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Dysfunctional resident lung mesenchymal 
stem cells contribute to pulmonary 

microvascular remodeling
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Brian Graham1, David G. Harrison3, David H. Wagner Jr.1, Eva Nozik‑Grayck2, James D. West3,  
Dwight J. Klemm1, and Susan M. Majka3

1Department of Medicine, 2Department of Pediatrics, University of Colorado Denver, Aurora, Colorado, USA; 3Department of Medicine, 
Vanderbilt University Medical School, Nashville, Tennessee, USA; 4Department of Pathology and Laboratory Medicine, University of 

Pennsylvania, Philadelphia, Pennsylvania, USA; and 5Internal Medicine, University of South Alabama, Mobile, Alabama, USA

ABSTRACT

Pulmonary vascular remodeling and oxidative stress are common to many adult lung diseases. However, little is known about 
the relevance of lung mesenchymal stem cells (MSCs) in these processes. We tested the hypothesis that dysfunctional lung 
MSCs directly participate in remodeling of the microcirculation. We employed a genetic model to deplete extracellular superoxide 
dismutase (EC-SOD) in lung MSCs coupled with lineage tracing analysis. We crossed floxpsod3 and mT/mG reporter mice to a strain 
expressing Cre recombinase under the control of the ABCG2 promoter. We demonstrated In vivo that depletion of EC-SOD in lung 
MSCs resulted in their contribution to microvascular remodeling in the smooth muscle actin positive layer. We further characterized 
lung MSCs to be multipotent vascular precursors, capable of myofibroblast, endothelial and pericyte differentiation in vitro. EC-SOD 
deficiency in cultured lung MSCs accelerated proliferation and apoptosis, restricted colony-forming ability, multilineage differentiation 
potential and promoted the transition to a contractile phenotype. Further studies correlated cell dysfunction to alterations in canonical 
Wnt/β-catenin signaling, which were more evident under conditions of oxidative stress. Our data establish that lung MSCs are a 
multipotent vascular precursor population, a population which has the capacity to participate in vascular remodeling and their function 
is likely regulated in part by the Wnt/β-catenin signaling pathway. These studies highlight an important role for microenviromental 
regulation of multipotent MSC function as well as their potential to contribute to tissue remodeling.

Key Words: endothelial cell, extracellular superoxide dismutase, myofibroblast, niche, pericytes, pulmonary arterial 
hypertension, resident lung mesenchymal stem cells

During lung development, the mesenchyme influences 
the development of both the epithelium and distal 
vasculature.[1-8] The intimacy of this relationship persists 
into the adult tissue and is recapitulated during organ 
repair and regeneration.[7,9] However, the function of 
mesenchymal stem cells (MSCs) in the adult lung during 
adult pulmonary tissue homeostasis and disease remains 
to be determined. Understanding these processes 
is crucial to defining the role lung MSCs play during 
normal tissue function and the adverse effects of an 

abnormal microenvironment on the MSCs associated with 
pathological pulmonary remodeling.

We have previously defined lung MSCs using the side 
population (SP) phenotype and expression of the 
ATP-binding cassette subfamily G member 2 (ABCG2). 
These cells exhibit anti-inflammatory properties and are 
negatively impacted by bleomycin injury and subsequent 
fibrosis.[10] However, exogenously administered lung MSCs 
function to protect lung integrity following bleomycin injury 
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and subsequent oxidative stress, illustrating the importance 
of this novel population during lung injury.[10] Therefore, 
similar to other tissue resident stem cells, lung MSCs may 
regulate their native tissue repair.[7,10-16]

in vitro, lung MSCs are multipotent and differentiate 
into the mesenchymal lineages including bone, fat and 
cartilage. Lung MSCs express cell surface determinants 
CD90, CD105, CD106, CD73, CD44 and ScaI, while lacking 
the hematopoietic markers CD45, CD14, CD11b, c-kit and 
CD34.[10,13,15,17,18] Taken together, these tissue resident MSCs 
are similar to bone marrow MSCs[10,19] as well as MSCs 
identified in other adult tissues including skeletal muscle, 
adipose tissue and pancreas.[20] To date, studies on the role 
of stem cells in lung repair and regeneration have focused 
almost entirely on exogenously introduced bone marrow 
mesenchymal stem cell (BM-MSC) or resident epithelial 
stem cell populations.[9] The role of other resident lung stem 
cell populations including perivascular MSCs in the vascular 
remodeling associated with pulmonary disease, including 
but not limited to pulmonary hypertension or fibrosis, has 
not been addressed.

One mechanism which may influence lung MSC function 
during lung disease is oxidative stress. Extracellular 
superoxide dismutase (EC-SOD) is a secreted enzyme 
prevalent in lung tissue, which is a major defense against 
oxidative damage caused by the superoxide anion and 
lung injuries resulting from oxidative stress including 
bleomycin-induced fibrosis, hypoxia and inflammation.[21-29] 
EC-SOD null mice exposed to these stimuli exhibit increased 
fibrosis and vascular remodeling relative to that observed in 
wild type (WT) rodents.[30] During pulmonary fibrosis and in 
response to hypoxia, expression levels of EC-SOD have been 
shown to decrease.[22,26,27,30,31] Conversely, overexpression 
of EC-SOD in rodents attenuates pulmonary hypertension 
and vascular remodeling as a result of bleomycin injury or 
hypoxic exposure.[26,27] Additional studies have suggested 
that the aforementioned models utilizing EC-SOD null 
mice promote compensatory mechanisms that allow mice 
born without EC-SOD to display only minor alterations 
in lung histology under basal conditions, including slight 
septal thickening.[22,30] In contrast, more severe effects 
are noted when EC-SOD is conditionally knocked out 
in lung tissue during adulthood In vivo.[22] Even in the 
absence of injury, conditional EC-SOD null mice exhibit 
histological properties of acute lung injury, demonstrating 
a loss of patent alveoli and increased inflammation and 
mortality.[22] It has therefore been predicted that EC-SOD is 
essential to protecting against oxidative damage.[27] Despite 
this knowledge, the causal relationship between EC-SOD, 
lung MSCs and progression of lung disease is unknown.

Furthermore, a downstream target of oxidative stress 
regulating the phenotype and function of multipotent 

MSCs is likely the Wnt signaling pathway. The Wnt family of 
proteins is a highly conserved group of signaling molecules, 
β-catenin protein being a central mediator of canonical 
signaling.[32-38] Activation of the pathway results in altered 
mesenchymal cell fate specification, as well as pathological 
angiogenesis, during development and in adulthood.[36,37,39] 
Chronic activation of β-catenin can result in hypercellularity 
of tissue and deregulated self-renewal.[34,38] In the 
lung, Wnt/β-catenin pathway modulates experimental 
emphysema,[40] and the Wnt inhibitor  secreted frizzled 
related protein-1 (SFRP-1) upregulates the expression of 
proteases that are important in the development of human 
emphysema.[41] Conversely, during lung fibrosis, activation 
of the Wnt pathway is present in proliferative myofibroblast 
lesions and plays an important role in the fibrotic changes 
that occur.[42] Though study in this field is just emerging, 
here we present evidence indicating that the Wnt signaling 
pathway and its inhibitors will be key determinants of the 
effects of MSCs within the lung.

