy (RV/(LV+S) ratio), 
and pulmonary arterial wall thickness. We found that overexpression of FoxM1 had little effect on RVSP or 
RV/(LV+S) ratio in normal condition, but increased basal pulmonary artery wall thickness (Fig 5C-E). More 
importantly, overexpression of FoxM1 enhanced hypoxia-induced RV hypertrophy and pulmonary artery wall 
thickening (Fig 5C-E). In addition, we found that overexpression of FoxM1 increased basal heart rate, but had 
little effect on hypoxia-induced heart rate and basal and hypoxia-induced right ventricular contractility (dP/dt) 
(Fig 5F-G). 
 
Knockdown of FoxM1 does not affect hypoxia-induced HIF activation. In hypoxia-induced PH, HIF is a key 
transcription factor that upregulates hematocrits (HCT), hemoglobin contents (HGB), and red blood cell counts 
(RBC) and thus participates in the development of PH [15, 16]. Previously, we have shown that during hypoxia, 
the stabilization of HIF can induce FoxM1 in PASMC [13], which indicates that HIF is an upstream regulator of 
FoxM1. To further address the relationship between HIF and FoxM1 in mice in vivo, we collected the blood 
samples from sm-FoxM1+/- and FoxM1fl/fl that were exposed to normoxia and hypoxia for four weeks as descibed 
in Fig 3 and measured HCT, RBC, and HGB. We found that the suppression of FoxM1 has little  effect on 
hypoxia-induced HCT, RBC, and HGB (Fig 6), confirming that FoxM1 is downstream of HIF activation. 
 
Loss of FoxM1 decreases PASMC proliferation. A common feature in human IPAH samples and three animal 
experiments utilizing genetically altered FoxM1 mice is the correlation of the presence of FoxM1 and elevated 
pulmonary artery wall thickening (Fig 1, 3-5). This suggests that FoxM1 may be responsible for the heightened 
pulmonary artery wall thickening in PH. Our previous report also showed that FoxM1 is necessary for hypoxia-
induced human PASMC proliferation [13]. To further investigate the role of FoxM1 in PASMC cell behavior, we 
isolated mouse PASMC (mPASMC) from sm-FoxM1-/-, sm-FoxM1+/-, and FoxM1fl/fl mice and measured BrdU 
incorporation and migration. We found that the loss of FoxM1 decreased mPASMC cell proliferation in a dose-
dependent manner, whereas the migration of mPASMC was unchanged after knockout of knockdown of FoxM1 
(Fig 7A-7B). 

Due to the embryonic lethality of sm-FoxM1-/- mice, we have a limited source of mPASMC from these 
mice. We chose to isolate mouse embryonic fibroblasts (MEF) from sm-FoxM1-/-, sm-FoxM1+/-, and FoxM1fl/fl 
mice. First, we measured the BrdU incorportaion in MEFs from these mice and found that the loss of FoxM1 
decreased MEF proliferation in a dose-dependent manner (Fig 7C), comparable to what was observed in 
mPASMC (Fig 7A). We then examined the proliferation and the LDH release (as an indicator of cell death) of 
MEF and found that the loss of FoxM1 decreased cell proliferation but not the LDH release (Fig 7D-7E). In 
addition, we determined protein levels of PCNA (Proliferating Cell Nuclear Antigen, a cell proliferation marker) 
and CCN1 (a FoxM1 downstream target) and found that the loss of FoxM1 decreased protein levels of PCNA 
and CCN1 (Fig 7F-G). These results confirm that indeed we have knocked out FoxM1 and suggest that the 
knockout of FoxM1 decreases PASMC proliferation but not migration or survival.    
 
