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Introduction

Microvascular dysfunction is a key component of chronic lung
disease, which is the fourth-leading cause of mortality worldwide.
Changes in distal lung tissue structure include enlarged, obstruct-
ed, or fibrotic airspaces, decreased microvascular density, and
ultimately loss of gas exchange surfaces. A common comorbidi-
ty in chronic lung diseases is vasculopathy, or pulmonary vascu-
lar dysfunction (PVD), characterized by remodeling and loss of
microvessels, which substantially worsens prognosis and limits
survival. The relevance of neovascularization to the pathophysiol-
ogy of PVD has not been resolved, as conflicting evidence depicts
angiogenesis as both reparative and pathologic.

The importance of identifying barriers to vascular regenera-
tion in the adult lung is underscored by the current emphasis on
cell therapy and bioengineering approaches to address pulmonary
vascular pathologies. However, without understanding the endog-
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Pulmonary vascular disease is characterized by remodeling and loss of microvessels and is typically attributed to pathological
responses in vascular endothelium or abnormal smooth muscle cell phenotypes. We have challenged this understanding

by defining an adult pulmonary mesenchymal progenitor cell (MPC) that regulates both microvascular function and
angiogenesis. The current understanding of adult MPCs and their roles in homeostasis versus disease has been limited by a
lack of genetic markers with which to lineage label multipotent mesenchyme and trace the differentiation of these MPCs into
vascular lineages. Here, we have shown that lineage-labeled lung MPCs expressing the ATP-binding cassette protein ABCG2
(ABCG2") are pericyte progenitors that participate in microvascular homeostasis as well as adaptive angiogenesis. Activation
of Wnt/p-catenin signaling, either autonomously or downstream of decreased BMP receptor signaling, enhanced ABCG2* MPC
proliferation but suppressed MPC differentiation into a functional pericyte lineage. Thus, enhanced Wnt/p-catenin signaling
in ABCG2* MPCs drives a phenotype of persistent microvascular dysfunction, abnormal angiogenesis, and subsequent
exacerbation of bleomycin-induced fibrosis. ABCG2* MPCs may, therefore, account in part for the aberrant microvessel
function and remodeling that are associated with chronic lung diseases.

enous cells that mitigate damage and promote healing, targeted
cell or small-molecule therapies and 3D tissue reconstruction will
not achieve success. Adult tissue regeneration and repair may in
part be attributed to tissue-resident stem cells within the mesen-
chymal compartment that are capable of vascular differentiation
(1). To date, our understanding of the basic biology of adult pulmo-
nary MPCs and the roles they play in microvascular homeostasis
versus disease is limited.

MPCs have long been thought to be the “mural” precursor to
a differentiated pericyte (2, 3). Interestingly, pericytes have also
been hypothesized to be mesenchymal stem cells in adult tissue
(4), however, recent studies using lineage tracing have disproved
this theory (5). The current understanding of the role pericytes
and their mesenchymal precursors play in adult lung disease, de
novo angiogenesis, and vascular remodeling is controversial, as
conflicting evidence depicts angiogenesis as both reparative and
pathologic (6-8). The consensus is that pericytes differentiate
toward a myofibroblast lineage and participate in pathological
processes. However, a specific role for these cells during fibrosis
or adaptive angiogenesis has not yet been defined (9-16). While
these hypotheses are intriguing, the studies of tissue-resident



The Journal of Clinical Investigation

stromal progenitor cells as well as the origin of pericyte lineages
in the adult have been complicated by a lack of unique markers
to define specific cell types within heterogeneous mesenchymal
pericyte precursors and lineage-specified pericyte populations
(Supplemental Table 1; supplemental material available online
with this article; https://doi.org/10.1172/JCI88629DS1). A second
limitation is the ability to translate findings from cell populations
identified in murine tissues to human cells.

In accordance with these gaps in knowledge, the cell-specific
mechanisms that regulate the development and progression of
the microvascular dysfunction associated with PVD in chronic
adult lung diseases are not well defined. PVD is often asymptom-
atic until severe, when approximately 50% to 70% of the pulmo-
nary vascular bed is lost, both in structure and function, at which
point pulmonary vascular resistance and pulmonary artery pres-
sure rise, leading to a diagnosis of pulmonary hypertension (PH)
or pulmonary artery hypertension (PAH) (17). Major risks for the
development of PVD and PH include genetic mutation, environ-
ment (hypoxia, drugs), and immune deregulation and associated
diseases (17,18). To date, the etiology of microvascular remodeling
underlying PVD remains unknown and is complicated by a lack
of rodent models recapitulating early-stage vasculopathy in the
absence of or prior to injury. The current limited understanding
of microvascular dysfunction as a precursor to PVD and the lack
of diagnostic approaches and criteria emphasize the necessity to
understand the mechanisms of microvascular dysfunction in both
rodent models and the clinical setting.

To address the aforementioned issues, our laboratory has
identified a unique and traceable subpopulation of perivascu-
lar, multipotent, lineage-negative MPCs in both adult mouse
and human lung on the basis of their expression of ATP-binding
cassette subfamily G member 2 (ABCG2). Using a combination
of flow cytometry and a low-dose tamoxifen induction lineage-
tracing strategy, we defined ABCG2 as a marker to reproducibly
label a subpopulation of adult lung MPCs (12, 19). In these studies,
we demonstrate for the first time to our knowledge that ABCG2*
lung MPCs participate in microvascular homeostasis and distal
lung tissue structure via pericyte specification and differentiation.
We show, in both murine and human ABCG2* lung MPCs, that
increased Wnt/p-catenin signaling results in abnormal expansion
as well as pericyte specification of MPCs without normal pericyte
maturation, driving a phenotype of persistent microvascular dys-
function. In response to genetic depletion of BMP receptor type II
(BMPR?2), stabilization of B-catenin, or bleomycin induced fibro-
sis, the resultant MPC-derived pericytes resemble myofibroblasts.
However, the deregulated pericytes participate in adaptive angio-
genesis and exacerbate fibrosis as opposed to directly contributing
to fibrotic scar formation. Defects in ABCG2* pericyte progenitor
maturation elicit pathological changes in the microvasculature
that mirror vasculopathy before overt clinical symptoms of dis-
ease appear. This suggests that a better understanding of the role
of these MPCs in the maintenance of microvascular integrity in
the lungs may lead to earlier diagnosis and treatment of PVD.

