
ORIGINAL ARTICLE

A Novel Protective Role for Matrix Metalloproteinase-8 in the
Pulmonary Vasculature
Paul B. Dieffenbach1*, Christina Mallarino Haeger1*, Rakhshinda Rehman1*, Alexis M. Corcoran1,
Anna Maria F. Coronata1, Shamsudheen K. Vellarikkal2, Izabela Chrobak3, Aaron B. Waxman1, Sally H. Vitali4,
Lynette M. Sholl5, Robert F. Padera5, David Lagares6, Francesca Polverino1‡, Caroline A. Owen1§, and
Laura E. Fredenburgh1

1Division of Pulmonary and Critical Care Medicine and 5Department of Pathology, Brigham andWomen’s Hospital, Boston,
Massachusetts; 2Broad Institute of MIT and Harvard University, Cambridge, Massachusetts; 3Lovelace Respiratory Research Institute,
Albuquerque, NewMexico; 4Department of Anesthesiology, Critical Care, and Pain Medicine, Boston Children’s Hospital, Boston,
Massachusetts; and 6Division of Pulmonary and Critical Care Medicine, Massachusetts General Hospital, Boston, Massachusetts

ORCID IDs: 0000-0001-7797-0361 (A.B.W.); 0000-0002-7317-8796 (D.L.); 0000-0001-9686-5698 (F.P.); 0000-0002-7447-6453 (L.E.F.).

Abstract

Rationale: Mechanical signaling through cell–matrix interactions
plays a major role in progressive vascular remodeling in
pulmonary arterial hypertension (PAH). MMP-8 (matrix
metalloproteinase-8) is an interstitial collagenase involved in
regulating inflammation and fibrosis of the lung and systemic
vasculature, but its role in PAH pathogenesis remains unexplored.

Objectives: To evaluate MMP-8 as a modulator of pathogenic
mechanical signaling in PAH.

Methods: MMP-8 levels were measured in plasma from patients
with pulmonary hypertension (PH) and controls by ELISA.
MMP-8 vascular expression was examined in lung tissue from
patients with PAH and rodent models of PH. MMP-8–/– and
MMP-81/1 mice were exposed to normobaric hypoxia or
normoxia for 4–8 weeks. PH severity was evaluated by right
ventricular systolic pressure, echocardiography, pulmonary artery
morphometry, and immunostaining. Proliferation, migration,
matrix component expression, and mechanical signaling were
assessed in MMP-8–/– and MMP-81/1 pulmonary artery smooth
muscle cells (PASMCs).

Measurements and Main Results: MMP-8 expression was
significantly increased in plasma and pulmonary arteries of
patients with PH compared with controls and induced in the
pulmonary vasculature in rodent PH models. Hypoxia-exposed
MMP-8–/– mice had significant mortality, increased right
ventricular systolic pressure, severe right ventricular dysfunction,
and exaggerated vascular remodeling compared with MMP-81/1

mice. MMP-8–/– PASMCs demonstrated exaggerated
proliferation and migration mediated by altered matrix protein
expression, elevated integrin-b3 levels, and induction of FAK
(focal adhesion kinase) and downstream YAP (Yes-associated
protein)/TAZ (transcriptional coactivator with PDZ-binding
motif) activity.

Conclusions: MMP-8 is a novel protective factor upregulated in
the pulmonary vasculature during PAH pathogenesis.
MMP-8 opposes pathologic mechanobiological feedback by
altering matrix composition and disrupting integrin-b3/FAK and
YAP/TAZ-dependent mechanical signaling in PASMCs.

Keywords: cellular mechanotransduction; pulmonary arterial
hypertension; pulmonary artery smooth muscle cells; integrin-b3;
YAP/TAZ

Pulmonary hypertension (PH) is caused by
the accumulation of hyperproliferative
vascular lesions throughout the pulmonary
arterial tree, leading to increased pulmonary

arterial pressures and right heart failure (1).
Recent work has highlighted the role of
cell–matrix interactions in driving
pulmonary arterial remodeling (2). In

particular, matrix stiffening has been shown
to occur early in the course of experimental
PH (3), promoting remodeling phenotypes
in pulmonary vascular cells (4, 5). Altering
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matrix composition through inhibition of the
collagen cross-linking enzyme LOX (lysyl
oxidase) or downstreammechanical
signaling via inhibition of the
mechanotransducers YAP (Yes-associated
protein) and TAZ (transcriptional
coactivator with PDZ-binding motif)
disrupts this mechanobiological feedback
loop, reducing remodeling behaviors (4, 5)
and ameliorating experimental PH (4, 6, 7).
Despite these promising results, the primary
drivers of altered matrix mechanics and
composition during PH pathogenesis are
complex and remain poorly understood (2).

Turnover of the extracellular matrix
(ECM) is regulated by a family of zinc-
dependent proteases called MMPs (matrix
metalloproteinases) and endogenous
inhibitors named TIMPs (tissue inhibitors of
MMPs) (8). The type IV collagenases MMP-
2 andMMP-9, as well as TIMP-1, are highly
expressed in patients with PH (8, 9) and are
elevated in the pulmonary vasculature in
experimental PHmodels (10–12). However,
modulation of matrix-altering activity
through generalized MMP inhibition has
generated mixed results (13, 14). These
studies demonstrate the complexity of ECM
turnover and suggest that further work
requires a more selective approach.

MMP-8 is an interstitial collagenase that
has been studied in both inflammatory and
fibrotic lung disease as well as systemic
vascular remodeling. MMP-8–/–mice have
increased neutrophil infiltration and
pulmonary edema in response to direct lung
injury from LPS, but decreased inflammation
during high VT ventilation (15, 16). In
bleomycin-induced lung injury, MMP-
8 activity is upregulated in leukocytes and
fibroblasts, withMMP-8–/–mice showing
increased inflammatory but reduced
profibrotic activity (17). In the cardiovascular
system, MMP-8 is expressed in endothelial
cells, vascular smooth muscle cells (VSMCs),
andmacrophages of atherosclerotic lesions

(18), and elevatedMMP-8 concentrations
have been associated with atherosclerosis,
myocardial infarction, and death (19).

Given these effects onmatrix turnover,
fibrotic activity, and vascular pathology in the
systemic circulation, we investigated the
expression and functional role of MMP-8 in
PH. Our findings demonstrate that MMP-
8 expression is markedly increased in plasma
and pulmonary arteries (PAs) of patients with
PH compared with control subjects. Absence
of MMP-8 inmice leads to increased
mortality, vascular remodeling, and right
ventricular failure after exposure to hypoxia,
indicating that MMP-8 upregulation likely
represents an adaptive response to pathogenic
PH stimuli. Deficiency ofMMP-8 in primary
murine PASMCs alters matrix and integrin
expression, enhancing proliferation and
migration via proremodeling
mechanotransduction by FAK (focal adhesion
kinase) and YAP/TAZ signaling.

Some of the results of these studies have
been previously reported in the form of
abstracts (20–24).

