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Abstract

Background: Despite causing increased morbidity and mortality, pulmonary hypertension (PH) in chronic obstruc-
tive pulmonary disease (COPD) patients (COPD-PH) lacks treatment, due to incomplete understanding of its patho-
genesis. Hypertrophy of pulmonary arterial walls and pruning of the microvasculature with loss of capillary beds are
known features of pulmonary vascular remodeling in COPD. The remodeling features of pulmonary medium- and
smaller vessels in COPD-PH lungs are less well described and may be linked to maladaptation of endothelial cells to
chronic cigarette smoking (CS). MicroRNA-126 (miR126), a master regulator of endothelial cell fate, has divergent func-
tions that are vessel-size specific, supporting the survival of large vessel endothelial cells and inhibiting the prolifera-
tion of microvascular endothelial cells. Since CS decreases miR126 in microvascular lung endothelial cells, we set out
to characterize the remodeling by pulmonary vascular size in COPD-PH and its relationship with miR126 in COPD and
COPD-PH lungs.

Methods: Deidentified lung tissue was obtained from individuals with COPD with and without PH and from non-
diseased non-smokers and smokers. Pulmonary artery remodeling was assessed by a-smooth muscle actin (SMA)
abundance via immunohistochemistry and analyzed by pulmonary artery size. miR126 and miR126-target abundance
were quantified by gPCR. The expression levels of ceramide, ADAMY, and endothelial cell marker CD31 were assessed
by immunofluorescence.

Results: Pulmonary arteries from COPD and COPD-PH lungs had significantly increased SMA abundance compared
to non-COPD lungs, especially in small pulmonary arteries and the lung microvasculature. This was accompanied by
significantly fewer endothelial cell markers and increased pro-apoptotic ceramide abundance. miR126 expression was
significantly decreased in lungs of COPD individuals. Of the targets tested (SPRED1, VEGF, LAT1, ADAMY), lung miR126
most significantly inversely correlated with ADAM9 expression. Compared to controls, ADAM9 was significantly
increased in COPD and COPD-PH lungs, predominantly in small pulmonary arteries and lung microvasculature.

Conclusion: Both COPD and COPD-PH lungs exhibited significant remodeling of the pulmonary vascular bed of
small and microvascular size, suggesting these changes may occur before or independent of the clinical development
of PH. Decreased miR126 expression with reciprocal increase in ADAM9 may regulate endothelial cell survival and
vascular remodeling in small pulmonary arteries and lung microvasculature in COPD and COPD-PH.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a top
4 leading cause of death [1-3]. Despite being character-
ized by only mild to moderate elevations in mean pulmo-
nary artery pressure (mPAP), pulmonary hypertension
(PH) is a major determinant of increased morbidity and
mortality in COPD [4-7]. In fact, a 10 mmHg increase in
mean pulmonary artery pressure at rest is associated with
a fourfold increased mortality [8]. Unlike major advances
in idiopathic pulmonary arterial hypertension (PAH),
there is little understanding of the pathogenesis of PH in
COPD (COPD-PH), explaining the paucity of therapeutic
options for this condition.

Similar to PAH, pulmonary arteries in COPD-PH dis-
play hypertrophy of both intima and the vascular smooth
muscle cells comprised tunica media [9], along with
pruning of small pulmonary arteries and precapillary
microvasculature [10]. However, unlike PAH, COPD-PH
lungs do not exhibit hyperproliferative endothelial cells
that form vascular occlusive plexiform lesions typical of
PAH [11], suggesting that mechanisms of pulmonary vas-
cular remodeling in COPD-PH may not fully recapitulate
those of PAH.

Cigarette smoking (CS), the major etiological factor of
COPD, causes endothelial cell injury and dysfunction,
which are thought to be important processes in the pul-
monary vascular remodeling in COPD-PH [7, 12], but a
unifying mechanism that explains how pulmonary vascu-
lar beds of various size are differentially affected is cur-
rently lacking.