Knockout of FoxM1 increases Smad3 signaling and expression of SMC markers. Vascular remodeling in 
PAH is associated with the phenotype change of PASMC -- from a contractile or differentiated phenotype to a 
proliferative or de-differentiated phenotype [23, 24] [15]. Since we have shown that FoxM1 is associated with 
PASMC proliferation (Fig 7) [13], we investigated whether FoxM1 status affects expression of SMC markers. We 
examined the expression levels of SMC marker proteins in MEF isolated from sm-FoxM1-/-, sm-FoxM1+/-, and 
FoxM1fl/fl mice. We found that loss of FoxM1 induced Myocardin and SM22α, but not α-SMA or SRF (Fig 8A-
8B). We have shown that TGF-β/Smad signaling regulates SMC marker expression in PASMC [15, 25], thus we 
examined the Smad2/3 and phosphorylated Smad2/3 (pSmad2/3) levels and their relationship with SMC marker 



proteins in MEF isolated from these mice. We showed that the loss of FoxM1 induced Smad3 and pSmad3, but 
decreased pSmad2, while total Smad2 remained unchanged. These results suggest that the loss of FoxM1 is 
correlated with an increase in Smad3 signaling and contractile protein expression, resulting in differentiation of 
PASMC.   



Discussion  
 
Previously we have shown that FoxM1 is essential for hypoxia-induced PASMC proliferation [13], however, the 
participation of FoxM1 in PAH remains elusive. In this study, we provide novel evidence to support the 
involvement of FoxM1 in PAH by demonstrating the following: 1) FoxM1 is overexpressed in PH tissues; 2) 
suppression of FoxM1 in SMC is sufficient to inhibit hypoxia-induced PH in mice, whereas overexpression of 
FoxM1 enhances hypoxia-induced vessel remodeling; 3) FoxM1 promotes PASMC proliferation and de-
differentiation. These results clearly indicate that the induction of FoxM1 is responsible for the PASMC 
proliferation and PH. Our study is consistent with recent studies that FoxM1 is a novel target for the therapeutic 
treatment of PH [26, 27] and that PASMC-specific but not endothelial cells-specific FoxM1 contributes to PAH 
[27]. 
 
Hypoxia is a well-established stimulus for PH and pulmonary artery remodeling. We have shown that hypoxia 
induces FoxM1 in PASMC and promotes PASMC proliferation [13]. Consistently, we show that in both human 
hypertensive lungs and lungs of experimental PH mouse, FoxM1 is upregulated (Fig 1). Our studies are in line 
with a recent report that FoxM1 is upregulated in human PASMC (HPASMC) isolated from both hereditary 
(HPAH) and idiopathic PAH (IPAH) subjects in an Affymetrix Human Gene ST 1.0 chip analysis [28]. 
Accordingly, polo-like kinase, a downstream target of FoxM1, is also upregulated in both HPAH and IPAH 
HPASMC [28]. Interestingly, we show that FoxM1 upregulation in the hypoxic mouse PH is transient, whereas 
FoxM1 is upregulated in human samples (Fig 1A-B and 1G-I). This may reflect the difference between the 
reversible PH in hypoxic mice and the progressive nature of PAH. Due to the lack of detailed clinical information 
regarding the severity of PAH, age, ethnicity, sex, etc. in these human samples, the relationship between these 
factors and FoxM1 upregulation remains unclear and warrants future investigation. We and others have reported 
that HIF is responsible for the induction of FoxM1 in various cell types [4, 13, 29]. Interestingly, in PASMC, HIF1 
controls basal levels of FoxM1 whereas HIF2 is responsible for hypoxia-induced FoxM1 [13]. In both cell culture 
model and the animal model of hypoxia-induced PH, FoxM1 status does not affect HIF stabilization or activity 
(Fig 6)[13], confirming that HIF is upstream of FoxM1. Interestingly, a recent article shows that endothelial 
derived factors, such as PDGF-B, CXCL12, ET-1 and MIF, induce FoxM1 in PASMC [27], suggesting a complex 
network regulating FoxM1.   
 