Methods

Human Samples
Blood samples were collected and plasma
was isolated after informed consent was
obtained from patients at the Pulmonary
Hypertension Center at Brigham and
Women’s Hospital (BWH) and control
subjects as described (25). PAH tissue
samples derived from explanted lungs of
patients with group 1 PAH who
underwent lung transplantation were
obtained from the Pulmonary
Hypertension Breakthrough Initiative
(PHBI). Control lung tissue was obtained
from donor lungs not suitable for
transplantation from the PHBI or from
surgical specimens obtained from the
BWH Pathology Department. Control and
PAH PASMCs were derived from
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explanted lungs of patients with group 1
PAH who underwent lung transplantation
or from control donor lungs not suitable
for transplantation and were obtained

from the PHBI (5, 26). Informed consent
was obtained from subjects or their legal
guardians by BWH investigators or the
PHBI prior to study participation. All

human samples were obtained under a
protocol approved by the Mass
General Brigham Institutional Review
Board.

Table 1. Demographics, Clinical Characteristics, and MMP-8 Concentrations of Patients with Pulmonary Hypertension and
Controls

Subject Age (yr) Sex Race PH Classification Associated Condition
mPAP

(mm Hg)
PVR

(dyn � s �cm25)
Plasma MMP-8

(pg/ml)

1 60 M White Group 1–IPAH — 23 134 6,394
2 78 F White Group 1–IPAH — 32 378 3,367
3 48 F White Group 1–IPAH — 26 154 42,032
4 71 F White Group 1–IPAH — 37 452 3,742
5 40 M White Group 1–APAH HIV 27 297 1,665
6 63 F White Group 1–APAH RA 34 263 6,306
7 41 F White Group 1–IPAH — 48 640 2,704
8 57 F Unknown Group 1–APAH Scleroderma 44 457 4,329
9 87 F White Group 1–IPAH — 46 631 2,124
10 67 F White Group 1–APAH Portal hypertension 44 256 78,291
11 78 M White Group 1–IPAH — 45 740 16,835
12 81 F White Group 1–IPAH — 46 736 17,380
13 67 F White Group 1–APAH Portal hypertension 46 333 419
14 68 M White Group 1–APAH Scleroderma 57 571 4,837
15 68 F White Group 1–IPAH — 55 546 4,710
16 46 F White Group 1–IPAH — 55 656 3,761
17 68 F White Group 1–APAH Scleroderma 59 756 5,522
18 67 F White Group 2 — 56 890 7,601
19 43 F White Group 4 CTEPH 44 318 7,967
20 73 F White Group 4 CTEPH 63 856 8,336
21 71 M White Group 3 COPD 29 273 2,970
22 64 F White Group 3 COPD 28 832 1,955
23 63 M Unknown Group 3 COPD 36 499 1,873
24 68 F White Group 3 COPD 41 636 2,412
25 64 M White Group 3 COPD 38 541 1,663
26 66 F White Group 3 COPD 47 577 703
27 63 M White Group 3 COPD 29 367 484
28 62 F White Group 3 COPD 33 553 1,188
29 66 F White Group 3 COPD 32 382 3,436
30 63 M White Group 3 COPD 37 370 274
31 46 F White Group 3 IPF 33 307 1,535
32 53 F White Group 3 IPF 32 226 813
33 67 F White Group 3 IPF 26 391 621
34 79 F White Group 3 IPF 34 502 1,206
35 70 M White Group 3 IPF 56 1,285 1,672
36 64 M White Group 3 IPF 39 330 2,668
37 65 M White Group 3 IPF 26 251 539
38 84 F White Group 3 IPF 30 297 5,071
39 56 M White Group 3 IPF 30 371 3,463
40 68 M White Control — — — 332
41 59 M White Control — — — 1,795
42 69 M White Control — — — 772
43 57 Unknown Unknown Control — — — 249
44 56 M White Control — — — 1,649
45 72 M Black Control — — — 254
46 78 M White Control — — — 120
47 76 M White Control — — — 1,067
48 56 M White Control — — — 185
49 60 Unknown Unknown Control — — — 484
50 69 Unknown Unknown Control — — — 357
51 77 F White Control — — — 543

Definition of abbreviations: APAH=associated with pulmonary arterial hypertension; COPD=chronic obstructive pulmonary disease;
CTEPH=chronic thromboembolic pulmonary hypertension; IPAH= idiopathic pulmonary arterial hypertension; IPF= idiopathic pulmonary fibrosis;
MMP-8= matrix metalloproteinase-8; mPAP=mean pulmonary arterial pressure; PH=pulmonary hypertension; PVR=pulmonary vascular
resistance; RA= rheumatoid arthritis.
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Animal Studies
All animal experiments were performed in
compliance with the relevant laws and
guidelines as set forth by the Institutional
Animal Care and Use Committees at BWH
and the Lovelace Respiratory Research
Institute under Institutional Animal Care
and Use Committee–approved protocols.

Monocrotaline (MCT) and Sugen/
hypoxia were used to induce PH in adult
male Sprague-Dawley rats as described (3).
Rats were injected subcutaneously withMCT
(50 mg/kg) or vehicle (phosphate-buffered

saline [PBS]) and harvested after 4 weeks.
Alternatively, rats were injected
subcutaneously with SU5416 (20 mg/kg) and
exposed to hypoxia (10% O2) for 3 weeks
followed by 5 weeks of normoxia. MMP-8–/–

mice were generated in the mixed
SVeV1293C57BL/6 strain and backcrossed
10 generations into the pure C57BL/6 strain
(17). MMP-8–/– andMMP-81/1 male mice
(8–10 weeks old) were exposed to
normobaric hypoxia (10% O2) or normoxia
for up to 8 weeks (27); some mice were
treated twice daily with PF-562271