We recently identified that microRNA-126 (miR126), a
well-established pro-angiogenic, pro-survival, and repar-
ative master regulator of endothelial cells lining the large
pulmonary and systemic vasculature [13], inhibits the
migration, proliferation, and survival of human lung
microvascular endothelial cells (HLMVEC) [14]. These
differential effects on specific vascular beds are exerted
by cell type-specific targets, whereby pro-angiogenic
effects in large pulmonary artery endothelial cells are
mediated by inhibition of SPRED1 (sprout related EVH1
domain-containing 1) or PIK3R2, both negative regula-
tors of VEGF (vascular endothelial growth factor) sign-
aling [15, 16]. In contrast, the miR126 anti-angiogenic
effect in HLMVEC is mediated by inhibition of the amino
acid transporter SLC7A5/LAT1 (solute carrier family 7
member 5), which is required for mTOR signaling [14].
The differential effect on endothelial cells from distinct
pulmonary vessel sizes renders miR126 as a potential

mediator in COPD-PH, but how miR126 and its targets
are affected in COPD-PH has not been described.

Both CS exposure and COPD have a marked effect on
miR126. CS exposure decreases the intracellular expres-
sion of miR126 in HLMVEC and increases the secretion
of miR126 in endothelial exosomes [17]. Peripheral blood
endothelial cells of smokers and COPD individuals, and
lungs of mice exposed to CS [18] exhibit significantly
decreased miR126 expression, as well. The functional
effect of reduced miR126 in these conditions is not well
elucidated. We found that the decrease in miR126 in
CS-exposed HLMVEC may be adaptive, by protecting
against apoptosis and by promoting tube formation, via
increasing LAT1 [14]. In addition, we identified addi-
tional miR126 targets in HLMVEC including ADAMO.
The metalloprotease ADAMY has been recently recog-
nized as an important mediator of not only acute lung
injury, but also COPD, being implicated in lung inflam-
mation, alveolar septal apoptosis, emphysema, small
airway fibrosis, and mucous cell metaplasia in mice [19,
20]. In turn, in lung cancer, ADAMY increases angiogen-
esis and enhances pulmonary vascular remodeling [19].
Together, these findings suggest that miR126 and its tar-
get ADAM9 may play an important role in the vascular
remodeling in COPD, but their abundance in COPD-PH
has not been reported yet.

Using human lung tissue from individuals with a his-
tory of smoking, COPD, or COPD-PH, we sought to char-
acterize pulmonary arterial remodeling in these groups
in relationship to miR126 and ADAM9 expression.

Materials and methods

Human lung tissue (Additional file 1: Table S1)

Deidentified lungs from non-diseased non-smokers
and chronic smokers were obtained from National Jew-
ish Health Human Lung Consortium; lungs from Global
Initiative for Chronic Obstructive Lung Disease (GOLD)
stage 4 COPD were obtained from Lung Tissue Research
Consortium (LTRC); and lungs from COPD and COPD-
PH were obtained from University of Texas Houston
Lung Biobank.

Immunohistochemistry

Sections of 3 um thickness from paraffin-embedded
lungs were heated to 60 °C, followed by de-paraffinization
in CitriSolv Hybrid Solvent (Thermo Fisher; 04-355-121;
Waltham, MA, USA) and serial washes of 100%, 95%, and
70% ethanol solutions. Antigen retrieval was performed
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in a pressure cooker with citric acid-based Antigen
Unmasking Solution (Vector; H-3300; Burlingame, CA,
USA; 1:100). The tissue sections were then incubated in
0.3% hydrogen peroxide (Sigma-Aldrich; St. Louis, MO,
USA; H325-100) for 1 h, blocked in horse serum (Vec-
tor; PK-6200; 1:100), incubated with smooth muscle actin
(SMA) primary antibody (Dako; M0851; Glostrup, Den-
mark; 1:500) overnight at 4 °C, followed by biotinylated
anti-mouse secondary antibody (Vector; BA-2000; 1:250)
for 1 h at room temperature. The technical negative con-
trol was lung tissue stained exclusively with secondary
antibodies. The sections were then incubated with avi-
din-biotin complex (Vector; PK-4000) followed by DAB
substrate (Vector; SK-4100). The sections were mounted
with Aqua Poly mounting media (Pleasances; 18606-100;
Warrington, PA, USA). Blinded to the identity of the
slides, images were captured at 10 x using a Nikon 80i
microscope and 6 random quadrants per slide were ana-
lyzed using Image]J software (NIH).