In this study, we set out to test two concurrent hypotheses. 
The first is that dysfunctional lung MSCs participate 
in remodeling of the distal lung microvasculature. The 
second one is that the maintenance of proper phenotype 
and function of lung MSCs is linked, at least in part, to 
their production of EC-SOD and subsequent regulation of 
the Wnt/β-catenin pathway. To test these hypotheses, we 
employed novel engineered murine strains and cell lines 
exploiting an EC-SOD conditional knockout targeted to lung 
MSCs using the ABCG2 gene promoter to drive expression 
of tamoxifen-inducible Cre recombinase.[43] In vivo we 
documented the participation of lung MSCs in microvascular 
remodeling and their differentiation to a contractile 
phenotype in response to oxidative stress. In vitro we show 
for the first time that lung MSCs are multipotent vascular 
precursors, capable of differentiation to myofibroblast, 
endothelial, smooth muscle and pericyte cells. The loss of 
the lung MSC phenotype and function in vivo as a result 
of EC-SOD knockout was translated in vitro, where we 
characterized a loss of stemness, accelerated proliferation 
and apoptosis, restricted multilineage differentiation 
potential and the transition to a contractile phenotype. 
Further studies in vitro and In vivo indicate that alteration 
from a lung MSC to a contractile phenotype was associated 
with differences in canonical Wnt/β-catenin signaling. Our 
data are the first to demonstrate a role for lung MSCs in 
microvascular remodeling in response to oxidative stress.

MATERIALS AND METHODS

Isolation of lung subpopulations
All procedures and protocols were approved by Institutional 
Animal Care and Use Committee at the University of Colorado 
and Vanderbilt University. Lung MSCs were isolated 
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from ABCG2 Cre-ERT2  × mT/mG mice (termed ABCG2 
mice, cells WT lung MSC) and ABCG2 Cre-ERT2  × mT/
mG  ×  floxpsod3 mice (termed A/SOD mice, cells KO lung 
MSC); lung fibroblasts (WT FB) were isolated from the 
same aliquots of this single cell suspension and presumptive 
pericytes,  NG2 ds red lung cells, were isolated from Cspg4 
ds red mice (JAX stock 008241; termed NG2) by flow 
cytometry. The cells were sorted, cultured and phenotyped 
as described previously.[10,30,17,24] Two to three separate 
analyses were performed on 30,000-50,000 cells per sample. 
Single cell suspensions of Hoechst-stained lung tissue, or 
tamoxifen-induced ABCG2 or A/SOD, were stained with 
antibodies to the cell surface markers indicated in the figure 
legend (Methods Table 1). Gates were set using fluorescent 
minus one (FMO) controls. Phenotypic analyses were 
repeated twice independently. Gating strategies included 
FSC/SSC, dead cell exclusion with either propidium iodide 
or 4’,6-diamidino-2-phenylindole (DAPI), red blood cell 
exclusion with Ter119 and doublet discrimination. Controls 
for flow cytometry included Hoechst-stained BM, unstained 
cells and cell suspensions incubated with conjugated 
isotype-matched control antibodies. Hoechstlow CD45neg 
lung MSCs were sorted using a Legacy Moflo cell sorter with 
Summit 4.3 software (Beckman Coulter, Miami, Fla., USA). 
Sort mode was set to Purify 1. BAL and lung MSCs were 
analyzed on a CyAn ADP flow cytometer (Beckman Coulter). 
Multilineage differentiation and characterization of lung 
MSCs to adipocyte, chondrocyte and osteoblast lineages 
was performed as previously described.[10,17,44,45] To induce 
endothelial differentiation, the sorted cells were plated 
on gelatin-coated plastic and were cultured in endothelial 
growth medium (EGM) medium (Lonza Walkersville, MD,) 
until the cells were confluent. Cells were then incubated 
with Alexa 488-labeled AcDiLDL (Life Technologies Grand 
Island, NY) as previously described,[46] and positively stained 
cells were enriched by flow cytometry. Cells were expanded 
and phenotyped as presented. Rat lung microvascular 
endothelial cells (MVEC) were a gift from Dr. Alvarez. 
Smooth muscle differentiation was performed using smooth 
muscle growth medium-2 (Lonza, Walkersville, Inc.) for 
24 days. NG2-positive pericyte differentiation was carried 
out using low oxygen (6%) and MEM-α + 20% fetal calf 
serum for 7-14 days.

Multipotent differentiation analysis of lung 
subpopulations
Mesenchymal differentiation potential of cells at 
Passage 6 was performed to determine the multipotential 
ability as described.[10,17] For colony forming unit, fibroblast 
assay (CFU-F) cells were diluted in differentiation 
media (Stem Cell Technologies, Vancouver, BC, Canada) 
to a final concentration of 1  ×  106 cells/mL. Serial 
dilutions were performed to obtain final concentrations of 
6 × 104 cells/dish, 3 × 104 cells/dish, 1.5 × 104 cells/dish 
and 0.75 × 104 cells/dish, with 10 mL total media in each 

100-mm dish. To increase the levels of β-catenin and activate 
Wnt signaling, lithium chloride was added to the media, 
which was changed on Day 5. Analyses were performed in 
duplicate and were repeated. Cells were cultured for 10 days 
at 37°C in an incubator with 5% CO2 and >95% humidity. 
On Day 10, cells were washed with phosphate-buffered 
saline (PBS) and then fixed using 100% methanol for five 
minutes at room temperature. CFU-F colonies were detected 
by staining with 0.4% w/v Giemsa staining solution (SIGMA 
Chemical Co, St. Louis, Mo., USA) diluted 1:20 with deionized 
water and an inverted microscope was used to quantify 
the number of colonies. T-cell proliferation assays were 
performed twice independently as described.[10]

Proliferation and apoptosis of lung mesenchymal 
stem cells
To detect differences in proliferation, cell cycle and 
apoptosis, four 6-well plates were seeded with 50,000 cells/
well in Minimum Essential-alpha (MEM-α) media (Thermo 
Scientific, Logan, Utah, USA) supplemented with 20% 
fetal bovine serum (FBS) and were incubated overnight. 
Samples of WT and EC-SOD KO lung MSCs were analyzed in 
triplicate and assays repeated thrice. At 0 hours, 24 hours, 
48 hours and 72 hours, the cells were trypsinized and 
washed with ice-cold PBS. Viable MSCs were counted using 

Methods Table 1: Reagents used in analysis
Clone/catalog 
number

Vendor

Antibodies
CD45 30F11/561018 BD Biosciences
Ckit 2B8/553356 BD Biosciences
F480 Mf48020 Caltag
CD90 53‑211/553003 BD Biosciences
CD105 Mj7118/12‑1051‑82 eBiosciences
CD106 429/553332 BD Biosciences
CD44 IM7/559250 BD Biosciences
Sca1 D7/557405 BD Biosciences
CD80 16‑10A1/553769 BD Biosciences
CD144 SC‑9989 Santa Cruz

qPCR primers: Gene
acta2 (SMA) mm01204962_gH Applied Biosystems
cdh5 (VE‑cadherin) mm01204962_gH Applied Biosystems
col3a1 mm00802331_m1 Applied Biosystems
ctnb1 (β‑catenin) mm0048039_m1 Applied Biosystems
Periostin mm00450111_m1 Applied Biosystems
rspo2 mm00555790_m1 Applied Biosystems
sfrp1 mm000489161_ml Applied Biosystems
tb×20 mm00451515_m1 Applied Biosystems
rgs5 mm00501393 Applied Biosystems
Flk mm01222419_m1 Applied Biosystems
PDGFB mm00440677_m1 Applied Biosystems
PDGFRb mm01262489 Applied Biosystems
sod3 (EC‑SOD) mm011435.3 Applied Biosystems
foxO1 mm00490672_m1 Applied Biosystems
cxcl14 mm00444699_m1 Applied Biosystems
cxcl5 mm00436451_g1 Applied Biosystems
cxcl12 mm00445552_ml Applied Biosystems
GAPD mouse 2352339E Applied Biosystems

qPCR: quantitative polymerase chain reaction; SMA: smooth muscle alpha actin
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a hemocytometer and trypan blue exclusion.[47] Apoptosis 
was detected using the standard protocol for YO-PRO-1, 
Vybrant Apoptosis Assay (Invitrogen, Carlsbad, Calif., USA). 
The Krishan/propidium iodide method was used to perform 
cell cycle analysis. Data were collected using a FacsCalibur 
with Cellquest software (Becton Dickenson, San Jose, Calif., 
USA) and analyzed using Summit software (Cytomation, Ft. 
Collins, Colo., USA).[47]