(25 mg/kg) during hypoxic exposure. PA
banding was performed through the
constriction of the PA as described (28).
Mice were anesthetized with isoflurane
(1–3%) for echocardiography and
hemodynamic measurements via internal
jugular catheterization (3, 29). Hearts were
excised, and the ventricles were dissected and
weighed (3, 27). Hearts and lungs were
embedded in OCT or fixed in formalin for
histologic and morphometric analysis.
Details are provided in the online
supplement.
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Figure 1. MMP-8 (matrix metalloproteinase-8) expression is increased in plasma and pulmonary arteries (PAs) of patients with pulmonary
arterial hypertension (PAH). (A) MMP-8 levels were measured in plasma from patients with group 1 PAH (n=17, 646 14 yr), patients with group
3 pulmonary hypertension (PH) (n=19, 656 8 yr), and age-matched controls without PH (n=12, 666 8 yr) by ELISA. Data represent median
and interquartile range (IQR). Statistical significance was determined by Kruskal-Wallis one-way ANOVA (P,0.0001) followed by Dunn’s
multiple comparisons test (P, 0.0001 group 1 PAH vs. controls, P=0.0378 group 3 PH vs. controls). (B–D) Immunofluorescence staining for
MMP-8, a-SMA (a-smooth muscle actin), and vWF (von Willebrand factor) was performed in explanted lungs from patients with group 1 PAH
(mPAP,40 mm Hg, mPAP. 60 mm Hg) who underwent lung transplantation and control lungs (n=5 per group). (B) MMP-8 fluorescence
intensity was measured in 10 PAs (50–150 mm) per patient and normalized per vessel area using Metamorph software. The mean
MMP-8 fluorescence intensity per vessel area for each patient is shown with median and IQR per group. Statistical significance was determined
by Kruskal-Wallis one-way ANOVA (P=0.0004) followed by Dunn’s multiple comparisons test (P=0.0044 control vs. PAH with mPAP. 60 mm
Hg). (C and D) Representative confocal images are shown for MMP-8 (green) and a-SMA (red) immunostaining (C) and MMP-8 (green) and
vWF (red) immunostaining (D). Merged images are shown on the right of each panel. Scale bars, 50 mm. mPAP=mean pulmonary arterial
pressure; RFU= relative fluorescence units.
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Figure 2. MMP-8 (matrix metalloproteinase-8) expression is induced in the pulmonary vasculature in experimental models of pulmonary
hypertension. (A and B) Sprague-Dawley rats were treated with monocrotaline (MCT) or phosphate-buffered saline (PBS; n=5 per group), and
lungs were harvested after 4 weeks. (C and D) Sprague-Dawley rats were treated with SU5416 or vehicle (n=5 per group), exposed to hypoxia
or normoxia for 3 weeks, and then returned to normoxia for an additional 5 weeks. Lungs were triple immunostained for MMP-8, a-SMA
(a-smooth muscle actin), and vWF (von Willebrand factor). (A and C) Representative confocal images are shown for MMP-8 (green), a-SMA
(red), and vWF (cyan) immunostaining. Merged images are shown to the right of each row. Scale bars, 100 mm. (B and D) MMP-8 fluorescence
intensity was measured in 10 pulmonary arteries (PAs) (50–150 mm) per rat and normalized per vessel area using Metamorph software. The
mean MMP-8 fluorescence intensity per vessel area for each rat is shown with median and interquartile range (IQR) per group. Statistical
significance was determined by the Mann-Whitney U test. (E and F) C57BL/6 wild-type mice were exposed to normoxia or hypoxia for 2, 4, or
8 weeks (n=5 per group). Lungs were triple immunostained for MMP-8, a-SMA, and vWF. Representative confocal images are shown for
MMP-8 (green), a-SMA (red), and vWF (cyan) immunostaining for normoxia and 8 weeks of hypoxia. Merged images are shown to the right of
each row. Scale bars, 100 mm. (F) MMP-8 fluorescence intensity was measured in 10 PAs (50–150 mm) per mouse and normalized per vessel
area using Metamorph software. The mean MMP-8 fluorescence intensity per vessel area for each mouse is shown with median and IQR per
group. Statistical significance was determined by Kruskal-Wallis one-way ANOVA (P=0.0013) followed by Dunn’s multiple comparisons test
(**P<0.01). RFU= relative fluorescence units.
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Figure 3. MMP-8 (matrix metalloproteinase-8) deficiency increases mortality, exaggerates vascular remodeling, and increases severity of hypoxia-
induced pulmonary hypertension. (A) MMP-81/1 and MMP-8–/– mice were exposed to normobaric hypoxia (10%) or normoxia (n=10–15 per group), and
survival was monitored over 8 weeks. Data are expressed as percentage of mice alive at each time point (P=0.0014 by log-rank test). (B) Right ventricular
systolic pressure (RVSP) was measured via jugular catheterization after 8 weeks of hypoxia or normoxia (n=5–8 per group). Data represent 25th–75th
percentiles (box), median (line), and minimum and maximum values (whiskers). Statistical significance was determined by two-way ANOVA followed by
Tukey’s post hoc test (*P<0.05, ***P<0.001, and ****P<0.0001). (C) Representative hematoxylin and eosin staining and (E) a-SMA (a-smooth muscle
actin) immunostaining in lungs from MMP-81/1 and MMP-8–/– mice after normoxia and hypoxia. Scale bar, 100 mm. (D and F) Quantification of percent wall
thickness (n=5–7 per group, 10 vessels per mouse) (D) and relative a-SMA mean fluorescence intensity (F) of pulmonary arterioles,100 mm (n=6 per
group, 5 vessels per mouse). Data represent 25th–75th percentiles (box), median (line), and minimum and maximum values (whiskers). Statistical
significance was determined by two-way ANOVA followed by Tukey’s post hoc test (*P<0.05, **P< 0.01, ***P<0.001, and ****P< 0.0001).
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Echocardiography was performed, and measurements of RV internal diameter (RVID), tricuspid annulus plane systolic excursion (TAPSE), and left ventricular
ejection fraction were made in MMP-81/1 andMMP-8–/– mice after 8 weeks of hypoxia (n=8 per group). Data represent 25th–75th percentiles (box), median
(line), and minimum andmaximum values (whiskers). Statistical significance was determined by the Mann-WhitneyU test. There was no significant difference
in left ventricular ejection fraction between MMP-81/1 andMMP-8–/– mice after hypoxia. LV= left ventricle; NS=not significant; RV=right ventricle.
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Figure 5. MMP-8 (matrix metalloproteinase-8) deficiency does not directly alter right ventricular (RV) function independent of its effects on the
pulmonary vasculature. MMP-81/1 and MMP-8–/– mice (n=6) were anesthetized and subjected to pulmonary artery (PA) banding surgery using
a 24-gauge needle to tie the PA ligature. (A) Right ventricular systolic pressure (RVSP) was measured via jugular catheterization after 28 days.
(B) RV hypertrophy was assessed by Fulton’s index at 28 days after PA banding surgery. Data represent 25th–75th percentiles (box), median
(line), and minimum and maximum values (whiskers). Statistical significance was determined by two-way ANOVA followed by Tukey’s post hoc
test (***P<0.001 and ****P<0.0001). (C–H) Echocardiography was performed, and measurements of pulmonary arterial acceleration time/
pulmonary arterial ejection time (PAAT/PAET) (C), RV stroke volume (D), RV fractional shortening (E), left ventricular (LV) fractional area change
(F), and LV eccentricity indices (G and H) were made in MMP-81/1 and MMP-8–/– mice at baseline, 14 days, and 28 days after PA banding
surgery. Data represent 25th–75th percentiles (box), median (line), and minimum and maximum values (whiskers). Statistical significance was
determined by a repeated measures mixed-effects model followed by Holm-�S�ıd�ak’s post hoc test. NS=not significant.
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Mouse PASMCs and In Vitro
Experiments
PASMCs were isolated from adult MMP-8–/–

andMMP-81/1 mice and cultured as
described (3, 27). Human control and PAH
PASMCs were cultured as described (5).
Experiments were performed on PASMCs at
passages 6–15. RNA interference, transient
transfection, flow cytometry, collagenase
assay, quantitative PCR,Western blotting,
ELISA, immunostaining, proliferation, and
migration assays were performed as
described (3, 5, 30, 31). Details are provided
in the online supplement.

Statistical Analysis
Data are presented as mean6 SD unless
otherwise specified. Statistical significance
was determined by the Mann-WhitneyU
test orWilcoxon signed-rank test for
comparisons between two groups as
appropriate. The Friedman test was used for
comparisons between more than two
matched groups with Dunn’s post hoc test
for pairwise comparisons. Two-way
ANOVA was used to determine significance
of a response to two or more factors; post
hoc test individual comparisons were
obtained using Sidak’s or Tukey’s tests with
adjustment for multiple comparisons. All P
values were two tailed, and statistical
significance was accepted as P, 0.05.