Quantification of pulmonary vascular remodeling

and pulmonary artery classification

Using Image] software, the outer border of the tunica
media and border of the artery lumen was manually
outlined and the respective cross-sectional areas within
these borders were measured. The proportion of the pul-
monary artery staining positive for SMA was quantified
as: SMA area/(SMA area+ arterial lumen area). Because
these lungs were not processed in a manner to allow
for stereologic measurements, pulmonary arteries were
classified by size based on their cross-sectional areas
(Table 1): medium (>31,415.9 um?), small (3848.45—
31,415.9 pum?), and microvascular (<3848.5 um?). The
ranges of cross-sectional areas were extrapolated using
the equation 772, where r=diameter/2, based on pub-
lished external diameter ranges [21, 22]: medium (200—
500 pm), small (70-200 pm), or microvascular (<70 pm).

Table 1 Pulmonary artery classification

Pulmonary artery Diameter Cross sectional area
classification

Medium 200-500 um >31,415.9 um?

Small 70-200 pm 3848.5-31,4159 um?
Microvascular <70 pm <3848.5 um?

The cross-sectional area of each pulmonary artery was measured using

Imagel, using the external border of the tunica media as the outer edge. Three
size classifications based on the cross-sectional area were created: medium
(>31,415.9 um?), small (3848.5-31,415.9 um?), and microvascular (< 3848.5 um?).
The ranges of cross-sectional areas were extrapolated using the equation r’,
where r=diameter/2, based on published external diameter ranges [21, 22]:
medium (200-500 pum), small (70-200 pum), or microvascular (<70 pm)
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Immunofluorescence

De-paraffinization and antigen retrieval were performed
as described for immunohistochemistry. The sections
were blocked with 10% normal goat serum (Vector;
$-1000-20) and 0.1% Triton-X solution (Sigma-Aldrich;
x 100-100 mL) in PBS and incubated with primary anti-
bodies overnight at 4 °C: mouse anti-ceramide (Enzo Life
Sciences; ALX-804-196-T050; Farmingdale, NY, USA;
1:50), rabbit anti-CD31 (Novus Biologicals; NB 100-2284;
Littleton, CO, USA; 1:200), rabbit anti-ADAM9 (Abcam;
Ab186833; Cambridge, UK; 1:70), and/or mouse anti-
CD31 (Cell Signaling Technology; CS3528S; Danvers,
MA, USA; 1:250). Sections were then incubated with
their corresponding secondary antibodies: goat anti-rab-
bit conjugated to Alexa Fluor 568 (Invitrogen; A11036;
Waltham, MA, USA; 1:250) and goat anti-mouse con-
jugated to Alexa Fluor 488 (Invitrogen; A21121; 1:250).
The technical negative control was lung tissue stained
exclusively with secondary antibodies. TrueView Auto-
fluorescence Quenching Kit was applied per manufac-
turer’s instructions (Vector; SP-8500-15). Sections were
mounted with Prolong Gold with DAPI mounting media
(Thermo Fisher; P36931). Images were captured at 20X
using a Nikon 80i microscope (5 random quadrants per
slide) and analyzed blinded to the identity of the slides
using Image]2 software (Fiji).

Lung genomics research consortium (LGRC) cohort

We re-analyzed the microRNA microarray profiles of
flash frozen parenchymal lung tissues performed by the
LGRC, focusing on miR126. Lung tissue samples were
obtained from the NHLBI-sponsored LTRC (GSE72967,
GSE47460) representing explanted, resected, or biopsied
lung tissue of individuals with and without COPD. Meth-
ods of tissue procurement, cohort characteristics, and
gene expression profiling have been previously described
[23].