Results
Phenotypic similarities between conditional ABCG2-restricted deple-
tion of BMPR2 and stabilization of -catenin: alteration of microvas-
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cular homeostasis in the adult lung. Reactivation of the developmen-
tal signaling pathways is often associated with abnormal lineage
specification and disease pathology in adult tissues. Coordinated
Wnt and BMPR?2 signaling influence the proliferation and survival
of endothelium and smooth muscle during angiogenesis as well
as vascular remodeling of the pulmonary circulation (20-22). We
therefore sought to determine how their coordinated signaling in
resident lung ABCG2* mesenchymal precursors regulates pulmo-
nary microvascular homeostasis in vivo and in vitro. To test the
hypothesis that resident lung ABCG2* MPCs contribute to micro-
vascular homeostasis and that disruption of Wnt/BMPR2 signaling
in MPCs leads to the development of microvascular dysfunction in
vivo, we exploited the inducible ABCG2* lineage-labeling strategy
(Figure 1A). Wnt signaling was enhanced in ABCG2* lung MPCs
in vivo by induced expression of a mutant p-catenin. This model
was achieved by crossing a lox-stop-lox-mutant B-catenin exon 3
mouse (CtnnbI*st+3 mouse), which removes glycogen synthase
kinase 3 B (GSK3pB) phosphorylation sites that target B-catenin
for degradation, with bigenic lineage-labeling Abcg2-CreERT2
Rosa26 mTmG mice (23-25). Adult trigenic mice were also engi-
neered to genetically deplete 1 copy of Bmpr2 by crossing Abcg2-
Cre®®2) Rosa26-mTmG (23), and Bmpr2/f (26) lines, resulting in
Abcg2-Cref®"? Bmpr2"f Rosa26-mTmG mice (referred to herein as
Bmpr2"* mice). In these optimized low-dose tamoxifen systems,
ABCG2" lung MPCs expressed enhanced GFP (eGFP) and 1 copy
of BMPR2 or stabilized B-catenin (Figure 1B).

Genetic depletion of BMPR2 or stabilization of B-catenin
in ABCG2* lung MPCs resulted in their expansion (Figure 1, B
and D-F). Increased numbers of eGFP-expressing ABCG2* lung
MPCs were present on days 2 and 14 after induction in comple-
mentary flow cytometric and immunostaining analyses (Figure
1, B and D-F, and Supplemental Figure 1A). The increased fluo-
rescence staining intensity observed in the tissue sections ver-
sus the data shown in the flow cytometric dot plots is likely due
to the detection of multiple long cell processes emanating from
a single MPC (Figure 1, D-F). Dysfunctional BMPR2 and Wnt
signaling in ABCG2* lung MPCs also increased the microvessel
dysfunction documented by vascular leak on day 14 (Figure 1C).
The expanded pool of ABCG2* lung MPCs in both Bmpr"* and
B-catenin-overexpressing (BOE) mice was retained after 18 to 20
weeks in vivo (Supplemental Figure 2A). Proliferation of ABCG2*
lung MPCs was detected by proliferating cell nuclear antigen
(PCNA) and eGFP localization on days 2 and 14 in lung tissue sec-
tions (Supplemental Figure 1C and Supplemental Figure 3, A-C).
The ABCG2* lung MPCs did not colocalize with large arterioles
or smooth muscle o actin-expressing (a-SMA-expressing) cells
(Figure 1, L-T, and Supplemental Figure 1B).

To evaluate the role of Wnt and BMPR?2 signaling in ABCG2*
lung MPCs in lung microvascular homeostasis, we analyzed WT,
Bmpr2?+, and BOE mice at 20 weeks (Figure 1A and Supplemen-
tal Figure 4A). Lung microvascular function and structure were
assessed by right ventricular systolic pressure (RVSP) as well as
morphometric measurements. We found that both Bmpr2#+ and
BOE mice had a subtle increase in RVSP, suggesting a microvas-
cular defect (Figure 1G). Morphometric analysis identified a cor-
responding loss of microvessel density in Bmpr2/* mice that was
more variable in the BOE strain (Figure 1, H-]) in the absence of
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Figure 1. Abnormal pericyte lineage specification and microvascular dys-
function accompanied by loss of distal lung tissue structure in vivo via
deregulation of BMPR2 and Wnt/B-catenin signaling in lung MPCs. (A)
Schematic time line of mouse modeling. WT, Bmpr2f/*, and POE mice were
induced with i.p. tamoxifen (0.5 mg total). (B) Two weeks after induction,
eGFP labeling and enumeration of ABCG2* lung MPCs were confirmed by
flow cytometry (n = 3-6). Numbers in parentheses represent SEM. (C)
Three weeks after induction, pulmonary vascular leak was quantitated.
Representative images of mice obtained with the Pearl analyzer. Bar graph
shows the ratio calculated for each animal, comparing the intensity of dye
in the lung (red squares) with the baseline fluorescence in the nose (red
circles) (n = 7-15). (D-F) Additional mice were sacrificed and the lungs aga-
rose inflated using constant pressure to obtain lung tissue for immunoflu-
orescence analyses. Immunostaining for detection of eGFP (green) MPCs
and derivatives as well as a-SMA (red) was performed (n = 4). (G) Eighteen
to twenty weeks after tamoxifen induction, RVSP was measured (n =
10-13). Immunostaining was performed on lung tissue sections to detect
(H) F8* microvessels and (I) a-SMA* muscularized vessels. (J) The ratio of
a-SMA/total microvessels was also calculated, and the positive numbers
were counted per FOV. Six to eight sections of twenty FOV per section were
evaluated (n = 4). (K) MLI was calculated to evaluate the loss of distal lung
tissue structure (n = 6). (L-N) Immunofluorescent staining (IFC) to detect
a-SMA demonstrated a decrease in a-SMA overall in Bmpr2/+ and BOE
lungs. (L-T) Immunostaining was performed to detect ABCG2* MPCs and
derived eGFP- and a-SMA-expressing cells. Scale bars: 50 um (L-T) and
100 um (D-F). Data are presented as the mean + SEM. *P < 0.05 and