Results

MMP-8 Expression Is Increased in
Plasma and PAs of Patients with PH
We examinedMMP-8 expression in patients
with group 1 PAH and group 3 PH
compared with age-matched control
subjects. Demographics, clinical
characteristics, andMMP-8 levels of patients
with PH and controls are shown (Table 1).
Mean plasmaMMP-8 levels were 18-fold
higher in patients with PAH and 3-fold
higher in patients with group 3 PH
compared with controls (Figure 1A) and
showed modest correlation with
hemodynamic measures of PH severity
(Table E1 in the online supplement).
Immunofluorescence staining demonstrated
enhancedMMP-8 expression in the PA
smooth muscle and endothelium of patients
with severe PAH compared with controls or
those with mild PAH (P=0.0044; post hoc
test for linear trend effect size R2 = 0.6139,
P=0.0009) (Figures 1B–1D). Moreover,
MMP-8 expression correlated with the

degree of vascular remodeling, as assessed by
a-SMA (a-smooth muscle actin)
immunofluorescence staining (R2 = 0.878,
P, 0.0001) (Figures E1A and E1B).

MMP-8 Expression Is Induced in the
Pulmonary Vasculature in
Experimental Models of PH
Sprague-Dawley rats demonstrated
significantly increased expression of
MMP-8 in the pulmonary vasculature 4
weeks after MCT (twofold increase,
P=0.0079) compared with PBS-treated
controls (Figures 2A, 2B, and E2A–E2C).
Sugen/hypoxia-exposed rats showed similar
findings with robust increases in MMP-
8 after 8 weeks compared with vehicle/
normoxia controls (fivefold increase,
P=0.0079) (Figures 2C, 2D, and E2D–E2F).
Wild-type mice exposed to hypoxia also
showed significant upregulation of MMP-
8 in the pulmonary vasculature at 4 and
8 weeks of hypoxia (P=0.0013) compared
with normoxic controls (Figures 2E and 2F).
As in patients with PAH, MMP-8 expression
correlated with pulmonary arterial
muscularization in mice exposed to chronic
hypoxia (R2 = 0.527, P, 0.0001) (Figures
E1C and E1D).

Interestingly, human PASMCs derived
from patients with PAH demonstrated
similar degrees of MMP-8 expression and
type I collagenase activity compared with
control PASMCs (Figures E3A, E3B, and
E3D), with no evidence of MMP-
8 induction after short-term hypoxia
exposure (Figures E3E and E3F). Secretion
of MMP-8 was mildly reduced in PAH
PASMCs in normoxic (Figure E3C) but not
hypoxic (Figure E3G) conditions. These
findings, supported by lack of MMP-
8 induction in the vasculature after 2 weeks
of hypoxia in mice (Figures 2F, E1C, and
E1D), suggest that in vivo induction of
MMP-8 requires a chronic pathogenic
stimulus.

MMP-8 Deficiency Increases Mortality
and PH Severity, Exaggerates
Vascular Remodeling, and Impairs
Right Ventricular Function
To determine the in vivo impact of
MMP-8 on PH pathogenesis, MMP-8–/– and
MMP-81/1 mice were exposed to 8 weeks of
normobaric hypoxia or normoxia. MMP-8–/–

mice had significantly increased mortality
compared with MMP-81/1 mice
(P=0.0014) (Figure 3A). Surviving
MMP-8–/–mice demonstrated more severe

PH with significantly higher right ventricular
systolic pressure (RVSP) after 8 weeks of
hypoxia compared withMMP-81/1 mice
(P< 0.05) and normoxic controls
(P< 0.0001) (Figure 3B). Similarly,
MMP-8–/–mice developed more severe PH
compared with MMP-81/1 mice after 2
weeks of hypoxia (Figure E4). Histologic
analysis of small and medium-sized PAs in
hypoxia-exposedMMP-8–/–mice
demonstrated significantly increased wall
thickness by morphometry (Figures 3C and
3D) and increased muscularization by
a-SMA immunostaining (Figures 3E
and 3F).

Pathologic examination of the right
ventricle (RV) revealed significant right
ventricular hypertrophy (RVH) and
dramatic RV dilation inMMP-8–/–mice
after hypoxia compared with MMP-81/1

controls, indicative of worsening RV failure
(Figures 4A–4C). Mild left ventricular
hypertrophy also occurred (Figure E5A), but
was less pronounced than the RV findings,
and total body weight was not different
between hypoxic MMP-8–/– andMMP-81/1

mice (Figure E5B). Echocardiography
demonstrated increased RV internal
diameter (Figure 4D) and significantly
reduced tricuspid annular plane systolic
excursion (Figure 4E) in MMP-8–/– animals
compared with MMP-81/1 mice after
hypoxia, indicating impaired RV function.
LV ejection fraction was preserved and
similar between groups (Figure 4F). In
addition, MMP-8–/–mice did not develop
systemic hypertension or severe diastolic
dysfunction, as mean arterial pressures and
left ventricular pressures were similar
betweenMMP-8–/– andMMP-81/1 mice
after hypoxia (Figures E5C–E5E).
Furthermore, MMP-8 did not have a direct
protective effect on the RV, as both
MMP-8–/– andMMP-81/1 mice developed
similar increases in RVSP, RVH, and RV
dysfunction after PA banding (Figure 5).
Taken together, these findings strongly
suggest a protective role for MMP-8 in the
pulmonary vasculature during the
pathogenesis of hypoxia-induced PH.

MMP-8 Deficiency Leads to Enhanced
Proliferation and Migration
of PASMCs
Immunofluorescence staining of the
pulmonary vasculature in MMP-8–/– and
MMP-81/1 mice revealed a significant
increase in Ki671/a-SMA1 cells in
MMP-8–/–mice after hypoxia compared with
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Figure 6. MMP-8 (matrix metalloproteinase-8) deficiency leads to enhanced proliferation and migration of pulmonary artery smooth muscle cells
(PASMCs). (A and B) MMP-81/1 and MMP-8–/– mice were exposed to 4 weeks of normobaric hypoxia or normoxia (n=4–5 per group). Lungs
were immunostained for Ki67 and a-SMA (a-smooth muscle actin), and counterstained with DAPI. (A) Representative Ki67 (red) and a-SMA
(white) immunostaining in lungs from MMP-81/1 and MMP-8–/– mice exposed to hypoxia. Merged images are shown on the right of each panel.
Scale bars, 100 mm. (B) The number of Ki671/a-SMA1 cells per vessel (,100 mm) was quantified (average of 14 vessels per mouse). Data
represent 25th–75th percentiles (box), median (line), and minimum and maximum values (whiskers). Statistical significance was determined by
two-way ANOVA followed by Tukey’s post hoc test (*P<0.05 and **P<0.01). (C) PASMCs isolated from MMP-81/1 and MMP-8–/– mice were
serum starved for 24 hours, seeded at 10,000 cells/cm2, and subsequently grown in full serum conditions over 96 hours. Cell number was
quantified by CyQUANT assay (n=5 independent experiments). Data represent the mean6SEM. Statistical significance was determined by
two-way ANOVA followed by Sidak’s post hoc test (***P<0.001). (D) MMP-81/1 and MMP-8–/– PASMCs were seeded on glass slides and grown
in low serum conditions (1% fetal bovine serum) for 24 hours. Cells were fixed and permeabilized, and immunostaining was performed for Ki67.
Counterstaining was performed with DAPI. Representative Ki67 (white) and DAPI (blue) images of MMP-81/1 and MMP-8–/– PASMCs. Merged
images are shown on the right of each panel. Scale bars, 100 mm. (E) Quantification of the percentage of Ki67 high cells using CellProfiler in
MMP-81/1 and MMP-8–/– PASMCs (n=4 independent experiments). Data represent 25th–75th percentiles (box), median (line), and minimum
and maximum values (whiskers). Statistical significance was determined by the Mann-Whitney U test (P=0.0286). (F) MMP-81/1 and MMP-8–/–

PASMCs were cultured in low serum conditions for 24 hours, detached using Accutase (StemPro), fixed, permeabilized, stained with anti-Ki67
fluorescein isothiocyanate, and analyzed via flow cytometry. Quantification of mean isotype-normalized Ki67 fluorescence intensity in MMP-81/1

and MMP-8–/– PASMCs by flow cytometry (n=5 independent experiments). Data represent 25th–75th percentiles (box), median (line), and
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MMP-81/1 and normoxic controls,
suggesting that increased PASMC
proliferation contributes to enhanced
vascular remodeling and exaggerated PH in
MMP-8–/–mice (Figures 6A and 6B).