In vivo model of hypobaric hypoxic pulmonary 
arterial hypertension
ABCG2 mice[43] and A/SOD[22] incorporated a fluorescent 
enhanced green fluorescent protein (eGFP) reporter 
(mT/mG) to facilitate lineage tracing analysis. Matched 
controls for the experiments were floxpsod3mice (floxp). 
Mice were injected intraperitoneally at six to eight weeks 
of age with 1 mg tamoxifen (T-5648; SIGMA, St. Louis, Mo., 
USA) in sesame oil or sesame oil alone (vehicle control). 
For lineage tracing analysis, mice were injected with 4 mg 
on five consecutive days (20 mg total) or 1 mg in a single 
dose. In all experiments, mice were exposed two weeks 
after injection to either ambient air (Pb  = 630 mmHg; 
5260 feet) or hypobaric hypoxia (Pb~400 mmHg; 
16,000 feet) for 5 weeks. Right ventricular (RV) pressures 
were indirectly measured and analyzed as previously 
described.[10] Five independent experiments were pooled 
for the hemodynamic measurements. Independent mice 
were analyzed for each measurement (RA: A/SOD vehicle 
n = 15; floxp gene + TAM n = 17; A/SOD + TAM n = 18; 
HY: A/SOD vehicle n = 16; floxp gene + TAM n = 16; A/
SOD + TAM n = 19). Peripheral blood was collected and 
analyzed to determine hematocrit (HCT).

Histological analysis, including ABCG2-positive lung vessel 
density, muscularization, vessel wall thickness and imaging 
was performed as described.[10,46,48,49] Paraffin-embedded 
mouse lung sections were treated using a standard 
processing method for immunostaining and incubated 
with primary antibody smooth muscle alpha actin (SMA), 
Factor VIII (1:500; DAKO, Ft. Collins, Colo., USA), NG2 (1:200; 
Millipore, Billerica, Mass., USA), or ABCG2 (1:100; BD 
Pharmingen, SanDiego, Calif., USA) overnight followed by 
Alexa 488 or 594 fluorescent secondary antibody (1:500, 
Invitrogen, Carlsbad, Calif., USA).[10,46,49] All antibodies 
were diluted in a blocking buffer (tris-buffered saline 
tween with 10% fetal calf serum) and controls consisted 
of primary isotype with secondary antibody or secondary 
antibody only.

Transcriptome analysis
Total RNA was prepared with PicoPure RNA Isolation Kit 
reagents (Arcturus Bioscience Inc., Mountain View, Calif., 
USA) from two independently isolated cultures of WT lung 
MSCs (n = 2), KO lung MSCs (n = 2), or WT FB (n = 2). Array 

analysis and quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) validation was performed as 
described[44] (primer list is provided in Methods Table 1).

Data analysis/statistics
Data are expressed as mean ± standard error using the JMP 
5.0 statistical package (SAS, Cary, N.C., USA). Comparisons 
between groups were made by one-way analysis of 
variance (ANOVA) followed by Tukey honestly significant 
difference (HSD) post-hoc analysis (two groups), or 
Fisher’s protected least significant difference (PLSD) (more 
than two groups) was used to test if there were statistical 
differences between treatment groups at a significance 
level of α = 0.05. Differences between treatment groups 
were considered significant at P  <  0.05, P  <  0.05*, 
P < 0.01** and P < 0.001***.

RESULTS

Targeted deletion of EC-SOD in ABCG2pos lung 
mesenchymal stem cells promotes their direct 
contribution to vascular remodeling under 
ambient air and during hypobaric induced 
pulmonary arterial hypertension
The recent exploitation of the multidrug-resistant 
transporter ABCG2 expression by lung MSCs and other 
resident tissue stem cell populations has facilitated the 
study of these cells In vivo for the first time.[10,43,50,51] 
ABCG2 is a half-transporter, thus cytoplasmic protein 
expression does not constitute membrane function 
or active transcription, as necessary to achieve side 
population phenotype.[43,51] Generally, ABCG2 expression 
in lung has been characterized by immunostaining 
of paraffin tissues as present in the cytoplasm of 
epithelium, endothelium and mesenchyme.[52] However, 
functional ABCG2 transporter has been shown to 
identify progenitors, not differentiated cell types, for the 
tissues evaluated.[10,18,46,53-56] In addition, recent studies of 
muscle and hematopoietic cells exploiting ABCG2-driven 
Cre employed doses of tamoxifen ranging from 20 mg 
and greater[43] and labeled vascular endothelium and 
progenitors with lacZ. We therefore titrated our dose of 
tamoxifen and used a more efficient reporter, an inducible 
membrane eGFP, to identify single cell populations 
typically overlooked with conventional lacZ staining and 
low activity promoters. Here, using ABCG2 mouse lung, 
we show that high-dose tamoxifen labels both vascular 
EC and mesenchymal cells at the alveolar capillary 
interface of the distal lung (Fig. 1A and B) in contrast to 
low-dose tamoxifen which labels single mesenchymal 
cells also localized to the alveolar capillary interface  
(Fig. 1C and D). Colocalization of these cells with Factor 
VIII is likely a rare event in that dual labeled cells were 
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not frequently detected by immunostaining (Fig. 1E and F) 
and coexpression of ABCG2 and VE-cadherin was not 
detectable by flow cytometry (Fig. 2C). These data suggest 
that the majority of cells labeled using the ABCG2 
promoter in this model are lung MSCs. Therefore, the 
majority of cells detected are MSCs and for reference, 
the surfactant protein c (SPC) promoter also labels cells 
not considered alveolar epithelium. Our findings were 
further confirmed by the in vitro analyses presented in 
these studies.

Because turnover of vascular cells in the adult lung 
is slow, we genetically altered lung MSCs to promote 
a “dysfunctional” phenotype. We engineered an 
EC-SOD conditional knockout by crossing the ABCG2 
mice with loxpsod3 mice.[22,43,50,51] This novel inducible 
system, along with titration of tamoxifen dosing, allowed 
the assay of lung MSC phenotype and function In vivo 

by knocking out EC-SOD in the cells of interest. The 
percentage of lung MSCs in a single cell suspension 
from whole lung tissue was analyzed by flow cytometry 
two weeks post deletion of EC-SOD. The percentage of 
lung MSCs was reduced twofold from 1.86% (0.19) in WT 
to 0.90% (0.19) in KO lung tissue suspensions, suggesting 
loss or transition of MSCs from this population.

To test the hypothesis that the decrease in lung MSCs was 
a result of their differentiation to participate in vascular 
remodeling, we employed the hypobaric hypoxia induced 
model of pulmonary arterial hypertension (PAH). Using 
the ABCG2 and A/SOD mice, the expression of eGFP 
was traced five weeks post exposure to room air or 
hypoxia (Fig. 3). Contribution of ABCG2-positive green 
cells to microvessels was evident in the A/SOD hypoxia 
exposed group (Fig. 3D-F). Conversely, no significant 
contribution of lung MSCs was detectable in either room 

Figure 1: Optimization of lung MSC targeted recombination in vivo. ABCG2 mouse lung 2 weeks post induction using 20 mg or 1 mg of tamoxifen. Recombination 
results in the appearance of membrane eGFP expression. (A and B) 20 mg dose tamoxifen labels both vascular EC and mesenchymal cells. (C and D) 1 mg 
tamoxifen induction labels predominantly mesenchymal cells. Scale bars = 500 µM. (E and F) Factor VIII labeling of vascular endothelium (red) demonstrates 
lack of detectable ABCG2-positive endothelial cell with low-dose tamoxifen. Scale bars = 50 µM.