**P < 0.01, by 1-way ANOVA followed by Tukey’s honest significant differ-
ence (HSD) post-hoc test.

increased muscularization of microvessels, collagen deposition,
and inflammatory infiltrate (Figure 1K, and Supplemental Figure
2, B and C). Strikingly, both the Bmpr2%+ and BOE mice had sig-
nificantly decreased numbers of a-SMA* microvessels (Figure 1,
D-F, I, and L-N), suggesting a decrease in differentiated pericytes.
We also performed analyses to detect colocalization of eGFP-
derived MPCs and coagulation factor 8 (F8) or a-SMA. No colo-
calization of MPC-derived cells or vascular markers was detected.
The decreased microvessel density in the Bmpr2%+ mice paral-
leled a loss of distal lung tissue structure or airspace enlargement,
as measured by the increased mean linear intercept (MLI) (Fig-
ure 1K). Eighteen to twenty weeks after induction, lineage-trac-
ing analyses of ABCG2" lung MPCs from Bmpr2¥+ and BOE
mice demonstrated that perivascular eGFP-expressing MPCs or
derived cells did not colocalize with a-SMA-expressing cells (Fig-
ure 1, Q-T), whereas the WT MPCs did colocalize with a-SMA
(Figure 1, O and P). The lack of a-SMA expression by microvas-
cular pericytes as a result of BMPR2 inactivation and B-catenin
stabilization suggests that defects in function and differentiation
of the expanded MPC pool may underlie the observed decrease in
microvessel density and loss of tissue structure. Taken together,
these data illustrate that microvessel loss adversely affects distal
lung tissue structure and that the Bmpr2"*-driven phenotype is
only partially dependent on increased B-catenin signaling.
Conditional stabilization of [-catenin or depletion of BMPR2
in murine ABCG2 MPCs parallels a loss of clonogenic potential and
increased pericyte lineage specification without maturation. To con-
firm that BMPR2 and Wnt/B-catenin signaling in ABCG2* lung
MPCs regulates their stem cell characteristics, we performed
CFU-fibroblast (CFU-F) analyses to enumerate the presence of
clonogenic progenitors and flow cytometric analyses to charac-
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terize the cell-surface determinants characteristic of murine and
human MPCs. We also analyzed the expression of pericyte lineage
specification via protein and gene expression. Isolation and char-
acterization of murine ABCG2* lung MPCs paralleled our findings
in the in vivo models and in human MPC lines. Both Bmpr2%+ and
BOE ABCG2* murine lung MPCs showed a decreased ability to
form CFU-F, which is indicative of a loss of functional clonogenic
progenitors (Supplemental Figure 4B) (27). We observed that the
loss of clonogenic potential paralleled an increase in pericyte lin-
eage specification compared with WT MPCs, keeping in mind that
lineage specification is not equal to terminal differentiation into
mature and functional contractile pericytes (28, 29).

Bmpr2%+ and BOE ABCG2* lung MPCs also had significant-
ly increased gene and protein expression of the pericyte markers
chondroitin sulfate proteoglycan 4 (Cspg4, encoding neural/glial
antigen 2 [NG2]) and regulator of G protein signaling 5 (Rgs5) (Fig-
ure 2, A and B), similar to that observed with BMPR2 inhibition in
WT ABCG2* MPCs (30). In the WT MPCs, we detected NG2 as a
single band, while multiple bands were present at varying inten-
sities in the BOE and Bmpr2"+* MPCs (Figure 2B). These multiple
bands are the result of extracellular processing of the NG2 proteo-
glycan that may then regulate signaling as well as migration (31).
We again identified increased gene and protein expression of the
Wnt/B-catenin target WNT1-inducible signaling pathway protein
1 (Wispl) (Figure 2, A and B) in Bmpr2%+* MPCs, which may reg-
ulate mesenchymal proliferation (32). We also observed altered
gene expression of Wnt inhibitors, with a decrease in secreted
frizzled-related protein 2 (Sfrp2) expression, while Sfipl expres-
sion increased in the BOE ABCG2* MPC line. Bmpr2/+ and BOE
ABCG2" MPCs showed increased expression of CD146 (Figure 2C
and Supplemental Figure 4H), which is associated with pericyte or
endothelial lineage specification from MPCs (33, 34). BOE MPCs
also had decreased expression of CD105 (also known as endog-
lin), indicative of an attenuated potential for terminal myogenic
or a-SMC differentiation and increased invasiveness (35, 36). To
characterize B-catenin and its target, cyclin D1, we performed
immunostaining on MPCs. B-Catenin localized to the membrane
tight junctions or cytoplasm in WT cells, while cyclin D1 was not
detected (Figure 2D). In contrast, we found that Bmpr2%+ and BOE
ABCG2* MPCs demonstrated decreased B-catenin localization to
the membrane tight junctions. Furthermore, cyclin D1 was high-
ly immune reactive in the cytoplasm of Bmpr2%* MPCs and in the
nuclei of BPOE MPCs. Cytoplasmic cyclin D1 can regulate invasion
as well as survival (37), while nuclear localization is typically asso-
ciated with proliferation and survival (38).

Second, we documented that suppression of the BMPR sig-
naling pathway increased Wnt/B-catenin activity as well as
expression of Cspg4 (NG2) and Wnt targets in isolated murine
WT ABCG2' MPCs using the small-molecule BMPR signaling
inhibitor ~ 4-[6-[4-(1-methylethoxy)phenyl]pyrazolo[1,5-a]pyrim-
idin-3-yl]-quinoline (DMH) (Figure 2E and Supplemental Fig-
ure 5, A and B). DMH inhibits SMAD1/5/8 phosphorylation in a
BMPRI1-specific manner, inhibiting signaling of both BMPR1 and
BMPR?2 (39). Activation of Wnt signaling correlated with increased
gene expression of the pericyte marker Cspg4 (NG2) (28), decreased
gene expression of Wnt inhibitors (dickkopf Wnt signaling pathway
inhibitor 1 [DkkI] and Sfip1/2) and collagen 1 (Collal), as well as
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Figure 2. Isolated murine and human ABCG2* lung MPCs demonstrate
increased pericyte lineage specification in response to decreased BMPR2
or increased Wnt/p-catenin signaling. (A-F) BMPR2 knockdown and
canonical Wnt activation in murine ABCG2* lung MPCs increased pericyte
lineage commitment. Sixteen weeks after induction, WT, Bmpr2®/+, and
BOE MPCs from lineage-labeled mice were isolated by flow sorting to
detect eGFP fluorescence. (A) Following expansion, gRT-PCR analysis was
performed to examine the expression levels of pericyte lineage-specific
genes and canonical Wnt targets. (B) Western blot analysis was performed
to quantitate the expression of NG2 and WISP1 proteins. A representa-
tive blot from two independent blots presented. (C) Isolated MPCs were
stained with antibodies to detect cell-surface determinants characteristic
of MPCs and pericytes. Gates were set based on fluorescence minus one
control (FMO) controls. SSC-A, side scatter, area scaling. (D) Immuno-
staining was performed to localize B-catenin or cyclin D1 (Ccnd?) (red) in
isolated cells (blue = DAPI-stained nuclei). Scale bars: 100 um. (E and F)
BMP signaling was decreased in isolated murine WT lung MPCs using the
small-molecule inhibitor DMH1, independently 2 times. (E) Canonical Wnt
signaling activity was measured 48 hours after transfection using a TCF/
LEF dual-luciferase reporter assay and repeated independently 3 times.
(F) Canonical Wnt target and pericyte lineage gene expression levels were
evaluated after 48 hours by gRT-PCR. (G and H) Human PAH ABCG2* lung
MPCs. (G) gRT-PCR analyses of control, HPAH, and IPAH human ABCG2*
lung MPCs were performed to quantitate the relative levels of gene
expression for the pericyte lineage markers CSPG4, ACTA2, RGS5, the Wnt
pathway targets DKK1, SFRP1, and WISP1, as well as the matrix proteins
COL7AT and COL1A3 and the cell-cycle regulator CCNDT (n = 3-4). (H)
Protein levels of NG2 and the B-catenin target cyclin D1 were quantified
by Western blotting (n = 3-5). Each assay was performed independently

2 times. Data are presented as the mean + SEM. *P < 0.05, **P < 0.01,
and *P < 0.001, by 1-way ANOVA followed by Tukey's post-hoc test (for
murine gRT-PCR) and a nonparametric Wilcoxon-Kruskal-Wallis test and
¥ approximation (for patients’ samples).

increased expression of B-catenin targets (fibronectin, cydlin D1
[Ccnd1], and Wispl) (Figure 2F). Increased expression of WISP1
protein was also confirmed by Western blot analysis (Supplemen-
tal Figure 4E). Therefore, in ABCG2* lung MPCs, suppression of
BMPR2 signaling activates Wnt/B-catenin signaling in vitro, which
correlates with pericyte lineage specification.