Based on these in vivo findings, we
hypothesized that MMP-8–/– PASMCs
(Figure E6) would be biased toward vascular
remodeling behaviors in vitro. Under growth
conditions, MMP-8–/– PASMCs
demonstrated increased cell numbers over
time compared withMMP-81/1 PASMCs
(sevenfold vs. fourfold at 72 h, P, 0.001)
(Figure 6C). To confirm a hyperproliferative
state under more stringent conditions, we
assessed Ki67 immunostaining in low serum
conditions. MMP-8–/– PASMCs
demonstrated a marked increase in Ki67
positivity compared with control cells by
immunofluorescence staining (Figures 6D,
6E, and E7A), and a skewed distribution of
highly positive Ki67 cells when assessed via
flow cytometry (Figures 6F, E7B, and E7C).
MMP-8–/– PASMCs also demonstrated
enhanced migration over 6 hours when
assessed via scratch assay (P, 0.0001)
(Figures 6G and 6H).

MMP-8–/– PASMCs Demonstrate
Altered Matrix Protein Expression
Leading to Enhanced Integrin
Signaling via FAK
To assess the possible impact of MMP-
8 deficiency on the contents of the
extracellular matrix, we screened a panel of
matrix proteins using quantitative PCR.
AlthoughMMP-8–/– PASMCs showed
modest increases in expression of the
structural components of the matrix, such as
type I collagen and fibronectin, there was a
muchmore profound alteration in
matricellular proteins such as
thrombospondin-1, tenascin-C, and
osteopontin inMMP-8–/– PASMCs
compared with MMP-81/1 PASMCs (Figure
7A). We verified significant upregulation of a
selection of these matrix components in
MMP-8–/– PASMCs usingWestern blotting
(Figures 7B–7D) and immunofluorescence
staining (Figures 7E and 7F). In addition, we
observed enhanced membrane vinculin
accumulation in

MMP-8–/– compared withMMP-81/1

PASMCs (Figure 7F), suggesting activation
of mechanotransduction signaling pathways
in MMP-8–/– PASMCs.We next examined
the expression profile of integrins, ECM
receptors that facilitate mechanical signaling
by coupling the actin cytoskeleton with
matrix proteins. Our results showed no
difference in integrin-b1 expression between
MMP-8–/– andMMP-81/1 PASMCs (Figure
E8); however, we found a robust increase in
surface expression (Figures 7G–7I) and total
protein expression (Figures 7J and 7K) of
integrin-b3 inMMP-8–/– cells. Given
increased integrin-b3 expression and
enhanced vinculin membrane expression in
MMP-8–/– PASMCs, we next assessed FAK
activity (phospho-FAKTyr397/total FAK
expression) as a surrogate marker of
integrin-mediated mechanotransduction.
Phospho-FAKTyr397 was highly upregulated
inMMP-8–/– PASMCs (Figures 7L and 7M),
indicating enhanced integrin-b3
mechanosignaling in MMP-8–/– PASMCs
compared with MMP-81/1 cells. In vitro
exposure of MMP-8–/– PASMCs to hypoxia
did not accentuate activation of this
mechanosensitive pathway or differentially
activate other hypoxia-inducible pathways
(PHD2, PDK1, orVEGFA) (Figure E9).

Enhanced Proliferation and Migration
in MMP-8–/– PASMCs Are Driven by
Increased FAK Activity
We next assessed functional consequences of
increased mechanical signaling in MMP-8–/–

PASMCs. Treatment with the FAK inhibitor
PF-562271 at 1 μMdemonstrated abrogation
of the hyperproliferative phenotype in
MMP-8–/– PASMCs but had minimal effect
on proliferation inMMP-81/1 PASMCs
(Figure 8A). Assessment of Ki67 by flow
cytometry (Figures 8B, E7D, and E7E) and
immunofluorescence staining (Figures
8C–8E and E7F) revealed profound
attenuation of the hyperproliferative
phenotype in MMP-8–/– PASMCs after low-
dose FAK inhibition. Low-dose FAK
inhibition also significantly reduced
migration inMMP-8–/– PASMCs with
minimal effect in MMP-81/1 cells
(Figure 8F). These effects were specific to

activation of integrin-mediated FAK
signaling and its downstream effectors, as
inhibition of TGF-b (transforming growth
factor-b) signaling, which has been linked to
MMP-8 deficiency (32), did not attenuate
proliferation inMMP-8–/– PASMCs despite
significantly reducing proliferation in
MMP-81/1 PASMCs (Figures 8G and 8H).
Moreover, in vivo treatment with PF-562271
attenuated hypoxia-induced PH, with
significant reduction in RVSP, vascular
remodeling, and trend toward reduced RVH
inMMP-8–/–, but not MMP-81/1, mice
(Figures 8I–8K).

YAP/TAZ Activation Downstream of
FAK Is Required for Enhanced
Proliferation and Migration of
PASMCs in the Absence of
MMP-8 Activity
We have previously demonstrated that
activation of the transcriptional regulators
YAP and TAZ is required for matrix
stiffness–induced mechanical signaling and
proremodeling phenotypes in PASMCs (5).
As YAP/TAZ are known to be activated
downstream of FAK (33, 34), we assessed
YAP/TAZ transcriptional activity in
MMP-8–/– PASMCs. YAP/TAZ activity was
markedly increased (approximately fivefold,
P, 0.0001) inMMP-8–/– versus MMP-81/1

PASMCs when assessed via TEA domain
(TEAD) promoter assay (Figure 9A), a
finding corroborated by increased YAP/TAZ
nuclear translocation (Figures 9B–9E), and
the transcription of multiple genes
(ANKRD1, CTGF, Cyr61, and PAI-1) known
to be regulated by YAP/TAZ activation
(Figure 9F). Interestingly, hypoxia did not
further enhance activation of the YAP/TAZ
pathway inMMP-8–/– PASMCs (Figure
E9C). At 1–2.5 μM concentrations,
PF-562271 dramatically reduced YAP/TAZ-
dependent gene activation (Figure 9G), as
well as YAP/TAZ nuclear translocation in
MMP-8–/– PASMCs but not MMP-81/1

cells (Figures 9H and E10A), indicating
YAP/TAZ activation is FAK-dependent in
the absence of MMP-8. Moreover, YAP/TAZ
activation inMMP-8–/– PASMCs did not
appear to be dependent on other upstream
activators, including AMPK andmTORC1,

Figure 6. (Continued). minimum and maximum values (whiskers). Statistical significance was determined by the Mann-Whitney U test
(P=0.0043). (G and H) MMP-81/1 and MMP-8–/– PASMCs were seeded to confluency in 6- or 12-well plates and wounded using a 1,000-
ml pipette tip. Wound healing was evaluated by measuring the total area over which the cells migrated in 6 hours per low-power field (LPF;
n=18 independent experiments). Statistical significance was determined by the Mann-Whitney U test (P<0.0001).
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p38MAPK, AKT, and ERK, as these
pathways were similarly expressed inMMP-
8–/– andMMP-81/1 PASMCs (Figure E11).