RNA isolation, reverse transcription, and RTqPCR

RNA isolation was performed on frozen lung tissue using
the RNEasy Plus Micro kit (Qiagen; 74034; Germantown,
MD, USA) or miRNeasy Tissue/Cells Advanced Mini Kit
(Qiagen; 217604) following the manufacturer’s instruc-
tions. Reverse transcription followed by RTqPCR was
performed on the StepOnePlus System (software version
2.3) using Tagman gene expression assays. The following
primers were used: miR126-3p (Thermo Fisher; 4427975;
assay ID 002228; target sequence UCGUACCGUGAG
UAAUAAUGCG), miR126-5p (Thermo Fisher; 4427975;
assay ID 000451; target sequence CAUUAUUACUUU
UGGUACGCG), SPRED1 (Thermo Fisher; Hs01084559
m1l), VEGFA (Thermo Fisher; Hs00900055_m1), LAT1
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(Thermo Fisher; Hs01001189_m1l), and ADAMY9
(Thermo Fisher; Hs00177638_m1). Human 18S (H18S)
(Thermo Fisher; 4333760F) was used as the housekeep-
ing gene for mRNA quantification and RNU48 (Thermo
Fisher; 4427975; assay ID 001006; target sequence GAU
GACCCCAGGUAACUCUGAGUGUGUCGCUGA
UGCCAUCACCGCAGCGCUCUGACC) was used for
miRNA quantification. Relative RNA expression was
quantified as 2722€T as previously described [24].

Cell culture

Primary HLMVEC were obtained from a commercial
source (Lonza; CC2527; Basel, Switzerland) and main-
tained in complete culture medium EGM-2 (Lonza;
CC3156) supplemented with its specific Bullet-Kit
(Lonza; CC4147). All experiments were performed in
HLMVEC between passages 3 to 7. The smoking sta-
tus, age, and gender of the donor were provided by the
supplier.

miRNA transfection

We used lysates from experiments previously performed
and described by Cao et al. [14]. Briefly, HLMVEC from
non-smoker donors were transfected at 80% to 90% con-
fluency using lipofectamine RNAIMAX (Invitrogen;
13778150) with either miR126-3p-mimic (Dharmacon;
C-300626-07-0002; Lafayette, CO, USA; 5 nM; 16 h), to
achieve miR126 overexpression (OE); or with antisense
miR126-3p (Dharmacon; IH-300626-08-0002; 5 nM;
16 h), to achieve miR126 knockdown (KD). Control
cells were transfected with non-targeting (NT) mimics
(Dharmacon; D-001810-10-05; 5 nM; 16 h). Transfection
efficiencies were verified with real-time quantitative pol-
ymerase chain reaction (RTqPCR) and previously pub-
lished by Cao et al. [14].

Protein isolation and western blotting

To extract proteins, cells were incubated with lysis buffer
comprised of RIPA buffer (Sigma-Aldrich; R0278),
PhosStop (Sigma-Aldrich; 4906837001), and Complete
(Sigma-Aldrich; 4693116001) tablets, which contain
protease inhibitor cocktails, followed by sonication and
centrifugation for 10 min at 4 °C to collect the superna-
tant. Equal protein amounts, as determined by the Pierce
bicinchoninic acid assay protein analysis (Thermo Fisher;
23225; Waltham, MA, USA), were separated by SDS-
PAGE and transferred onto a polyvinylidene difluoride
membrane (EMD Millipore; IPLF10100; Burlington,
MA, USA), followed by routine western immunoblotting.
Blots were washed with TBS+0.1% Tween-20 (TBST),
blocked in TBST with 5% BSA solution, and incubated
overnight with the primary antibody ADAMY9 (Cell
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Signaling Technology; 2099S; 1:500-1:1000). Blots were
then washed and incubated with rabbit HRP-conjugated
secondary antibody (Sigma-Aldrich; NA9340V; 1:10,000).
Immune complexes were detected using enhanced
chemiluminescence, quantified by densitometry (Image]J
software) and normalized to vinculin (Abcam; Ab18058;
1:5000) as the loading control.