Characterization of the human ABCG2* lung MPCs paralleled
our findings in the murine models, in that the PAH patients’ MPC
samples with abnormal BMPR2 signaling (Supplemental Figure
6C) showed decreased CFU-F potential (Supplemental Figure
6E), while expressing characteristic MPC cell-surface determi-
nants (Supplemental Table 2) (27, 40). Human PAH ABCG2* lung
MPCs also showed increased gene expression of the pericyte
marker CSPG4 (28) and the Wnt target and regulator of prolifer-
ation CCNDI (Figure 2G). We found that collagen expression was
not significantly changed, reminiscent of the murine in vivo model.
We detected decreased gene expression for the Wnt inhibitor DKKI
and the regulator of G protein signaling RGS5. RGS5 is expressed by
pericytes and correlates with maturation, contraction, and vasore-
activity (41, 42) as well as activation, an angiogenic switch favoring
neovascularization and vessel remodeling in development, repair,
and pathology (43). Gene expression was paralleled by increased
protein expression of the pericyte marker NG2 and the Wnt targets
WISP1 and cyclin D1 (Figure 2H). WISP1 positively regulates BMP
signaling by enhancing BMP2 ligand activity and is also upregulat-
ed in pulmonary fibrosis (32, 44). These changes in gene expres-
sion were MPC specific, as they were not identifiable in lung fibro-
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blasts from patients with PH (Supplemental Figure 6F). Increased
expression of the regulators of mesenchymal proliferation WISP1
and CCND1 and deregulated pericyte differentiation highlight
ABCG2* MPCs as candidates for the proliferative and undifferenti-
ated cells that comprise vascular lesions and that are characteristic
of human pathology and rodent models of disease (45, 46). ACTA2
(encoding a-SMA) levels were variable among patients’ samples,
and overall, the levels were not significantly different from those
detected in WT samples, suggesting that the underlying mecha-
nisms of decreased contraction may vary by cell-specific defect
and involve deregulated nucleation of actin filaments, stress fiber
formation, as well as defective terminal differentiation (47).

Abnormal ABCG2* MPC pericyte lineage maturation decreases
microvascular contractility both in vivo and in vitro. A unifying fea-
ture of our ABCG2-driven murine models of microvascular dys-
function is the identification of decreased o-SMA-invested micro-
vasculature, complemented in vitro by pericyte specification in the
absence of full maturation. Together, our findings highlight a defect
in the maturation of pericytes from immature to mature contractile
pericytes. These finding are reminiscent of the plasticity described
for vascular smooth muscle cells (vSMCs), which are characterized
by 2 major phenotypes: differentiated and contractile and dedif-
ferentiated and synthetic (48-50). Therefore, to evaluate whether
the loss of a-SMA expression translates into a functional vascular
defect, we quantified vascular contractility in vivo and in isolated
MPCs in vitro. We measured the contractility of pulmonary vessels
indirectly via RVSP measurement in ABCG2* lung MPCs in Bmpr2-
KO and BOE models in response to acute epinephrine challenge.
Both mouse models showed decreased contraction relative to that
seen in WT mice, as indicated by the significantly decreased RVSP
(Figure 3, A and B). We then analyzed isolated murine and human
ABCG2* MPCs in complementary in vitro contraction assays.
ABCG2* lung MPCs derived from Bmpr2"+ and BOE mouse lungs
as well as from patients with heritable PAH (HPAH) and patients
with idiopathic PAH (IPAH) demonstrated significantly less con-
tractility than did WT control MPCs (Figure 3C).

Increased p-catenin signaling is associated with abnormal dif-
ferentiation of ABCG2* lung MPCs and exacerbation of bleomycin-
induced fibrosis in vivo. Mesenchymal cell differentiation into
pericytes and myofibroblasts was proposed, beginning in 1970,
as being associated with both wound healing and scar formation
(2), as well as with fibrotic remodeling in the lung, kidney and
retina (2, 9, 12, 14, 28, 51-54). Our previous studies demonstrat-
ed that ABCG2* MPCs localize to remodeling parenchyma and
microvessels following bleomycin injury and during peak fibrosis
(12). Here, we expand these findings and evaluate the functional
significance of abnormal lineage specification of ABCG2* MPCs
in response to injury. We performed comparative bleomycin-
induced fibrosis experiments using BOE and WT lineage-labeled
mice (Figure 4 and Supplemental Figure 7). Following bleomycin
injury, the WT MPC populations significantly increased in num-
ber on days 2-14, while the BOE BMC population doubled between
days 7 and 14, which was quantitatively 3-fold greater than the WT
MPC population on day 14 (Supplemental Figure 7). In response
to bleomycin, relative to WT mice, the BOE mice had increased
mortality, increased fibrosis as measured by Ashcroft scoring and
collagen content, as well as increased Fulton indices, indicative
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of PVD (Figure 4, A-D, F and G). Further analyses of the pulmo-
nary microvasculature identified both decreased F8- and a-SMA-
expressing microvessels, suggesting decreased microvascular
density (Figure 4, E, H-K). Taken together, our data demonstrate
that activation of Wnt/f-catenin signaling in ABCG2* MPCs exac-
erbates the development of fibrosis, with an underlying defect in
the pulmonary microvasculature.

Wnt/p-catenin-activated ABCG2* lung MPCs participate in
abnormal angiogenesis during fibrosis. In order to ascertain an under-
lying cell-based mechanism for the exacerbated fibrosis observed,
we performed lineage-tracing analysis in this murine model of
bleomycin-induced fibrosis as well as analyses of isolated human
idiopathic pulmonary fibrosis (IPF), MPC global gene expression
profiles, and microvascular histology. In bleomycin-injured lung
tissue, eGFP labeled the BOE MPC lineage that formed a-SMA"
structures resembling microvessels in the distal lung (Figure 5, A,
C, E). Further analysis of endothelial investment of the structures
via F8 localization demonstrated that the vascular structures did
not have an endothelium-lined lumen (Figure 5, B, D, F).