Given increased YAP/TAZ signaling in
MMP-8–/– PASMCs, we further assessed the
role of YAP/TAZ in remodeling phenotypes
using siRNA knockdown (Figure E12). YAP/
TAZ knockdown significantly inhibited
proliferation of MMP-8–/– PASMCs while
having minimal effect in MMP-81/1 cells
(Figure 9I), indicating that YAP/TAZ
signaling mediates PASMC proliferation in
the absence of MMP-8. Similarly, YAP/TAZ
knockdown reduced the number of strongly
Ki67 positive MMP-8–/– PASMCs, while
having minimal effect on Ki67 levels in
MMP-81/1 cells (Figures 9J and E10B).
Genetic silencing of YAP/TAZ activity also
significantly attenuated migration inMMP-
8–/–, but not MMP-81/1, PASMCs
(Figure 9K).

In summary, MMP-8–/– PASMCs
demonstrate robust activation of YAP/TAZ
signaling downstream of integrin-mediated
FAK signaling. This mechanical signaling
axis acts as a primary driver of a
hyperproliferative phenotype, which may
explain increased vascular remodeling and
exaggerated PH development in the setting
of MMP-8 deficiency in response to hypoxia
in vivo.

Discussion

This study identifies a novel protective role
for MMP-8 in the pathobiology of PH.
MMP-8 is an intriguing target based not only
on its function in inflammation, ECM
turnover, and fibrosis (15–17), but also for its
role as a marker in cardiopulmonary disease
(19, 35). MMP-8 has been shown to be

upregulated in the lung after MCT (36);
however, its role in PH has otherwise not
been well defined. Here, we demonstrate that
MMP-8 is markedly upregulated in both the
plasma and PAs of patients with severe PAH,
as well as in three different rodent PH
models. Pulmonary vascular expression of
MMP-8 correlates with disease severity in
patients with PAH, PH development in mice
exposed to hypoxia, and measures of vascular
remodeling in both.

MMP-8 deficiency in mice leads to
decreased survival and severe PH in response
to chronic hypoxia, with exaggerated
vascular remodeling and RV dysfunction.
These findings strongly implicate
upregulation of MMP-8 as an adaptive
response during PH pathogenesis.
Upregulation of adaptive processes during
disease pathogenesis is a common
phenomenon exemplified by other
cardiovascular proteins including HO-1 in
vascular disease, natriuretic peptides in heart
failure, and LC3B in PH (37–39). The
mortality observed inMMP-8–/–mice in
chronic hypoxia is somewhat out of
proportion to their RVSP, particularly given
the pressures achieved during PA banding.
Although survivorship bias may partly
explain this, we cannot exclude the
possibility that hypoxemia, arrhythmia, or
cardiac ischemia may be contributing to
mortality in this setting. Further
investigation of the interplay between
hypoxemia, MMP-8 deficiency, and cardiac
remodeling may be revealing.

Our study also demonstrates that
absence of MMP-8 in PASMCs leads to
marked hyperproliferation and enhanced
migration, increased expression of several
integrin-interacting matrix components, and
robust expression of integrin-b3.

Downstream of matrix–integrin interactions,
we show that hyperproliferation and
hypermotility inMMP-8–/– PASMCs are
dependent on mechanical signaling through
FAK-YAP/TAZ activation (Figure E13).

Cell–matrix interactions provide critical
cues for regulation of proliferation,
migration, and contractile forces in vascular
cells (2). We have demonstrated that these
remodeling phenotypes are modulated via
mechanotransduction after alteration in the
stiffness of the underlying substrate (3, 5).
Prior studies have shown that elastases (40)
andMMPs (41) can also induce PASMC
mitogenic activity directly through release of
mitogens, exposure of hidden integrin
binding sites, or mitogen receptor activation
(40, 41). Additionally, MMP activity can
reveal hidden integrin-b3 binding sites,
triggering a feedforward loop of integrin-b3
activation via upregulation of tenascin-C
expression and deposition (41).

Multiple integrin-interacting
matricellular proteins such as tenascin-C are
linked to PH development, including
osteopontin and thrombospondin-1.
Elevated osteopontin expression is a disease
marker with prognostic value in PH (42, 43),
and has mitogenic and promigratory effects
on PASMCs (44) and adventitial fibroblasts
(45). Thombospondin-1 is elevated in
human PH (46–48), correlates with PH
severity and cardiac output (47), and is
highly expressed in distal PAs in end-stage
disease (49). The potential pathogenic roles
of thrombospondin-1 in PH are complex
(50) but include induction of PASMC
migration and proliferation via integrin-b3
interactions (51, 52). Our finding that
absence of MMP-8 drives upregulation of
multiple matricellular components
important in PH pathogenesis highlights the

Figure 7. (Continued). experiments). Statistical significance was determined by the Wilcoxon signed-rank test using DDCT values (*P< 0.05,
**P<0.01, ***P<0.001, and ****P<0.0001). (B–D) Protein was isolated from MMP-81/1 and MMP-8–/– PASMCs, and Western blot was
performed using anti-OPN (osteopontin), anti-THBS1 (thrombospondin-1) and anti-GAPDH antibodies. Representative blots are shown.
Quantification of (C) THBS1 and (D) OPN normalized to GAPDH protein expression (n=8 independent experiments). Statistical significance was
determined by the Mann-Whitney U test. (E and F) Immunofluorescence staining was performed for (E) THBS1 and (F) OPN and VCN (vinculin)
in MMP-81/1 and MMP-8–/– PASMCs, and counterstaining was performed with DAPI. Representative THBS1 (magenta), OPN (green), VCN (red),
and DAPI (blue) images of MMP-81/1 and MMP-8–/– PASMCs. Merged images are shown to the right of each row. Scale bars, 100 mm. (G–I)
MMP-81/1 and MMP-8–/– PASMCs were stained with anti-CD61-PE (integrin-b3), fixed, and analyzed via flow cytometry. (G and H)
Representative dot and histogram plots for CD61 in MMP-81/1 and MMP-8–/– PASMCs compared with isotype controls. (I) Mean isotype-
normalized CD61 fluorescence intensity in MMP-81/1 and MMP-8–/– PASMCs (n=4 independent experiments). Data represent 25th–75th
percentiles (box), median (line), and minimum and maximum values (whiskers). Statistical significance was determined by the Mann-Whitney U
test (P=0.029). (J–M) Protein was isolated from MMP-81/1 and MMP-8–/– PASMCs, and Western blot was performed using anti–ITGB3 (integrin-
b3), anti-phospho-FAK (Tyr397) (p-FAK), FAK, and anti-GAPDH antibodies. Representative blots are shown. Quantification of (K) integrin-b3
(n=4) normalized to GAPDH protein expression and (M) p-FAK normalized to FAK (n=7) protein expression. Statistical significance was
determined by the Mann-Whitney U test. FSC= forward scatter; NS=not significant; PE=phycoerythrin.
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serum conditions for 48 hours. Cell number was quantified by CyQUANT assay (n=2–4 independent experiments). Data represent the mean
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intricacy of cell–matrix crosstalk in PH.
Undoubtedly, these interactions set into
motion multiple pathogenic mechanisms,
but here we focus on altered integrin
signaling and its downstream consequences.