A

C
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B

D

F
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Figure 2: Lung MSCs are distinct from endothelial and NG-2 expressing pericyte populations. Isolation gating strategies and surface determinant analysis 
of (A) H33342lowCD45neg lung MSCs, (C) ABCG2-eGFPposCD45neg lung MSCs, (E) rat lung microvascular endothelium (MVEC) and (G) NG-2pos ds-red lung 
cells. Lung MSCs and rat MVEC were stained with anti-CD144. (B, D, F, H) Representative phase micrographs of the isolated cells. (I) Colony forming assay 
was performed to detect differences in MSC potential between Hoechst 33342lowCD45neg lung MSCs, ABCG2-eGFP lung MSCs and NG-2 ds red lung cells, 
n = 3, n = 4. Scale bar = 100 µM. (J−L) Multilineage differentiation of ABCG2 lung MSCs to osteocyte, adipocyte and chondrocyte lineages was performed. 
Osteoblasts were detected by Von Kossa stain (brown/black) and adipocytes by the appearance of fat droplets (100×, 200 × mag.). Chondrocytes were cultured 
in micromasses, fixed and stained to detect aggrecan (red). Scale bar = 200 µM.
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air group or hypoxia-exposed ABCG2 mice (Fig. 3A-C). 
Interestingly, at this stage of analyses, the ABCG2-positive 
cell contribution to the vessels was only detectable in 
the A/SOD hypoxia-exposed group. This was due to the 
complete encircling of vessels by the eGFP-positive cells in 
this group. However, when colocalization was performed 
to detect SMA, significant levels of eGFP-positive cells 
were costained in the microvessels in the ABCG2 and A/

SOD lung tissue from the hypoxia-exposed group (Fig. 3H-
K), as well as the A/SOD group exposed to ambient air 
conditions (Fig. 3G and I). SMA labels the contractile 
cytoskeletal protein associated with pericytes, fibroblasts 
and smooth muscle. Following SMA staining, lower levels 
of engraftment were visible. These data support our 
hypothesis that perivascular lung MSCs contribute to 
remodeling of the distal lung microvasculature and that 

Figure 3: Dysfunctional lung MSCs directly contribute to microvascular remodeling in vivo. ABCG2 mice were exposed to either ambient air pressure (RA) 
or hypobaric hypoxia (HY) for 5 weeks, 2 weeks post induction. Representative fluorescent micrographs of frozen sections from tamoxifen-induced (A and B) 
ABCG2 mice and (C‑F) A/SOD mice are presented. ABCG2-eGFP lung MSCs were lineage traced via their membrane green fluorescence. ABCG2-eGFP-
positive cells were associated with the muscularized microvessels in the KO lung tissue from the hypoxia-exposed group. Boxes represent positive enlarged 
microvessels presented in panels E and F. (G‑L) Dual localization of ABCG2-eGFP cells with the microvasculature was performed by immunostaining to 
localize SMA (red). Overlap is indicated by yellow color. Enlarged dual positive microvessels are presented in boxes. Scale bar = 30 µM (I). Contribution of 
ABCG2 cells to the microvasculature was quantitated by counting overlapping green/red signals per total SMA positive vessel 0-50 µM in 30 fov. n = 3-5 mice 
per group. ***P < 0.0001 relative to the ABCG2 RA group.
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Figure 4: Functional consequences of EC-SOD knockout in lung MSCs include increased muscularization with exacerbated PAH. Physiologic parameters 
were analyzed to detect how remodeling by MSCs affected PAH. Comparisons are presented between vehicle controls, floxed sod3  +  tamoxifen controls 
and tamoxifen-induced A/SOD mice. In all experiments, 2 weeks after induction, mice were exposed to either ambient air pressure or hypobaric hypoxia for 
5 weeks. (A) RVSP was measured via a pressure transducer inserted into the right cardiac ventricle, n = 10, 8, 10, 8, 8, 11. Analysis of the lung tissue was performed 
to measure histological endpoints associated with MSC remodeling and PAH. (B) Quantitation of muscularization was performed by counting smooth muscle 
alpha actin (SMA) positive vessels per field of view in paraffin-stained lung sections. Differences were evident in the 0-50 µM diameter vessels; n = 5, 9, 8, 8, 8, 
8. (C) The thickness of SMA-positive vessels under 30 µM was measured as a function of vessel diameter; n = 4, 4. (D‑K) Representative fluorescent micrographs 
of SMA (green) stained paraffin lung tissue sections from control and induced (A/SOD + TAM) mice exposed to room air or hypoxia. Enlarged panels of boxed 
vessels left to right: SMA RA control, RA A/SOD + TAM, hypoxia control, hypoxia A/SOD + TAM; H and E hypoxia A/SOD + TAM. Scale bars = 25 µM.

the degree of oxidative stress may influence their function 
and exacerbate their participation.

Because the deletion of EC-SOD in lung MSCs enhanced 
their contribution to the muscular layer of microvessels 
in response to hypobaric hypoxia, we sought to analyze 
subsequent alterations in physiology and muscularization in 
this model of PAH. Right ventricular systolic pressure (RVSP) 
was chosen as a functional measure of PAH. Histologic 
endpoints analyzed included muscularization and muscular 
thickening. RVSP was used as an indirect measure of 

pulmonary artery pressure with increased values indicative 
of PAH (Fig. 4A). Conditional knockdown of EC-SOD in 
lung MSCs resulted in increased RVSP associated with PAH 
following both ambient air exposure and more significantly 
following a five-week exposure to hypobaric hypoxia. The 
vehicle and floxed EC-SOD controls exhibited baseline 
RV pressures under room air conditions and responded 
appropriately to hypoxia with an increase in RVSP. KO of 
EC-SOD did not result in significantly altered HCT (not 
shown), while the expected increase in HCT was present 
in the RA versus hypoxia-exposed groups (52.5 (1.3) 
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vs. 65.8 (1.6); P < 0.0001). Taken together, these results 
illustrate that the quantifiable increase in RVSP was not 
due to increased HCT.

Muscularization associated with PAH was quantitated by 
counting SMA-positive vessels ranging in diameter from 0 to 
50 µM, from 50 to 100 µM and from 100 to 200 µM (Fig. 4B). 
As anticipated, with significantly increased RVSP following 
5 weeks of hypobaric hypoxic exposure, lung MSC EC-SOD KO 
mice demonstrated significant increases in muscularization 
of 0-50 µM diameter microvessels over control groups 
following hypoxia exposure; no significant differences 
were observed in the other groups. Thickness of the 
smooth muscle layers was measured in 0-30 µM diameter 
microvessels, comparing room air and hypoxia-exposed 
samples by measuring thickness of the SMA layer relative to 
the vessel diameter. The thickness of muscularized vessels 
varied and was 1.3-fold greater in the hypoxia-exposed lung 
MSC EC-SOD KO mice (Fig. 4C). The contribution of MSCs 
to remodeling presented in Figure 3 was proportionate to 
the degree of muscularization associated with exacerbated 
RVSP and muscularization documented in Figure 4. Taken 
together, these results suggest that lung MSCs rendered 
sensitive to oxidative stress function abnormally, resulting 
in increased vascular remodeling and exacerbated PAH.