We next analyzed isolated human lung ABCG2* MPCs to
determine whether these findings could translate to the micro-
vasculature in the chronic lung disease IPF. We performed global
gene expression analysis to characterize the molecular signatures
of IPF patient-derived ABCG2" MPCs. Functional association
protein networks were synthesized for genes that were differen-
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Figure 3. ABCG2* lung MPCs regulate the contractility and function
of microvessels. (A and B) The murine strains indicated were induced
with i.p. tamoxifen (0.5 mg total). Eighteen to twenty weeks after
tamoxifen induction, a pressure transducer was placed into the jugu-
lar vein to the right heart to measure RVSP. Baseline pressures were
measured, and epinephrine was injected i.v. into the femoral vessel
(n=5). Pvalues in A were determined by by 1-way ANOVA followed
by Tukey’s post-hoc test. (C) In vitro contractility of isolated primary
murine lung MPCs and human control and PAH ABCG2* MPCs was
measured by plating cells onto collagen discs at time zero. The discs
were photographed and the area calculated using Image). Shown are
representative collagen gel images from 2 independent replicates.
Data are presented as the mean + SEM. ***P < 0.001. P values in C
were determined by by 1-way ANOVA followed by Tukey’s post-hoc
test (for murine gRT-PCR) and a nonparametric Wilcoxon-Kruskal-
Wallis test and y? approximation (for patients’ samples).

tially expressed in IPF ABCG2* MPCs compared with con-
trol MPCs on the basis of a significant absolute increased or
decreased fold change of more than 1.7 (P < 0.05, by mod-
erated ¢ test). Interestingly, both Wnt and BMPR signaling
pathways were highlighted along with smooth muscle con-
traction, matrix, angiogenesis, and cell-cycle regulation (Sup-
plemental Figure 8 and Supplemental Table 3). We found that
IPF ABCG2* MPCs expressed increased levels of the pericyte
markers CSPG4, ACTA2, collagens (COL1AI and COLIA3),
and CCNDI (encoding cyclin D1), with decreased expression
of the Wnt inhibitors DKKI and SFRPI (Figure 5G), similar to
what was observed in PAH ABCG2* MPCs (Figure 2A). Molec-
ular profiling of IPF patient-derived lung MPCs therefore
defined a link between Wnt and BMP signaling in the mainte-
nance of the MPC phenotype.

We next examined human lung tissue samples from control,
IPF, and HPAH patients for the existence of NG2-, a-SMA-, and
NG2-lined microvessels. NG2 and a-SMA expression was colo-
calized in both remodeled IPF and PAH microvessels (Figure 5H).
NG2-lined microvessels were also detected in IPF lung tissue in
areas of fibrosis (Figure 5I). On the basis of these data, we predict
that ABCG2* MPC dysfunction, due to increased canonical Wnt
signaling activity, causes abnormal microvascular function and
defective angiogenesis during repair, resulting in exacerbated
tissue remodeling. While it may seem counterintuitive to study a
small population of MPCs as a contributor to PVD disease pathol-
ogy, the innate characteristics that define them as progenitor cells
make them an ideal candidate. The capacity of these MPCs to dif-
ferentiate, specifically into pericytes, highlights them as an ideal
cell type to influence normal and abnormal vascular function.
These MPCs may contribute to the PVD associated with adult lung
diseases by abnormal lineage differentiation as well as by influenc-
ing surrounding endothelial cell (EC) structures (Figure 6) (55).

Discussion

The findings from these studies expand our understanding of the
role lung MPCs, and the pericytes derived from them, play during
pulmonary microvascular homeostasis and adaptive angiogene-
sis following injury. We demonstrate that ABCG2* MPCs direct-
ly influence lung microvascular function. Specifically, this work
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Figure 4. Disruption of lineage specification by canonical Wnt activation in ABCG2* MPCs exacerbates bleomycin injury. Adult WT and BOE mice were
induced with i.p. tamoxifen (0.5 mg total). Two weeks after induction, 0.15 U bleomycin or PBS vehicle was administered intratracheally (i.t.), and mice
were analyzed on day 14 during peak fibrosis. (A) The mean mortality was recorded. (B) Blinded Ashcroft scoring was used to quantitate fibrosis using
trichrome-stained sections (n = 9). (C) Collagen was quantitated using custom Fiji software and imaging of 15 FOV on 3 slides per mouse. (D) The Fulton
index was calculated as an indirect measure of PVD. RV/LV+S, right ventricle/left ventricle + septum. (E) Immunostaining was performed on lung tissue
sections to detect F8* microvessels and a-SMA* muscularized vessels. Positive vessels of less than 50 um were counted per FOV. Four sections of twenty
FOV per section per mouse were evaluated (n = 4). Shown are representative images of trichrome- (F and G) and F8- and a-SMA-immunostained (H-K)
lung tissues. Data are presented as the mean + SEM. (B-E) Murine data were analyzed by 1-way ANOVA followed by Tukey's post-hoc test. Scale bars: 100 pm.

delineates that the coordinated regulation of Wnt/f-catenin sig-
naling in ABCG2* mesenchymal pericyte progenitors, autono-
mously or downstream of BMPR/TGF-p signaling, is a key deter-
minant of lung microvascular integrity and is intimately linked
with the alveolar epithelium. Indeed, increased canonical Wnt
signaling enhanced ABCG2* MPC proliferation and promoted the
specification of these cells to functionally deficient, proangiogen-
ic pericytes, in lieu of their active contribution to myofibroblast

accumulation with fibrosis (Figure 6). Importantly, these findings
affirm that maintaining a proper balance of Wnt signaling in lung
ABCG2" MPCs promotes proper pericyte development for the
maintenance of microvascular homeostasis and the regulation of
angiogenesis following injury.

Pericytes may be considered the SMC of the microvessels or
capillary beds (28, 56). While related in lineage, the pericyte is
typically more intimately associated with the endothelium than

jci.org  Volume127 Number6 June 2017

2269



RESEARCH ARTICLE The Journal of Clinical Investigation

J.Y(OE + Bleo

A
g 't

G Pericyte Wnt/f-catenin
, OSPG4  ACTAZ RGSS _ DKKI  , SFAP1 15 WISP1 15COLIAT 7 COL3AT 20 CONDT
c§8 ‘[ i
o9 E
S¢ 8 1
E E. o * * i * * *
S o - I
spf |1 |1 - :
3|5 . s s k2
-ge I z 1 % 5 - -
WT IPE WT IPF WT IPF WT IPF WT IPF WT IPF WT IPF WT IPF WT IPF
H Human control IPF HPAH/BMPR2™ I IPFNG2 a-SMA