Regulation of integrin signaling by
MMPs has been well established. Gross
inhibition of MMP activity in cancer cell
lines decreases traction forces, cell rounding,
and cell softening via perturbed integrin-b1
levels and localization (53). This may be due
to absence of exposed integrin binding sites
generated by collagen cleavage, as observed
in a study of MMP-mediated integrin-b3
activation (41). In contrast, TIMP-1 has been
found to activate integrin-b1 via CD63 (54,
55), andMMP-8 has been shown to
negatively regulate integrin-b1 signaling in
cancer cell lines (56). These data are more
consistent with our finding that MMP-
8 deficiency enhances integrin signaling,
although we demonstrate this effect is not
mediated by integrin-b1, but rather by
integrin-b3. Integrin-b3 has a well-known
role in SMCmigration, particularly
chemotaxis (57), and recent work shows that
integrin-b3 is more greatly associated with
actin stress fibers than integrin-b1 and is
critical for transduction of shape signals in
SMCs (33). These signals are transmitted in

part through interaction with Merlin, an
important regulator of YAP/TAZ activity
(58).

Recently, there has been much interest
in regulation of YAP/TAZ activity
downstream of integrin and FAK signaling.
Mechanotransduction via this pathway is
likely due to both canonical Hippo pathway
suppression via Merlin and a RhoA, tension,
and actin-stress fiber-dependent mechanism
that likely acts simultaneously and
synergistically (34). In fact, YAP nuclear
localization has been found to be highly
dependent on intact cytoskeletal-mediated
stress and strain transmission to the nucleus,
which allows nuclear flattening and increased
pore exposure for YAP/TAZ transport (59).
As is typical in these systems, there is
significant feedforward regulation, with YAP
activation as a critical driver of focal
adhesion protein transcription and required
for focal adhesion assembly (33). Through
these overlapping and synergistic
mechanisms, enhanced integrin activity has
been found to be a critical driver of YAP/
TAZ activation. Here we find that a change
in matrix composition driven byMMP-
8 deficiency is sufficient to enhance integrin
and FAK signaling upstream of YAP/TAZ
activity. As we have previously established

(5), YAP/TAZ activation is a critical driver of
PASMC remodeling phenotypes in vitro and
is likely a key mechanoregulator in PH
pathogenesis.

Our findings differ in some respects
from studies of MMP-8 in different contexts.
Astrom and colleagues found increased
TGF-b1 expression and activity in
MMP-8–/– fibroblasts (32), whereas we found
that hyperproliferation inMMP-8–/–

PASMCs is TGF-b independent. We suspect
that this phenotype may be cell-type specific,
as the effect of MMP-8 in collagen
breakdownmay predominate in fibroblasts
given their high collagen expression and
secretion compared with SMCs. Our results
also differ from those of Xiao and colleagues,
who showed that MMP-8 deficiency
decreased proliferation and migratory
capacity in ApoE–/–VSMCs (60). This may
be due to absence of ApoE, which can affect
proliferation and migratory capacity (61).

Limitations of this study include the
possibility that the mechanism underlying
theMMP-8–deficient PH phenotype is
indirect. Matrix composition is controlled in
part by the balance betweenmultiple MMPs
and their endogenous inhibitors (8), thus
MMP-8 deficiency is likely to have significant
second-order effects. Indeed, our results

Figure 8. (Continued). fold change6SD. Statistical significance was determined by two-way ANOVA followed by Sidak’s post hoc test
(***P< 0.001 and ****P<0.0001 compared with vehicle-treated respective controls). (B–E) MMP-81/1 and MMP-8–/– PASMCs were serum
starved for 12 hours followed by treatment with vehicle or PF-562271 (1 mM) in low serum conditions for 12 hours. (B) Cells were fixed and
permeabilized, stained with anti-Ki67 fluorescein isothiocyanate, and analyzed via flow cytometry. Quantification of mean isotype-normalized
Ki67 fluorescence intensity in vehicle-treated and PF-562271–treated MMP-81/1 and MMP-8–/– PASMCs (n=9 independent experiments) by flow
cytometry. Data are normalized to vehicle-treated MMP-81/1 PASMCs and represent 25th–75th percentiles (box), median (line), and minimum
and maximum values (whiskers). Statistical significance was determined by the Wilcoxon matched-pairs signed-rank test (P=0.0039). (C–E)
Cells were fixed and permeabilized, and immunostaining was performed for Ki67. (C) Quantification of the percentage of Ki67 high cells using
CellProfiler in vehicle-treated and PF-562271–treated MMP-81/1 and MMP-8–/– PASMCs (n=4–5 independent experiments). Data represent
25th–75th percentiles (box), median (line), and minimum and maximum values (whiskers). Statistical significance was determined by two-way
ANOVA followed by Tukey’s post hoc test (**P<0.01). (D and E) Representative Ki67 immunostaining (white) and DAPI (blue) images of
vehicle-treated and PF-562271–treated (D) MMP-81/1 and (E) MMP-8–/– PASMCs. Merged images are shown to the right of each row. Scale
bars, 100 mm. (F) MMP-81/1 and MMP-8–/– PASMCs were grown to confluency, wounded using a 1,000-ml pipette tip, and treated with vehicle
or PF-562271 (1, 2.5, and 5 mM) under full serum conditions. Wound healing was evaluated by measuring the total area over which the cells
migrated in 6 hours per low-power field (n=9 independent experiments) and normalized to vehicle-treated control cells. Statistical significance
was determined by two-way ANOVA followed by Sidak’s post hoc test (**P<0.01 and ****P< 0.0001). (G) MMP-81/1 and (H) MMP-8–/–

PASMCs were serum starved for 24 hours followed by treatment with vehicle or SB-431542 (1 and 10 mM) in full serum conditions for 96 hours.
Cell number was quantified by CyQUANT assay (n=3 independent experiments). Data represent the mean6SEM. Statistical significance was
determined by two-way ANOVA followed by Sidak’s post hoc test (*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001). There was no
significant difference in proliferation in SB-431542–treated MMP-8–/– PASMCs compared with vehicle-treated MMP-8–/– PASMCs. (I–K) MMP-81/1