CD45neg ABCG2pos lung mesenchymal stem cells 
are multipotent vascular precursors
We have recently demonstrated that lung MSCs, first 
studied using H33342 dye efflux and the side population 
phenotype (Fig. 2A), could be localized in both murine and 
human tissues using the multidrug-resistant transporter 
expression, ABCG2.[10,18] However, recent studies have 
raised the possibility that resident lung MSCs, due to 
their multipotent nature, may be pericytes.[20,57] Here, we 
provide evidence that although similar, in the adult lung the 
multipotent ABCG2 population represents a perivascular 
endothelial and pericyte precursor population. Here, 
we confirm the MSC characteristics of ABCG2-positive 
lung cells, previously reported for the side population 
of H33342-stained cells. We also compare them to 
NG2-positive lung cells, presumptive pericytes.

Lung MSCs were isolated from single cell suspensions of 
ABCG2 lung and presumptive pericytes from NG2 lung cells 
by flow cytometry (Fig. 2A-H). Rat lung MVEC were used as 
a positive control for VE-cadherin (CD144) staining (Fig. 2E 
and F). The ABCG2-eGFP positive cells lack the endothelial 
marker CD144 which has been reported previously for 
the H33342-positive MSCs (Fig. 2C[17,46,54]), similar to 
what was demonstrated in lung tissue staining (Fig. 1). 
H33342low CD45neg and ABCG2-eGFP positive cells exhibited 
rigorous CFU-F activity which was absent in the NG-2 
lung cells (Fig. 2I). Both ABCG2 and NG2 ds red positive 
cells differentiated to adipocytes and chondrocytes, but 

NG2-positive cells did not demonstrate differentiation to 
osteoblasts (Fig. 2J-L; not shown for NG2 cells).

Global gene expression analysis was then performed 
to compare the ABCG2 MSCs, WT MSCs (isolated via 
Hoechst 33342 staining) and NG2-positive population 
of lung cells (pericytes). A heat map analysis shows 
distinct differences occur between the lung MSC and NG2 
populations of cells (Fig. 5A). Epithelial genetic signature 
including cytokeratin, keratins and surfactant proteins is 
absent. Macrophage lineage markers including CD14 and 
Lys M are also absent. The differentiated endothelial marker 
VE-cadherin is not detected. Relative expression analysis of 
genes over-represented in ontogeny and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) analysis included adhesion 
and matrix production as well as development and are 
presented in Fig. 5B and C. These data demonstrate the 
similarities of WT MSCs and ABCG2 MSCs, as well as their 
distinct similarities and differences to NG2 pericytes. It is 
likely that MSCs have been inappropriately characterized 
as pericytes because they are both perivascular and 
coisolate with the pericyte population of cells. This theory 
is supported by the enrichment of CFU-F in the lung ABCG2 
population over the NG2. Furthermore, multipotent lung 
MSCs may be a pericyte precursor population.

Therefore, we then tested the ability of lung MSCs to 
differentiate to lineages which have the potential to 
contribute to vascular tissue homeostasis and disease, 
including myofibroblasts, endothelium (EC) and 
pericytes (Fig. 6). Prior to directed differentiation, the 
lung MSCs lacked markers of differentiated cells including 
macrophage F480, VE-cadherin, CD146 and NG-2 (Figs. 1, 
4C, Supplemental Figure 1 [Access Supplemental Figure 1 at 
www.pulmonarycirculation.org] and Table 1[10,17]). Directed 
differentiation of MSCs was also performed to the EC 
lineage. EC were isolated from the mixed population of cells 
by sorting for DiLDL uptake, a key functional component of 
EC (Supplemental Fig. 1). The isolated cells demonstrated a 
cobblestone morphology and the presence of Weibel-Palade 

Table 1: Flow cytometric characterization of lung 
mesenchymal stem cells

% of cells s.e.

CD45 0 0
CD34 0 0
PECAM‑1 (CD31) 98.9 0.58
c‑kit 0 0
Flk‑1 0 0
Scai 62.1 5.8
CD146 0.05 0.03
VE‑cadherin (CD144) 0 0
CD73 69.2 0.80
CD106 80.6 2.3
CD105 94.3 5.2
CD44 98.8 0.20
F480 0.8 0.4
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bodies by transmission electron microscopy (Fig. 6A and B).  
The endothelial cells expressed Flt-1, VE-cadherin and 
exhibited tube-forming ability in vitro (Fig 6 C-E). In the 
presence of platelet derived growth factor B (PDGF)-BB lung, 
MSCs exhibit a proliferative phenotype with corresponding 
increased expression of smooth muscle actin, collagen and 
elastin, as well as decreased Flt-1 and Flk-1 (Fig 6 F-H and 
Table 2). Pericyte differentiation was confirmed by the 
upregulation of NG-2 protein expression (Fig. 6I) as well 
as increased SMA and NG2 message and expression of 
rgs5 (Fig. 7).Taken together, the multipotent nature of the 
ABCG2-positive population of lung MSCs may be considered 
a candidate population of cells that could participate in 
tissue repair or remodeling during disease. These results 
provide justification to the hypothesis that dysfunctional 

lung MSCs participate in remodeling of the distal lung 
microvasculature under stress conditions, specifically 
oxidative stress and also provide an in vitro model with 
which we may study the cellular mechanisms that regulate 
lung MSC phenotype and function.

Figure 5: Global gene expression profiling illustrates the divergence of lung MSCs from lung NG-2 expressing pericyte populations. Global gene profiling 
was performed to compare Hoechst 33342lowCD45neg lung MSCs, ABCG2-eGFP lung MSCs, WT FB and NG-2 ds red lung cells. (A) Heat map depiction of 
relative levels of genes expressed which were overrepresented in ontogeny and KEGG analysis. Ontogeny groups are indicated. Red indicates high levels and 
blue indicates low levels of gene expression. (B and C) Demonstrate the expression levels of representative genes selected from the analysis and include the 
Wnt pathway (wisp1, frzb, tbx 20, dlk1), angiogenesis (Flt1, id1, ephb1, ephb2, epha4, nrp2) and the matrix proteins (col18a1, col14a1).

A

C

B

Table 2: Quantitative polymerase chain reaction lung 
mesenchymal stem cells copies per 10,000 HPRT (s.e.) 

Untreated +PDGF‑BB

SMA (acta2) 1817 (0.12) 3252 (0.34)
Collagen I (col1) 38.5 (0.06) 94.2 (0.88)
Elastin 3.3 (0.68) 18.4 (0.40)
Flt‑1 63.5 (0.53) 1.8 (0.83)
Flk‑1 8.8 (0.30) 3.2 (0.33)

SMA: sooth muscle alpha actin
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Figure 6: Lung MSCs represent a multipotent vascular precursor population. Endothelial differentiation was documented by (A) cobblestone morphology, the 
presence of (B) Weibel-Palade bodies by electron microscopy and immunostaining to detect (C) Flt-1 (green), (D) VE-cadherin (red) and an (E) in vitro tube 
forming assay. (F‑H) Bright field image of control WT lung MSCs stained with pentachrome. Phase micrograph of PDGF-BB treated WT lung MSCs and  
(I) bright field image of pentachrome staining, brown = collagen, black = elastin. Differentiation to a pericyte lineage was documented by NG-2 expression (red). 
Scale bar = 100 µM.