SMA/NG2

Figure 5. Wnt activation of lung MPCs promotes the formation of abnormal vascular structures during fibrosis. (A-F) Adult WT and BOE mice were
induced with i.p. tamoxifen (0.5 mg total) and treated i.t. with 0.15 U bleomycin or PBS vehicle 2 weeks later. Immunostaining was performed on sections
of lineage-labeled mouse lungs on day 14 to localize eGFP-labeled (green) MPCs and their derivatives as well as a-SMA (red) and F8 (white). Represen-
tative images from BOE mouse lungs are shown (n = 5-6). (G) Human IPF ABCG2* lung MPCs showed an increased pericyte lineage commitment and
alterations in Wnt target gene expression as detected by qRT-PCR. The pericyte lineage markers CSPG4, ACTA2, and RGS5, the Wnt pathway targets DKK1,
SFRP1, and WISPT, as well as the matrix proteins COLTAT and COL1A3 and the cell-cycle regulator CCNDT were analyzed (n = 3-4). *P < 0.05, by nonpara-
metric Wilcoxon-Kruskal-Wallis test. (H) Human control, IPF, and HPAH tissue sections were immunostained to detect NG2 (red) and a-SMA (green)

(n = 3). Overlapping expression of a-SMA and NG2 (yellow) was localized to microvascular regions of remodeling. (I) NG2-lined microvessels were also pres-
ent in human IPF lung tissue. Arrows indicate luminal NG2* cells. Scale bars (C-F, H, and I): 50 um. Original magnification (A and B): x4. Images in C and D
are enlargements of the highlighted boxes in A, and images in D and F are enlargements of highlighted boxes in B.

are vSMCs, which are also distinguished by location, morphology,  contractile and dedifferentiated, proliferative, migratory, and
and markers (57). vSMC phenotypic plasticity has been described ~ synthetic (48-50), similar to the differentiation of MPCs into the
in multiorgan development as well as in various adult diseases  pericyte lineage we have documented in these studies. To date,
characterized by vascular remodeling (49, 50). The plasticity of  the molecular mechanisms underlying the phenotypic switches
VvSMCs is represented by 2 major phenotypes: differentiated and  and their regulation of homeostasis and adaptive versus patholog-
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mary of the presented data.

ical angiogenesis remain to be deciphered. Thus, there is a paucity
of knowledge defining the process of de novo pericyte differen-
tiation and maturation from the amorphous mesenchyme in the
adult lung. Appropriate mesenchymal specification to pericytes is
likely important during microvascular homeostasis, maintenance
of the distal airspace structure, and development of the vascular
dysfunction associated with chronic lung diseases (58).

The lack of suitable markers to trace mesenchymal-to-
pericyte differentiation in the adult lung has limited our under-
standing of the role of pericytes in homeostasis and disease.
Here, we established ABCG2 as a genetic marker that facilitates
the study of adult pericyte progenitor specification from the pul-
monary mesenchyme. While ABCG2 has been used as a marker
of adult tissue stem cells, first in bone marrow hematopoietic
stem cells (BM-HSCs), followed by our work defining ABCG2*
BM- and skeletal muscle-derived angioblasts (59, 60), its use as
a genetic marker for adult mesenchymal pericyte progenitors has
not, to our knowledge, been previously reported. Currently, there
is no lung-specific vascular cell marker to study lineage tracing in
adult diseases. For example, PDGFRp and GLI family zinc finger
1 (GLI1) have been used to trace mesenchymal cells during fibro-
sis and development, but these markers label mixed mesenchy-
mal cell populations as well as epithelial cell lineages in the adult,
respectively (Supplemental Table 1) (61-63). Last, current mod-
els rely on smooth muscle protein 22 o-driven (SM220driven) or
SM-MHC-driven Cre systems to manipulate genes in lung smooth
muscle (64-66), but SM22 and SM-MHC demonstrate system-
ic expression. Endothelial cell lineage tracing has been reported
using Tie2-Cre (67), which labels mesenchymal cells as well as
circulating BM-derived angioblasts (59). The results of these stud-
ies validate the use of ABCG2 as a genetic marker to study resi-
dent mesenchymal pericyte progenitors in the adult lung during
homeostasis repair and disease processes.

The validation of ABCG2 as a marker of adult mesenchymal
pericyte progenitors enabled us to determine how the genetic sta-
bilization of B-catenin in these cells or depletion of BMPR?2 affect-
ed pericyte formation and lung microvascular function. Condi-
tional genetic stabilization of B-catenin or depletion of BMPR2 in
ABCG2* MPCs in vivo resulted in the expansion of this progenitor
pool. These cells exhibited pericyte lineage specification in vitro,
however, they did not assume contractile function or expression of
smooth muscle actin in our in vivo or in vitro studies. Early expan-

sion of the mesenchymal progenitors correlated with pulmonary
vascular leak, likely as a result of decreased association of the
mesenchymal progenitors with the microvascular endothelium.
Vascular leak is a key indicator of vascular endothelial dysfunction
and is known to precede remodeling, including both microvessel
pruning and muscularization (68). Thus, our findings indicate that
ABCG2*" MPC-to-pericyte differentiation is an important determi-
nant in the maintenance of proper lung function and health.

The impact of ABCG2" mesenchymal progenitors on tissue
function probably increased as these progenitors accumulated
over time. In fact, prolonged ABCG2* stabilization of B-catenin
and depletion of BMPR2 decreased terminal or functional pericyte
differentiation, which was confirmed by the reduced expression of
a-SMA and the loss of F8* microvessel density in vivo. The distal
airspace enlargement was likely due to the loss of mesenchymal
progenitor function, compounded by the loss of the supporting
microvasculature. The idea of a vascular component contributing
to the loss of distal lung tissue structure or emphysema/chronic
obstructive pulmonary disease (COPD) has been demonstrat-
ed with the use of SUGEN5416 as a VEGF blockade (69), since
VEGF is a survival factor for both lung endothelial and mesenchy-
mal cells (70). These studies highlight the fact that intact ABCG2
mesenchymal progenitor function is necessary to maintain both
microvascular and alveolar epithelial survival and lung function.

Pulmonary microvascular function is impaired in both PAH
and IPF as a consequence of remodeling and collagen deposition
or of fibrosis, which are associated with the microvascular struc-
tures. The etiology of early or adaptive microvascular remodel-
ing remains unknown and is complicated by conflicting evidence
of angiogenesis as reparative or pathologic in both PAH and IPF
(6-8, 13, 71, 72). Contradictory data also suggest that microves-
sel density decreases or increases during IPF, depending on the
localization and severity of fibrosis (6-8). In our murine models of
bleomycin-induced fibrosis, ABCG2* MPCs associated with “tra-
ditional” o-SMA* or F8* microvessels in alveolar tissue peripheral
to the actively remodeling regions. However, in BOE lung tissue,
we detected MPC contribution to atypical vascular structures in
the fibrotic areas that were devoid of both F8 endothelium and
a-SMA, which may be the reason the traditional vascular densi-
ty was seen to be decreased in the scar region (6-8). The finding
of these structures in BOE, but not WT, lung tissue may be due
to the increase in labeled lineage-derived cells (3-fold more than
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in WT tissue). Additionally, the increased expression of NG2 or
decreased CD105 by these cells may increase their angiogenic and
invasive nature (31, 36). However, whether increased Wnt signal-
ing in MPCs results in long-term fibrosis or enhanced repair is an
avenue of current investigation.