In order to address the role of SMC-specific FoxM1 in vivo, we generated a SMC-specific knockout of FoxM1 
mice. Unortunately, homozygous deletion of FoxM1 in SMC results in compromised vascular development in the 
early stage of embryologic development, causing embryonic lethality of these mice (Fig 2 and reference [30]). 
To overcome this issue, we used both heterozygous deletion of FoxM1 mice (Fig 3) and inducible homozygous 
deletion of FoxM1 mice (Fig 4). We show that suppression of FoxM1 not only inhibits the hypoxia-induced RVSP 
and pulmonary artery wall thickening (Fig 3), it also alleviates pulmonary artery wall thickening in existing PH 
(Fig 4). Accordingly, overexpression of FoxM1 is sufficient to induce pulmonary artery wall thickening in normal 
conditions and enhances hypoxia-induced pulmonary artery wall thickening (Fig 5). It is worth to point out that 
the sample size is relatively small in some animal experiments due to difficulty to breed and high cost. We 
overcome this issue by conducting multiple animal experiments with both loss-of-function and gain-of-function 
approaches and the results are consistent and are in line with similar studies by Dai Z, et al. and Bourgeois A, 
et al. [26, 27]. Together, these results suggest that FoxM1 may be a novel therapeutic target for PAH. 
 
Interestingly, in heterozygous deletion of FoxM1 mice, the decrease of hypoxia-induced RVSP is coupled with 
the reduction of vessel remodeling, whereas in inducible homozygous deletion of FoxM1 mice and transgenic 
FoxM1, hypoxia-induced vessel remodeling is uncoupled with RVSP (Fig 3-5), suggesting that FoxM1 may have 
additional functions related to the heart. Previous reports show that FoxM1 is required for heart development 
and that ablation of FoxM1 in cardiomyocytes induces cardiac hypertrophy and fibrosis in aged mice [31, 32]. 
RV remodeling and subsequent heart failure is a major determinant of the eventual outcome of PAH patients 
[33-35]. Nitrite, a known vasodilator and PAH therapeutic avenue, prevents pulmonary artery banding-induced 
RV remodeling and failure [36]. This raises the question of whether FoxM1 contributes to RV remodeling and 
heart failure in PAH. So far, we do not observe FoxM1 changes, hypoxia-induced heart rate, or right ventricular 
contractility (Fig 4-5). Interestingly, Dai and colleague show that FoxM1 inhibition by Thiostrepton alleviates RV 
fibrosis in experimental PH rats [27], suggesting that FoxM1 may contribute to PAH via its function relating to 
RV remodeling or fibrosis. Consistently, transaortic constriction induces FoxM1, which in turn promotes the Ace2-
to-Ace enzyme switch, leading to cardiac hypertrophy and fibrosis [37], whereas Elabela/Toddler/Apela (ELA) 



peptide antagonizes RV fibrosis by downregulating FoxM1 [38]. Thus, it will be interesting to examine the 
participation of FoxM1 in RV remodeling and fibrosis during PH and elucidate the underlying molecular 
mechanisms in the future. 
 
Recent studies suggest that thiazole antibiotics Siomycin A and thiostrepton can downregulate FoxM1 
expression and inhibit FoxM1 activity as well as inhibit cell proliferation and induce apoptosis in some cancer 
cell lines [39]. Furthermore, a cell-penetrating ARF peptide can inhibit FoxM1 and its biological or pathological 
function [40, 41]. Thus, we reason that Siomycin A, thiostrepton, and ARF peptide might also inhibit PH and 
represent a novel therapeutic option for the treatment of PAH in the future studies. Indeed, in recent two separate 
studies, Drs. Youyang Zhao and Olivier Boucherat and colleagues have elegantly demonstrated that thiostrepton 
prevents and reverses pulmonary hypertension in multiple animal models [26, 27]. Further studies are warranted 
to identify novel drug candidates targeting FoxM1 and evaluate their clinical utility. 

Numerous studies in cancer have shown the critical role of FoxM1 in regulation of cell cycle and cell proliferation. 
We show that in animal experiments the loss of FoxM1 decreases PASMC cell proliferation and vessel wall 
thickening, whereas overexpression of FoxM1 increases them (Fig 3-5), confirming our previous report that 
FoxM1 is necessary for PASMC proliferation in cultured cells [13]. Interestingly, in MEF, we also show that 
FoxM1 is required for cell proliferation (Fig 7C-7F), supporting a universal role of FoxM1 in regulating cell 
proliferation, which will also explain the embryonic lethality of FoxM1 knockout mice (Fig 2)[30].  
 