and MMP-8–/– mice were treated with vehicle or PF-562271 (25 mg/kg) by oral gavage twice daily and exposed to normobaric hypoxia (10%)
(n=8–10 per group) for 5 weeks. (I) Right ventricular systolic pressure (RVSP) was measured via jugular catheterization. Data represent median
and interquartile range (IQR). Statistical significance was determined by two-way ANOVA followed by Tukey’s post hoc test (***P<0.001). (J)
Right ventricular (RV) hypertrophy was assessed by normalizing RV weight (mg) to total body weight (TBW; g). Data represent median and IQR.
Statistical significance was determined by two-way ANOVA followed by Tukey’s post hoc test. (K) Immunostaining was performed for a-SMA
(a-smooth muscle actin) in lungs from vehicle-treated and PF-562271–treated MMP-81/1 and MMP-8–/– hypoxia-exposed mice, and a-SMA
mean fluorescence intensity was quantified in pulmonary arterioles less than 100 mm (average 10 vessels per mouse). Data represent 25th–75th
percentiles (box), median (line), and minimum and maximum values (whiskers). Statistical significance was determined by two-way ANOVA
followed by Tukey’s post hoc test (*P< 0.05). NS=not significant; RFU= relative fluorescence units.
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suggest that a complex alteration in multiple
matricellular components may be
responsible for enhanced integrin-b3 activity
in MMP-8–/– PASMCs. Despite these
second-order effects, the loss of MMP-8 is a
specific driver in the pulmonary vasculature,
as MMP-9–/–mice do not have a similar PH
phenotype (data not shown). It is also
possible that additional pulmonary vascular
cell types may play a key role driving the
severe PH phenotype in MMP-8–/–mice.
Although PASMC proliferation was striking
in these mice after hypoxia exposure, MMP-
8 expression was induced by hypoxia in the
endothelium as well, warranting further
study.

Future extensions of this work
include additional characterization of
upstream matrix alterations induced by
MMP-8 deficiency in vitro and in vivo,
such as soluble matrisome analysis.

Future studies may also focus on
enhancing the protective effects of
MMP-8 by increasing substrate
availability (for example through
collagen cross-linking inhibitors) or
altering downstream signaling (such as
integrin-avb3 inhibition). Development
of more potent YAP/TAZ inhibitors,
along with appropriate lung targeting,
may also allow interruption of
mechanobiological feedback and have
ameliorative effects on vascular
remodeling in PH.

Conclusions
MMP-8 is a novel protective factor
induced during PH development that acts
in opposition to pathologic
mechanobiological feedback by altering
matrix composition and suppressing
mechanical signaling by integrin-b3, FAK,

and YAP/TAZ. Our data suggest
therapeutic potential in enhancing or
mimicking MMP-8 activity to disrupt
pathologic mechanical signaling during
PH pathogenesis.�

Author disclosures are available with the
text of this article at www.atsjournals.org.

Acknowledgement: The authors thank Dr.
Daniel Tschumperlin and Dr. Mark Perrella for
helpful discussions. They also thank Dr.
Xaralabos (Bob) Varelas for helpful discussions
and for providing the TEAD promoter reporter
construct. They thank Dr. Stephen Walsh for
biostatistical assistance, as well as Laura
Aspelund and Dr. Dezhao Liu for technical
assistance. They also thank Dr. Suzana Zorca
for assistance with the echocardiogram
analyses. They thank Dr. Sudeshna Fisch and
Souen Ngoy from the MGB Cardiovascular
Physiology Core for helpful discussions and
assistance with echocardiograms and
cardiovascular procedures.

References

1. Malenfant S, Neyron AS, Paulin R, Potus F, Meloche J, Provencher S,
et al. Signal transduction in the development of pulmonary arterial
hypertension. Pulm Circ 2013;3:278–293.

2. Dieffenbach PB, Maracle M, Tschumperlin DJ, Fredenburgh LE.
Mechanobiological feedback in pulmonary vascular disease. Front
Physiol 2018;9:951.

3. Liu F, Haeger CM, Dieffenbach PB, Sicard D, Chrobak I, Coronata AM,
et al. Distal vessel stiffening is an early and pivotal mechanobiological
regulator of vascular remodeling and pulmonary hypertension. JCI
Insight 2016;1:e86987.

4. Bertero T, Cottrill KA, Lu Y, Haeger CM, Dieffenbach P, Annis S, et al.
Matrix remodeling promotes pulmonary hypertension through feedback
mechanoactivation of the YAP/TAZ-miR-130/301 circuit. Cell Rep 2015;
13:1016–1032.

Figure 9. (Continued). significance was determined by the Mann-Whitney U test (P< 0.0001). (B) Immunofluorescence staining was performed
for YAP in MMP-81/1 and MMP-8–/– PASMCs, and counterstaining was performed with DAPI. Representative YAP (green) immunostaining and
DAPI (blue) images of MMP-81/1 and MMP-8–/– PASMCs. Merged images are shown on the right of each panel. Scale bars, 100 mm. (C)
Quantification of the ratio of YAP nuclear/cytoplasmic expression in MMP-81/1 and MMP-8–/– PASMCs was performed using CellProfiler (4 high-
power fields per experiment, n=5 independent experiments). Statistical significance was determined by the Mann-Whitney U test (P=0.0035).
(D) Cytoplasmic and (E) nuclear protein extracts were isolated from MMP-81/1 and MMP-8–/– PASMCs, and Western blot was performed using
anti-YAP/TAZ, anti-GAPDH, and anti-histone H3 antibodies. Representative blots are shown. (F) RNA was isolated from MMP-81/1 and MMP-8–/–
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expression6SD in MMP-8–/– (knockout [KO]) PASMCs and are normalized to MMP-81/1 (wild-type [WT]) PASMC expression (n=9–11
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quantitative PCR was performed for YAP/TAZ target genes ANKRD1, CTGF, CYR61, survivin, and PAI-1. Data represent mean expression6SD
in MMP-8–/– (KO) PASMCs and are normalized to vehicle-treated MMP-81/1 (WT) PASMCs (n=5 independent experiments). Statistical
significance was determined by the Friedman test with Dunn’s post hoc test on DDCT values (*P<0.05 and **P<0.01 compared with vehicle-
treated MMP-8–/– PASMCs). (H) Immunofluorescence staining was performed for YAP in vehicle-treated and PF-562271–treated MMP-81/1 and
MMP-8–/– PASMCs. Counterstaining was performed with DAPI. Representative YAP (green) immunostaining and DAPI (blue) images in vehicle-
treated and PF-562271–treated MMP-8–/– PASMCs. Merged images are shown on the right of each panel. Scale bars, 100 mm. (I–K) MMP-81/1

and MMP-8–/– PASMCs were serum starved for 24 hours, transfected with control siRNA (siControl) or siRNA to YAP and TAZ (siYAP/TAZ), and
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Data represent the mean6SEM. Statistical significance was determined by two-way ANOVA followed by Tukey’s post hoc test (***P<0.001 and
****P<0.0001 in MMP-8–/– PASMCs siControl vs. siYAP/TAZ). (J) Immunofluorescence staining for Ki67 and DAPI counterstaining was
performed in siControl- and siYAP/TAZ-transfected MMP-81/1 and MMP-8–/– PASMCs 48 hours after transfection. Representative merged
images of Ki67 (white) and DAPI (blue) staining in siControl- and siYAP/TAZ-transfected MMP-81/1 and MMP-8–/– PASMCs. Scale bars, 100 mm.
(K) siControl- and siYAP/TAZ-transfected MMP-81/1 and MMP-8–/– PASMCs were wounded using a 1,000-ml pipette tip 72 hours after
transfection. Wound healing was evaluated by measuring the total area over which the cells migrated in 6 hours per low-power field
(LPF; n=9 independent experiments). Statistical significance was determined by two-way ANOVA followed by Tukey’s post hoc test (**P< 0.01
and ***P<0.001).
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