Pulmonary Circulation | January-March 2013 | Vol 3 | No 142

Chow et al.: Mesenchymal stem cell contribution to pulmonary remodeling

Figure 7: The canonical WNT pathway regulates lung MSC phenotype and function in response to oxidative stress, driving myofibroblast transdifferentiation. 
WT and EC-SOD KO lung MSCs and lung FB were isolated from mouse lungs by flow cytometry and expanded in culture. cDNA from each sample was 
hybridized to Affymetrix mouse whole genome microarrays. (A) Principal component analysis of array data showing clustering of cell populations WT lung 
MSCs (SP1, 2) and EC SOD KO lung MSCs (SOD KO 1, 2) separate from lung FB (FB1, 2). Supervised hierarchical cluster analysis of genes involved in 
WNT or TGFβ signaling and stemness, following normalization of all data sets. Two independently isolated pooled cultures of WT and KO lung MSCs (n = 2) 
or lung FB (n = 2) were used for these analyses. (B‑D) Quantitative PCR was performed to validate gene expression patterns in isolated lung MSCs identified 
by microarray analysis. (E) Quantitative PCR was performed to analyze changes in WT versus EC-SOD KO lung MSC gene expression in response to standard 
conditions (21%; black) or relative hypoxia (6% oxygen; blue) exposure over a period of 72 h; n = 3, 3, 3. (F) Quantitative PCR was performed to detect 
differences in gene expression in murine lung tissue following room air (black) or hypobaric hypoxia (blue) exposure; n = 3, 3, 3. **Indicates a difference 
between room air and hypoxia exposed in the same group.
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Table 3: SOD3 KO lung mesenchymal stem cells have Increased numbers of cells in S phase of the cell cycle
Cell type G0/G1 S G2

0 h SOD3 KO MSC 65.09 (1.19) 26.91 (1.19)* 8.00 (0.00)
WT MSC 72.07 (1.74) 17.44 (3.34) 10.49 (0.41)

24 h SOD3 KO MSC 50.01 (0.95) 41.99 (0.95) 8.00 (0.00)
WT MSC 38.12 (1.47) 46.54 (1.25) 15.34 (1.39)

48 h SOD3 KO MSC 58.00 (0.81) 34.00 (0.81)* 8.00 (0.00)
WT MSC 47.74 (2.35) 29.51 (1.22) 22.75 (1.14)

72 h SOD3 KO MSC 65.27 (4.47) 26.73 (4.47)* 8.00 (0.00)
WT MSC 60.63 (1.28) 20.26 (1.70) 19.11 (0.42)

*P<0.05

Extracellular superoxide dismutase  expression 
is required to maintain lung mesenchymal stem 
cells phenotype and function
In order to determine whether loss of the antioxidant 
enzyme EC-SOD affected lung MSC phenotype, function and 
turnover in vitro, we isolated and cultured WT and EC-SOD 
KO lung MSCs. Upon comparison, the WT cells exhibited a 
characteristic MSC morphology (Fig. 8A) while the EC-SOD 
null cells appeared more elongated with spindle-like 
cell processes (Fig. 8B) more similar to a fibroblast (FB). 
The cells were then analyzed by flow cytometry relative 
to each other and primary lung FB to detect cell surface 
determinants characteristic of MSCs (Fig. 8C). The cell 
populations evaluated were negative for hematopoietic 
markers CD45, c-kit, CD34 and the macrophage markers 
CD14, CD11b and F480. All of the cells expressed the 
mesenchymal markers ScaI at varying levels CD90 and CD44. 
WT and EC-SOD KO lung MSCs were positive for CD105 and 
106, while lung FB did not express significant levels of these 
characteristic mesenchymal markers. Divergence in the cell 
surface phenotype between WT and EC-SOD KO lung MSCs 
was in the expression of CD80, a T-cell regulatory molecule, 
which was undetectable on EC-SOD KO cells. Interestingly, 
the KO lung MSCs did not inhibit T-cell proliferation relative 
to their WT counterparts (Fig. 8D). The KO lung MSC group 
exhibited the same T-cell proliferation as the group lacking 
MSCs. Therefore, these results suggest that the previously 
described[10] anti-inflammatory properties of lung MSCs 
lacking EC-SOD are altered in vivo.

We then analyzed the relative rate of cell turnover by 
comparing the growth curves of WT and EC-SOD KO lung 
MSCs in parallel to apoptosis and cell cycle analysis using 
cell counts and either a YoPro dye-based or propidium 
iodide-based fluorescent flow cytometric assay (Fig. 8E 
and F and Table 3). An equal number of cells were plated 
12 h prior to the start of the cell counting at time zero and 
the cells were analyzed to 72 h in culture. We found that 
EC-SOD KO MSCs had increased cell numbers on 48- and 
72-h time points and had significantly higher numbers 
of cells undergoing apoptosis at 24, 48 and 72 h. These 
results correlated with cell cycle analysis that demonstrated 
EC-SOD KO MSCs had a significantly increased number 

of cells in the S phase of cell cycle at time 0, 48 and 
72 h (Table 3).

CFU-F assay was performed to enumerate the presence of 
MSCs in the cultures, which correlates to their potential to 
propagate and differentiate. The analysis demonstrated a 
robust decrease in CFU-F potential in the EC-SOD KO MSCs 
when compared to WT lung MSCs (Fig. 8G-I). In addition, 
the cell types demonstrated visibly different colony and 
cell morphology. While the WT MSCs were confluent 
and compact in a colony, the EC-SOD KO MSCs appeared 
spindle shaped or fusiform and not uniformly organized 
within the colony. This significant difference in CFU-F 
was supported by further multilineage differentiation 
analyses of the cell populations. WT lung MSCs were 
able to differentiate into the osteocyte, adipocyte and 
chondrocyte lineages (Fig. 2J-L[10,18]), whereas the EC-SOD 
KO cells were limited to robust differentiation toward the 
chondrocyte lineage evidenced by the increased size of the 
micromass (Fig. 8J-M).

Extracellular superoxide dismutase  regulates 
the lung mesenchymal stem cells-contractile cell 
transition via Wnt signaling
We previously demonstrated that lung MSCs were indeed 
a distinct population of cells present in the pulmonary 
stroma relative to lung FB, using global gene expression 
analysis.[10] In these studies, we further compared the 
genetic signature of lung MSCs following deletion of EC-SOD. 
Distinct cell populations were isolated and total RNA was 
prepared from two independently isolated cultures of 
WT MSCs, KO lung MSCs, or WT FB. Complimentary DNA 
generated from amplified RNA was hybridized to duplicate 
Affymetrix Mouse gene 1.0st chips. Principal component 
analysis showed distinct differences between each of the 
three cell populations (Fig. 7A). Each set of pooled duplicate 
samples segregated to a different region of the diagram, 
with the KO MSCs falling between the WT MSCs and FB. We 
also confirmed that EC-SOD KO resulted in the appearance 
of more contractile-like cells by their increased expression 
of SMA (acta2) as well as the pericyte marker NG2, relative 
to WT MSCs (Fig. 7B and C and Table 4). The intermediate 
phenotype and transcriptional differences in KO MSCs 
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Figure 8: EC-SOD regulates the function of lung MSCs. Bright field images of (A and B) representative bright field images of WT and EC-SOD KO lung 
MSCs; scale bar = 100 µM. (c) WT, KO and lung FB were stained with antibodies to detect cell surface determinants characteristic of MSCs and the resulting 
histograms overlayed for comparison (blue, red and green, respectively). The gates were set based on FMO controls. (D) In vitro analysis of the effects of WT 
or KO lung MSCs on T-cell proliferation. (E) Changes in WT (blue) or KO (red) cell number over a period of 0-72 h were quantitated via trypan blue exclusion 
and automated cell counting of a hemocytometer. Results are presented as total numbers of cells per time point. (F) Apoptosis was measured in the same cell 
preparations by staining with YoPro/PI and analyzing fluorescence intensity by flow cytometry. WT (blue) or KO (red) is presented as a percentage YoPro-positive 
cells in early apoptosis of total cells over time. Each experiment was performed in triplicate thrice. (G and H) Colony forming assay was performed to detect 
differences in MSC potential between WT and KO lung MSCs. Representative bright field photos of assay plates following Giemsa staining for WT and KO 
are depicted; n = 3, n = 4. Colony morphology varied between the two groups. Scale bar = 0.5 cm. (J‑M) Multilineage differentiation of EC-SOD KO lung 
MSCs to osteocyte, adipocyte and chondrocyte lineages was performed. Osteoblasts were detected by Von Kossa stain (brown/black) and adipocytes by the 
appearance of fat droplets (100×, 200 × mag.). Chondrocytes were cultured in micromasses, fixed and stained to detect aggrecan (red). Scale bar = 200 µM.
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identified by the principle component analysis were also 
reflected in supervised hierarchical analysis and validation 
by quantitative polymerase chain reaction (qPCR) of 
genes associated with Wnt/Tgfβ/stemness (Fig. 7D), 
immune response and angiogenesis/vasculogenesis. This 
revealed the KO lung MSC expression of inflammatory 
mediators (including CxCl14, CxCl12), higher levels of 
profibrotic genes and decreased levels of angiogenic 
genes (including col3a1, postn and Flk-1, respectively) 
relative to WT MSCs.