PASMC is typically well-differentiated and express contractile proteins, which are shown to be down-regulated 
in PAH, representing a de-differentiated phenotype [15]. Myocardin and TGF-β/Smad signaling are known to 
regulate contractile protein expression in PASMC [15, 25]. Although we observed that the loss of FoxM1 induces 
Myocardin, it has little effects on levels of SRF, a co-factor of Myocardin for inducing contractile proteins (Fig 8). 
Thus, FoxM1-mediated PASMC de-differentiation is unlikely due to Myocardin/SRF. Interestingly we found that 
the loss of FoxM1 increases TGF-β/Smad signaling, particularly Smad3 (Fig 8). These results are consistent 
with our previous reports that Smad3 is critical in PASMC contractile protein expression [15, 25]. Although we 
don’t know how FoxM1 downregulates Smad3 signaling in PASMC, FoxM1 positively correlates with TGF-
β/Smad signaling in cancers [42, 43]. It has been postulated that in breast cancer, FoxM1 interacts with Smad3, 
blocks the ubiquitination of Smad4, and stabilizes the Smad3/Smad4 complex, leading to breast cancer invasion 
and metastasis [44]. This suggests that there is a context-specific relationship between FoxM1 and TGF-β/Smad 
and further studies into the molecular mechanisms underlying FoxM1-mediated downregulation of Smad3 in 
PASMC are warranted.  
 
Taken together, our study provides direct evidence that FoxM1 contributes to PAH, complementing and 
expanding existing literature on the participation of FoxM1 in the development of PAH. We also show that FoxM1-
mediated PASMC differentiation correlates with a Smad3 signaling pathway, which will warrant further 
investigation.   
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Figure legends: 
 
Fig 1. Hypertensive lungs express elevated levels of FoxM1. (A) Immunohistochemistry staining of FoxM1 
on lung sections from normal and IPAH patients. The intensity of FoxM1 staining was shown in (B). C) 
Immunofluorescence staining of FoxM1 on lung sections from normal and IPAH patients. (D, E, F) C57BL/6 mice 
were exposed to normoxia or hypoxia (10%) for three weeks. The hematocrits, RVSP, and RV/(LV+S) of these 
mice were measured. n=3. (G-I) C57BL/6 mice were exposed to normoxia or hypoxia (10%) for 7, 14, and 21 
days. The RNA from the whole lungs of these mice was extracted and the expression level of FoxM1 mRNA in 
these mice were determined by qRT-PCR. The mRNA levels of FoxM1 were normalized as a percentage of the 
amount of FoxM1 mRNA of mice exposed to normoxia after normalization to RPL19 (G). The protein levels of 
FoxM1in these mouse lungs were normalized to Actin (H-I). n=3. Data were expressed as mean ± SEM. **, 
p<0.01. 
 
Fig 2. Constitutive knockout of SMC-specific FoxM1 cause mice die early. (A-B) cross-breeding of FoxM1fl/fl 
and sm22α-Cre mice (A) and genotype confirmation of these mice. (C-D) Genotypic ratio of interbreeding 
between mouse strains.  
 
Fig 3. SMC-specific knockdown of FoxM1 is sufficient to attenuate hypoxia-induced PH in mice. FoxM1fl/fl 
and SMC-specific knockdown FoxM1 mice (sm-Foxm1+/-) were exposed to normoxia (N) or hypoxia (H, 10% O2) 
for four weeks, and then measured for RVSP (A), RV/(LV+S) (B), and vessel wall thickness (C). There are three 
or four mice in each group. # and #, p<0.05; **, p<0.01; n.s., not significant. 
 