Inthese studies, we provide the first evidence to our knowledge
that Wnt/B-catenin signaling regulates MPC-derived pericyte pro-
genitor angiogenic function during fibrosis in the dense fibroblast
“scar” region. Translating our findings in murine lungs to human
disease, we identified luminal NG2* microvessels in IPF lung tis-
sue. These alternative vascular structures have been described as
leading angiogenic tubes composed of pericytes during develop-
ment, as well as adult tumor vasculature, where nontraditional
angiogenesis was previously termed “vascular mimicry” (73-77).
Abnormal vessels formed by pericytes or epithelial cells regulate
cell metastases, inflammation, and the overall tumor microenvi-
ronment. In addition to influencing angiogenesis and the subse-
quent recruitment of endothelium, these pericytes may also influ-
ence the surrounding myofibroblasts, as pericytes in the skin have
also been shown to regulate the recruitment of epithelium during
wound healing in the absence of angiogenesis (78). Such mesen-
chyme-derived tubes could influence the extent of injury or fibro-
sis by influencing the tissue microenvironment.

Our current and previous studies directly link increased p-cat-
enin signaling with deregulated BMPR signaling (22, 79). These
data suggest that intact BMP signaling promotes the differentia-
tion of pulmonary mesenchymal pericyte progenitors and sup-
presses Wnt/f-catenin signaling, which is required for the self-
renewal and proliferation of progenitor pools. Another important
observation from these studies is that conditional genetic deple-
tion of BMPR?2, stabilization of B-catenin in ABCG2* MPCs, as
well as bleomycin injury in vivo resulted in expansion of the pro-
genitor pool, while terminal contractile function was not achieved.
Previous studies have also reported the expansion of undiffer-
entiated progenitor pools in other systems as a result of genetic
depletion of BMPR, a decrease of BMP signaling, or an increase
of B-catenin activation (80-88). Conditionally decreased BMPR
signaling in adult mice drove the expansion of progenitor pools in
which terminal differentiation in multiple cell types was inhibited
via the activation of B-catenin signaling (80-82). B-Catenin sig-
naling has also been identified as an essential component of stem
cell, mesenchymal cell, and SMC proliferation and differentiation
in multiple models of development (83-88). Therefore, the effects
of Wnt/B-catenin activation are specific to the cell type, stage of
differentiation, and the factors present in the microenvironment.

Studies of adult differentiated vSMCs and pericytes have
previously reported the coordinated regulation of both canonical
and noncanonical Wnt signaling by BMP. Genetic mutations in
the BMPR2 gene or dysregulated BMPR2 signaling are associated
with the development of PVD including pulmonary veno-occlu-
sive disease (PVOD) (89), PAH (90, 91), as well as PH associat-
ed with COPD and pulmonary fibrosis (PF) (92). Thus, impaired
BMPR2 signaling is a unifying feature in the pathogenesis of PVD
and the development of PH. Here, we demonstrate for the first
time to our knowledge that coordinated canonical Wnt/BMPR2
signaling has an impact on distal lung architecture by regulating
MPC-to-pericyte differentiation and that deregulated BMPR/
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Wnat signaling is present in human IPF lung MPCs. In WT SMCs,
BMP signaling activates both B-catenin and noncanonical Wnt
pathways, which regulate SMC proliferation and motility in
response to stimuli (20). Primary pericytes derived from IPAH
or WT lung explants demonstrate a decreased association with
microvessels in vitro that is attributed to abnormal noncanonical
Wat signaling (93). In contrast, increased noncanonical Wnt sig-
naling in endothelial cells increases their survival and decreases
vascular pruning in vivo and in vitro (94). Canonical Wnt/p-cat-
enin signaling is required for SMC development and terminal dif-
ferentiation, while in the absence of SMC differentiation, adven-
titial precursors may proliferate (85). These studies illustrated
that a differentiation defect in perivascular cells influences the
surrounding mesenchyme as well as fibroblast specification, fur-
ther illustrating the cell-specific and complex nature of Wnt sig-
naling during vascular homeostasis.

In summary, our studies illustrate that ABCG2* lung MPCs
participate in microvascular homeostasis and distal lung tissue
structure via pericyte specification and differentiation. We show,
in both murine and human ABCG2* lung MPCs, that increased
Wnt/B-catenin signaling results in abnormal expansion as well as
pericyte specification of MPCs without normal pericyte matura-
tion, driving a phenotype of persistent microvascular dysfunction.
Therefore, the identification of alterations in MPC signaling and
function will likely lead to the identification of novel interven-
tional strategies. Treatment at an early stage of microvascular
dysfunction may be most effective at decreasing progression or
reversing the disease processes, improving the outcome and sur-
vival of patients at risk for PH. More broadly, this knowledge may
be applied to the microvascular dysfunction associated with other
adult epithelial tissues, including skin and kidney.

Methods
Supplemental Experimental Procedures and associated references are
provided in the supplemental materials.

Genetic manipulation of murine ABCG2* MPCs. Abcg2-Cre™ ™ mice,
a gift of B. Sorrentino (St. Jude Children’s Research Hospital, Mem-
phis, Tennessee, USA) (23), were crossed with a fluorescent eGFP
reporter strain [(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP);
stock no. 007676, designated mT/mG; The Jackson Laboratory] to
facilitate lineage analysis and quantitation via eGFP expression. A
third gene was crossed into the mice to knock out Bmpr2 ("**Bmpr2
mice, obtained from the Mutant Mouse Regional Resource Center
[MMRRC] [ref. 26]) or stabilize B-catenin (Catnb" [Aex3] mice, a gift
of M.M. Taketo, Kyoto University, Kyoto, Japan) (24). To quantitate the
recombination efficiency of eGFP reporter expression and recombina-
tion at the second allele as 50% as well as the impact of its expression
on microvascular function in vivo, we crossed the Abcg2 driver/report-
er strain with a mouse containing a floxed-STOP cassette allele, regu-
lating the expression of diphtheria toxin A (95, 96) (stock no. 009669;
The Jackson Laboratory) (Supplemental Figure 9, A and B). Mice were
injected i.p. at 8 to 10 weeks of age with a low dose (0.5 mg) of tamox-
ifen (T-5648; Sigma-Aldrich) in sesame oil or with sesame oil alone
(vehicle control) (12, 19). The mice were randomized and distributed
as 3 to 5 mice per cage for studies. To demonstrate that recombination
of floxed CtnnblAex3 was detected in the eGFP* fraction, genotyping
PCR analysis was performed on freshly isolated CD45 eGFP* puta-
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tive MPCs and CD45eGFP- cells 48 hours following induction. This
experiment assumed that differentiated microvascular endothelial
cells (MVECs) are present in the eGFP- fraction, along with other lung
cells. The results showed that recombination was detectable in the
GFP* fraction of putative MPCs and not the GFP~ fraction containing
MVECs and other lung cells (Supplemental Figure 9C).