To further elucidate Wnt signaling as mediating differences 
between WT and KO lung MSC phenotype and function, 
we analyzed the cells for expression of key pathway 
components. All cells expressed the Wnt pathway genes 
sfrp1, wnt5a and rspo2, although differences in the trends 
of expression appeared significantly different (Fig. 7D). To 
better understand how the additional burden of oxidative 
stress in the absence of EC-SOD expression affects the Wnt 
signaling pathway, expression levels of cntb (β-catenin), 
rspo2, sfrp1, wnt5a and sod3, pericyte markers (PDGFRβ, 
rgs5) as well as foxO1 were analyzed in response to 
oxidative stress in vitro. We exposed both WT and KO 
cultured cells to 6% oxygen or relative hypoxia and from 
time zero to 72 h. RNA was extracted for qPCR analysis 
used to measure gene expression levels (Fig. 7E). Isolated 
WT lung MSCs (black) exhibited steadily increased levels 
of the genes assayed, while the KO lung MSCs (blue) either 
remained the same as baseline or decreased, illustrating 
their inability to deal with exogenous oxidative stress. 
The most significant decreases in the EC-SOD KO lung 
MSCs were in β-catenin, wnt5a, PDGFRβ and foxO1 levels, 
while rgs5 was absent. Lung tissue isolated from the mice 
was analyzed by qPCR following room air or hypobaric 
hypoxia exposure to compare Wnt signaling effectors 

cntb (β-catenin), sfrp1 and foxO1 (Fig. 8F). Trends in 
gene expression following 5 weeks of room air exposure 
demonstrated an increase in Wnt molecules downstream of 
EC-SOD deletion in lung MSCs. The converse was found after 
exposure to hypoxia. Trends in sfrp1 and foxO1 expression 
were similar to hypoxia exposed EC-SOD KO lung tissue 
and isolated EC-SOD KO lung MSCs. Both sfrp1 and foxO1 
are known to play a role in the Wnt response to oxidative 
stress in stem cell populations.[58-60]

Because Wnt signaling was implicated in the regulation of 
lung MSC phenotype and function, we localized β-catenin 
in conjunction with increased in SMA and NG2 protein. 
The presence of β-catenin in the nucleus of EC-SOD KO 
cells and fibroblasts was demonstrated in contrast to the 
cytoplasmic distribution in WT cells (Fig. 9A and B). The 
presence of nuclear β-catenin was correlated with increased 
actin filaments (Fig. 9C) or expression of NG2 in WT 
MSCs (Fig. 9D). To establish a direct link between increased 
canonical Wnt signaling and functional alterations in lung 
MSCs, including loss of stemness, we exposed MSCs to 
titrated lithium chloride (LiCl) in a luciferase activity assay 
and CFU-F assay (Fig. 9D-F). LiCl increases the levels of 
β-catenin by preventing its degradation, subsequently 
activating Wnt signaling. This was confirmed in the 
lung MSCs by measuring Wnt signaling activity using a 
luciferase reporter assay (Fig. 9D). LiCl treatment resulted 
in decreased CFU activity relative to control. Interestingly, 
10 mM LiCl treatment resulted in significantly larger 
colonies (Fig. 9E and F).

To translate these findings In vivo, we employed the novel 
model of lung MSC conditional EC-SOD KO. We induced 
A/SOD mice with vehicle or tamoxifen and isolated lung 
MSCs 96 h later by flow cytometry. Isolated cells were spun 

Table 4: Differences in contractile gene expression
Gene symbol Gene description mRNA accession Fold change

KO vs. WT

Myh11 Myosin, heavy polypeptide 11, smooth muscle NM_013607 8.880485183
Des Desmin NM_010043 17.72708602
Lama4 Laminin, alpha 4 NM_010681 14.28689003
Rgs5 Regulator of G‑protein signaling 5 NM_009063 −3.44377527
Cxcr7 Chemokine (C‑X‑C motif) receptor 7 NM_007722 2.946839529
Adrb2 Adrenergic receptor, beta 2 NM_007420 −2.934924722
Adcy1 Adenylate cyclase 1 NM_009622 −2.545065877
Edn1 Endothelin 1 NM_010104 2.250078758
Rgs17 Regulator of G‑protein signaling 17 NM_001161822 −1.99842856
Igfbp2 Insulin‑like growth factor binding protein 2 NM_008342 1.889255732
Pde4d Phosphodiesterase 4D, cAMP specific NM_011056 −1.862993964
Atf5 Activating transcription factor 5 NM_030693 1.877388855
Gja1 Gap junction protein, alpha 1 NM_010288 −1.694630805
P2rx3 Purinergic receptor P2X, ligand‑gated ion channel, 3 (Cx43) NM_145526 1.660691391
Myl4 Myosin, light polypeptide 4 NM_010858 1.496889784
Plcg2 Phospholipase C, gamma 2 NM_172285 −1.514685739
Creb3 cAMP responsive element binding protein 3 NM_013497 1.533471655
Tpm2 Tropomyosin 2, beta NM_009416 1.439675333
Tbx20 T‑box 20 NM_194263 24.17396973
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Figure 9: The canonical WNT pathway regulates lung MSC phenotype and function in response to oxidative stress, driving transdifferentiation to a contractile 
phenotype in vitro and in vivo. (A) WT and KO MSCs and WT FB were immunostained to detect β-catenin protein (red), (B) to localize SMA protein (red) 
and (C) colocalize nuclear β-catenin with NG-2 expression in WT MSCs. (D and F) Lung MSCs were exposed to LiCl to activate canonical Wnt signaling 
in a luciferase reporter and CFU-F assay. Representative images and quantitation are presented; n = 3. Scale bars = 0.5 cm or 100 µM. (F) A/SOD mice were 
induced with vehicle (A/SOD + veh) or tamoxifen (A/SOD + TAM) and lung MSCs isolated from total lung cells by flow cytometry after 96 h. The isolated 
cells were spun onto slides and stained with antibody to detect β-catenin protein (red); n = 3, 3. Nuclei were costained with DAPI (blue). Scale bar = 30 µM.
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onto slides and β-catenin protein localization, analyzed by 
immunostaining (Fig. 9G). Elevated β-catenin protein was 
detected in the tamoxifen-induced A/SOD lung MSCs. Taken 
together, our data indicate that a link exists between the 
myofibroblast transition of lung MSCs and Wnt signaling.