Fig 4. Inducible knockout of SMC-specific FoxM1 reverses existing vessel remodeling in hypoxic mice. 
(A-C) Crossbreeding schema and genotyping of SMMHC-FoxM1 mice were shown in (A) and (B), respectively. 
SMMHC-FoxM1

fl/fl
 mice were given 4-hydroxytamoxifen (4-OHT) or corn oil by intraperitoneal (i.p) injection for 5 

consecutive days followed by two days of recovery. Mice were used for isolation of mouse PASMC (mPASMC) 
after one week of maintenance. The mRNA levels of FoxM1 in these freshly isolated mPASMC were measured 
by qRT-PCR with RPL19 as an internal control. n=4 each group (C). (D-J) 8-10-week-old SMMHC-FoxM1

fl/fl
 mice 

were exposed to room air (normoxia) or 10% oxygen (hypoxia) for nine days to induce PH. Then, 4-OHT was 
administrated for 5 consecutive days to induce the knockout of FoxM1 while remaining in normoxia or hypoxia. 
Mice were allowed two days of recovery. These mice were then exposed to room air or 10% oxygen for another 
2 weeks. In control groups, mice were injected with corn oil. After the experiment, mice were subjected to the 
measurement of RVSP (D), right ventricular hypertrophy (E), RV/heart ratio (F), heart/body weight ratio (G), 
pulmonary arterial wall thickness (H), heart rate (HR)(I), and the rate of rise of right ventricular pressure (dP/dt). 
n = 3-5 mice for each group. Data are presented as mean ± SEM. * and #, p < 0.05; **, p < 0.01; n.s., not 
significant. 
 
Fig 5. Overexpression of FoxM1 enhances hypoxia-induced RV hypertrophy and vessel remodeling in 
vivo. (A-B) The RNA from the whole lungs of these mice was extracted and the expression levels of FoxM1 
mRNA in these mice were determined by qRT-PCR and normalized to RPL19 (A). The protein levels of FoxM1 
in these mouse lungs were normalized to Actin (B). (C-G) We exposed 8-10 week-old rosa26-FoxM1 and Balb/c 
to hypoxia (10% O2) and normoxia for three weeks to induce PH. After normoxic or hypoxic exposure, we 
measured their RVSP (C), RV hypertrophy (RV/(LV+S) ratio (D), pulmonary arterial wall thickness (E), heart rate 
(F), and the rate of rise of right ventricular pressure (dP/dt). n = 5-7 mice for each group. Data are presented as 
mean ± SEM. * and #, p < 0.05; **, p < 0.01; n.s., not significant. 
 
Fig 6. Knockdown of FoxM1 does not affect hypoxia-induced HIF activation. We collected blood samples 
from sm-FoxM1+/- and FoxM1fl/fl mice that were exposed to normoxia and hypoxia for four weeks as descibed in 
Fig 3 and measured hematocrits (HCT) (A), red blood cell counts (RBC) (B), and hemoglobin contents (HGB) 
(C). There are three or four mice in each group. Data are presented as mean ± SEM. **, p < 0.01; n.s., not 
significant. 
 
Fig 7. Loss of FoxM1 decreases PASMC proliferation. (A-B) We isolated mPASMC from FoxM1fl/fl, sm-
FoxM1+/-, and sm-FoxM1-/- and measured BrdU incorporation (A) and migration (B). (C-F) We isolated mouse 
embryonic fibroblasts (MEF) from these mice and measured the BrdU incorportaion (C), proliferation (D), LDH 



release (E). We measured the protein levels of PCNA and CCN1 in these cells with the amount of Tubulin as 
the loading control (F-G). Data are presented as mean ± SEM. * and #, p < 0.05; ** and ##, p < 0.01. 
 
Fig 8. Loss of FoxM1 increases Smad3 signaling and the expression of SMC contractile proteins. (A-B) 
mouse embryonic fibroblasts (MEF) from FoxM1fl/fl, sm-FoxM1+/-, and sm-FoxM1-/- mice were subjected to 
Western blotting for a panel of SMC contractile proteins. The quantification of these proteins was shown in (B). 
(C-D) mouse embryonic fibroblasts (MEF) from FoxM1fl/fl, sm-FoxM1+/-, and sm-FoxM1-/- mice were subjected to 
Western blotting for Smad and pSmad. The quantification of these proteins was shown in (D). n = 5. Data are 
presented as mean ± SEM. *, p < 0.05; **, p < 0.01. 
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