To validate that resident lung MPCs were not derived from the
ABCG2* hematopoietic population, we performed BM transplantation
using murine ABCG2 lineage-labeled whole BM (Supplemental Figure
10). Genetic depletion of BMPR2 and eGFP expression was confirmed
by isolating eGFP-expressing ABCG2* lung MPCs from explanted
murine lungs via flow sorting, in vitro expansion, and subsequent
Western blot analysis to quantitate decreased BMPR2 protein levels
(Supplemental Figure 4, C and D). Significantly enhanced canonical
Wnt signaling in BOE ABCG2* lung MPCs was confirmed in isolated
cells using a T cell factor/lymphoid-enhancer factor (TCF/LEF) lucif-
erase reporter assay and by increased Axin2 expression (Supplemental
Figure 4, E and F).

Phenotyping of PVD. Vascular permeability in the lungs was quanti-
tated using an AngioSense 750EX Fluorescent Imaging Agent (Perkin-
Elmer) with spectroscopic imaging in a LI-COR Pear] Impulse Small
Animal Imager (97). Elevated pulmonary artery pressure was docu-
mented indirectly by the measurement of RVSP and microvascular
morphometry (98). The average interalveolar distance was assessed
by quantification of MLI in lungs inflated with agarose under constant
temperature and pressure as described previously (99, 100). Immuno-
fluorescence staining was performed to lineage trace eGFP-labeled
lung MPCs and localize a-SMA (the reagents used are listed in Supple-
mental Tables 4 and 5).

Isolation and characterization of murine and human primary lung
MPCs. Murine Bmpr2¥+ and BOE MPCs were isolated from the lineage-
tracing murine strains on the basis of eGFP expression and analyzed
by flow cytometry (Supplemental Figure 4A). Flow sorting, along with
antibody labeling of ABCG* cells, was used to isolate human lung
MPCs from lung tissue explants from WT controls as well as from a
patient with a known BMPR2 mutation and decreased BMPR?2 signal-
ing; a patient with HPAH and decreased BMPR2 signaling without a
known BMPR2 mutation; a patient with IPAH; and a patient with IPF.
The techniques for isolation and characterization of MPCs were previ-
ously described, and ABCG2 was validated as a cell-surface marker for
both murine eGFP-labeled MPCs and human MPCs (12) (Supplemen-
tal Figure 4G, Supplemental Figure 6, A-E, and Supplemental Table 2).

In vitro contraction. To test the contractility of ABCG2* MPCs in
response to treatments, cells were plated on collagen discs and pho-
tographed over time. Image] (NIH) was used to calculate the area in
pixels squared of each gel at each time point. The fold change in pixels
squared for the 24-hour and 48-hour time points was calculated as the
ratio of pixels squared to the gel area at the O-hour time point.

Modulation and detection of BMPR2 and Wnt signaling. To deter-
mine the cellular response to the BMPR inhibitors dorsomorphin
(DM) and dorsomorphin homolog 1 (DMH1), which were gifts of C.
Hong (Vanderbilt University Medical Center), MPCs were plated at
a concentration of 60,000 cells per well in medium containing 20%
serum. The cells were allowed to remain in 20% serum medium for 24
hours. After 24 hours, the medium was changed to 20% serum treat-
ment medium containing DM (5 uM), DMHI1 (10 pM), or DMSO vehi-
cle (22). RNA lysates were collected at 48 hours and protein lysates
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at 72 hours for analyses of gene and protein expression. Quantitative
reverse transcription sPCR (qQRT-PCR) assays were performed in
triplicate (for the 3 wells collected), and the levels of analyzed genes
were normalized to hypoxanthine-guanine phosphoribosyltransferase
(HPRT) abundance. The primers used are presented in Supplemental
Table 5. qRT-PCR experiments were repeated independently 3 times.

Transcriptome analysis. Array analysis and qRT-PCR were per-
formed as described previously (19, 101), in triplicate or with 3 or
more independent patient samples. Briefly, total RNA was prepared
with QIAGEN RNA Isolation Kit reagents (QIAGEN) for total RNA
isolation and analysis of gene expression. qRT-PCR assays were per-
formed in triplicate, and the levels of analyzed genes were normalized
to HPRT abundance (GAPDH or HPRT; the list of primers used is pro-
vided in Supplemental Table 4). Complimentary DNA generated from
amplified RNA was hybridized to duplicate Affymetrix Human Gene
1.0 ST chips. Differential expression analysis was performed using
Bioconductor, version 3.2 (R 3.2.2). Raw probe-level data were read
using the oligo package. After normalization with RMA, a moderat-
ed ¢ test implemented in the limma package was used for differential
expression testing. A minimal fold change of 1.7, up or down, and a P
value of less than 0.05 were used as criteria for defining differentially
expressed genes. Expression values for these genes are represented in
a heatmap that was generated using the heatmap function in R. The
data were deposited in the NCBI’s Gene Expression Omnibus (GEO)
database (GEO GSE94060). The STRING database (http://string-db.
org/, accessed December 10, 2015) and PathVisio 3.2.1 (https://www.
pathvisio.org/) were used to schematically represent the functional
association network of differentially expressed genes.

Quantitation of collagen. Ten fields of view (FOV) per two sections,
four sections per mouse, of trichrome-stained mouse lungs were pho-
tographed at x20 original magnification. The resulting color images
were scanned to quantitate the number and intensity of blue (colla-
gen) positive pixels relative to red pixels (7 = 7-8 per group). The imag-
es were scanned using Fiji (Image], version 2.0.0-rc-43/1.51a) with a
custom plug-in written by M. Majka (Brentwood, Tennessee, USA).
The tool was written in the Image] macro language (https://image;j.
nih.gov/ij/developer/macro/macros.html) to compare the ratio of the
blue/red color components of each pixel in a given image. This macro
was designed so that all pixels that had a ratio over the desired thresh-
old to the color white set all other pixels to the color black and returned
the number of white pixels. The output was the number of pixels in the
image whose blue/red ratio was above the specified threshold limit on
the basis of a positive and negative control image.

Statistics. Mouse model data were analyzed by 1-way ANOVA
followed by Tukey’s honest significant difference (HSD) post-hoc
test. Murine qPCR data were analyzed by 1-way ANOVA followed by
Tukey’s post-hoc test. Patients’ samples were analyzed using a non-
parametric Wilcoxon-Kruskal-Wallis test and y* approximation. All
analyses used JMP version 5.0.12 (SAS Institute Inc.). All data are pre-
sented as the mean * SD or SEM. A P value of less than 0.05 was con-
sidered statistically significant.

Study approval. The Vanderbilt University IACUC approved all
animal procedures and protocols. These studies used banked patient
cell lines obtained via IRB protocol 9401, which was approved by the
IRB committee of Vanderbilt University Medical Center. Patients pro-
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