DISCUSSION

Underlying defects in pulmonary microvasculature 
contribute to a number of lung diseases including PAH. 
Although interactions between mesenchyme, endothelium 
and epithelium are critical in the homeostatic maintenance 
of the surfaces for gas exchange in the adult organ, little 
is known about the relevance of lung MSCs in these 
processes. Therefore, the current study documents several 
important new findings. We demonstrate that lung MSCs 
are a multipotent population of vascular precursors 
which contribute to vascular remodeling in the presence 
of oxidative stress. Our data show that the expression of 
EC-SOD by lung MSCs is required for the maintenance of 
their phenotype and function both In vivo and in vitro. 
In these studies, we show both in vitro and In vivo that 
targeted deletion of EC-SOD in lung MSCs promotes their 
transdifferentiation to a contractile phenotype. We also 
establish the link between Wnt/β-catenin signaling and 
the transition of lung MSCs to a contractile cell phenotype. 
In doing so, we show for the first time that resident lung 
MSCs play a critical role in the maintenance of normal lung 
structure and function. Moreover, our data mechanistically 
link oxidative stress to changes in lung MSC phenotype, via 
Wnt signaling, that compromise their ability to participate 
in reparative activities and contribute to the onset of PAH.

In both murine and human lung tissue, MSCs colocalize with 
the alveolar capillary network in the distal lung, making lung 
MSCs anatomically similar to adult angioblasts, pericyte 
and endothelial precursors.[1,20,57,61] This hypothesis was 
further confirmed by lung MSC perivascular localization, 
proangiogenic properties, multilineage potential and 
expression of PDGFRβ smooth muscle alpha actin and 
acquired expression of VE-cadherin and NG2.[20,57,61-64] 
Taken together, our phenotyping and functional data both 
in vitro and In vivo suggest that these lung MSCs participate 
in vascular homeostasis as well as contribute to vascular 
remodeling during disease. Targeted knockout of EC-SOD 
in lung MSCs exacerbated remodeling during PAH and MSC 
contribution to microvessel. This was demonstrated by 
enhanced ABCG2-positive cell contribution to thickened 
actin-positive microvessels and increased RVSP. These 
results are highly significant because while MSCs from 
various tissues have been shown to express pericyte 
markers, they have not been linked functionally to disease 
pathogenesis.[20,57,63] Therefore, lung MSC expression of 
EC-SOD plays a pivotal role in these processes.

An important aspect of these studies is the demonstration 
that lung MSCs respond to oxidant stress and knockdown of 
the antioxidant enzyme, EC-SOD, via changes in β-catenin/
Wnt signaling. Wnt/β-catenin signaling is critical for the 
maintenance, functionality and lineage specification of bone 
marrow MSCs[36] and the development and specification 
of early lung mesenchyme;[1,8] however, its importance 
in the regulation of lung MSCs is unknown. Our studies 
show that with genetic deletion of EC-SOD in isolated lung 
MSCs, there is a concomitant change in cell morphology, 
increased proliferation, entry into cell cycle and apoptosis, 
indicative of loss of self-renewal. Additively, the in vitro and 
In vivo changes in cell properties indicate a transition to 
actively cycling, more contractile, less stem cell-like cells. 
Further alterations in lung MSC function as a result of 
EC-SOD KO and activation of canonical Wnt signaling were 
demonstrated in vitro. First, EC-SOD KO lung MSCs or MSCs 
in the presence of LiCl exhibited a loss of CFUs, a hallmark 
of MSC potential.[64] Secondly, KO cells demonstrated 
chondrocyte lineage restricted differentiation, in contrast 
to WT, which differentiated to chondrocytes, osteocyte and 
adipocyte lineages. These changes, in part, can be attributed 
to activation of the canonical Wnt signaling pathway, which 
has been shown to both stimulate chondrogenic and 
inhibit adipogenic and osteogenic differentiation of bone 
marrow MSCs and pericytes.[35,36] The studies of isolated 
MSCs show the direct effect that loss of EC-SOD has on Wnt 
signaling, regulating their phenotype and function. Further 
studies will be needed to determine if the loss of EC-SOD 
leads to altered Wnt signaling as a result of increased 
extracellular superoxide, secondary to its effects on nitric 
oxide metabolism or hydrogen peroxide formation, or if 
loss of EC-SOD activity is distinct from its known enzymatic 
function, as has been recently proposed.[65,66]

Finally, gene expression analysis was used to explore the 
underlying mechanisms by which loss of EC-SOD stimulates 
Wnt signaling and negatively impacts MSC function. In 
the absence of EC-SOD expression, there was a significant 
decrease in PDGFR and rgs5.[67] In parallel to loss of 
pericyte markers, we detected a corresponding increase 
in inflammatory and myofibroblast markers including 
SMA (acta2), col3a1 and postn. The increases in SMA gene 
and protein levels by EC-SOD KO cells were coupled to 
increased nuclear localization of β-catenin, more similar 
to lung FB than to WT lung MSCs. Interestingly, both of 
these cells expressed similar levels of wnt5a ligand which 
inhibits canonical Wnt signaling.[68] Exposure of isolated 
WT and KO lung MSCs to the additional oxidative stress, 
chronic hypoxia, demonstrated WT increases in gene 
expression of β-catenin/Wnt signaling targets including 
ctnb1, rspo2, sfrp1 and wnt5a. KO cells did not respond 
appropriately. Interestingly, WT lung MSC expression of 
sod3 and foxO1 were increased as well. The foxO1 is an 
important coregulator of β-catenin activity in response to 
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oxidative stress in stem cells.[58,60] Reactive oxygen species 
increased in the absence of foxO1 expression, whereas, 
conversely, increased foxO1 transcription as a result of 
β-catenin/foxO1 binding increases the expression of 
antioxidant genes including sod3.[58] These interactions 
between β-catenin/foxO1 also decrease Wnt signaling by 
diverting the pool of β-catenin from T-cell factor/lymphoid 
enhancer factor hypoxanthine phosphoribosyltransferase 
(TCF/LEF) to foxO1 transcription. Increased levels of sfrp1 
and wnt5a (as observed in WT MSC) may also antagonize 
Wnt/β-catenin signaling. These data also suggest that 
rspo2 may be a modulatory ligand binding frzd8 to activate 
Wnt signaling in response to oxidative stress and that 
increased β-catenin/Wnt signaling in the absence of foxO1 
influences the lung MSC transition to a prosynthetic and 
inflammatory myofibroblast. Therefore, both the canonical 
Wnt/β-catenin pathway and foxO1 likely regulate lung MSC 
function in response to oxidative stress. While Wnt signaling 
is necessary to maintain a reparative MSC/pericyte 
phenotype, a balance in signaling is clearly required to 
inhibit the pathological transition to a myofibroblast. 
Further lineage tracing and in vitro molecular analyses will 
address this possibility.

We have confirmed that lung MSC function as vascular 
precursors and that targeted deletion of EC-SOD 
expression increases canonical Wnt signaling which 
modulates their function during response to oxidative 
stress both in vitro and in vivo. Alteration of this 
mechanism results in loss of stemness and the transition 
to a contractile pericyte/myofibroblast phenotype by 
lung MSCs and subsequent pathological alterations in 
pulmonary tissue structure and function. Therefore, 
multiple functions of lung MSCs may be necessary to 
maintain tissue integrity. These studies indicate that a 
broader understanding of the interplay of lung MSCs 
with the vasculature and epithelium will be required to 
fully appreciate how paracrine expression of Wnt ligands 
may alter their function and differentiation during the 
development of pulmonary diseases.
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Supplemental Figure 1: Lung MSC marker expression and selection. ABCG2 mouse lung 2 weeks post induction using 1 mg of tamoxifen. Recombination results 
in the appearance of membrane eGFP expression. (A, C and D) ABCG2 costaining to detect the macrophage marker F480 (red). (B and E) ABCG2 costaining to 
detect the PECAM (red). (F) AcDiLDL (conjugated to Alexa 488) was used to label putative MSC-derived EC and select the subpopulation by flow cytometry.
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