Statistical analysis

Statistical analysis was performed using Prism (Graph-
Pad; version 9.1.1; La Jolla, CA, USA). Comparisons
among groups were made using 1-way ANOVA with
Dunnett’s multiple comparisons tests, unpaired t-test,
and Pearson’s correlation analysis, as appropriate. All
data are expressed as mean=+SD or SEM, as appropriate.
Statistical difference was accepted at a P value < 0.05.

Results

Pulmonary arterial remodeling in chronic smokers, COPD,
and COPD-PH

Immunohistochemistry staining for SMA was per-
formed on human lung tissue sections from non-smok-
ers, chronic smokers without lung disease, COPD, and
COPD-PH individuals to quantify the degree of pulmo-
nary arterial remodeling in the tunica media and intima
(Fig. 1A). Compared to non-smokers and smokers with-
out COPD, lungs of COPD and COPD-PH had signifi-
cantly increased SMA abundance in pulmonary arteries
of all sizes (p=0.0003 and 0.001, respectively) (Fig. 1B).
We then assessed pulmonary arterial remodeling based
on the pulmonary artery size classification. Interest-
ingly, chronic smokers without COPD did not have
significantly increased SMA abundance compared to
non-smokers, apart from a slight relative increase in the
medium sized pulmonary arteries (Fig. 1C). Consistent
with the data for all pulmonary arteries, both COPD and
COPD-PH individuals had significantly increased SMA
abundance, particularly in the small pulmonary arteries
(p<0.0001 and 0.0008, respectively) and the microvas-
culature (p<0.0001 and 0.006, respectively) (Fig. 1D, E).
There was no significant correlation between the degree
of pulmonary vascular remodeling and mean pulmonary
artery pressure (mPAP) (Additional file 1: Fig. S1).

Endothelial cell and pro-apoptotic ceramide abundance

in pulmonary arteries

Since endothelial cell dysfunction and destruction of
the vascular bed are two key mechanisms of pulmo-
nary vascular remodeling in COPD and COPD-PH [7],
we assessed the presence of endothelial cells in small
pulmonary arteries and the microvasculature, which
is where we identified the highest levels of remodeling.
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Fig. 1 Pulmonary Arterial Remodeling in COPD and COPD-PH. A Representative images of smooth muscle actin (SMA) (brown) in human lung
tissue from non-smokers and smokers without COPD as well as COPD and COPD-PH individuals, determined by immunohistochemistry (IHC).
The slides were counterstained with hematoxylin (blue). Black arrows point to pulmonary arteries. Images were captured at 10X; scale bar is
100 um. B-E Quantification of pulmonary arterial remodeling was performed by calculating the proportion of the artery which stained positive
for SMA. B Quantification of SMA abundance in pulmonary arteries, regardless of size. Each data point represents an individual; horizontal lines are
mean =+ SEM. SMA abundance analyzed by size of: (C) medium pulmonary arteries, (D) small pulmonary arteries, and (E) microvasculature, with each
data point representing a single pulmonary vessel and horizontal lines representing mean = SD. For all graphs, n =number of individuals in each
group; 1-way ANOVA with Dunnett’s multiple comparisons test was used for statistical analysis

Using immunofluorescence to stain for the endothe-
lial cell marker CD31 (Fig. 2A), we found that COPD
and COPD-PH individuals had significantly decreased
endothelial cell abundance in small pulmonary arteries
(p=0.008 each) and the microvasculature (p=0.004
and 0.001, respectively) compared to non-smokers and
chronic smokers without COPD (Fig. 2B, C). We then
stained for ceramide, a bioactive sphingolipid caus-
ally implicated in lung endothelial cell apoptosis and
emphysema [3], and found increased ceramide abun-
dance in the COPD and COPD-PH groups, which
reached statistical significance in small pulmonary
arteries (p =0.017 and 0.0005, respectively) (Fig. 2D, E).
These findings suggest endothelial cell and pulmonary
arterial injury in COPD and COPD-PH.

Expression of miR126 and its targets in lung tissue

Given the prominent role of miR126 in regulating pulmo-
nary vascular endothelial cell survival and repair [13], we
next quantified miR126 expression in human lung tissue.
We analyzed pre-existing miRNA microarray profiles
obtained by the LGRC and found that lung tissue from
COPD individuals had significantly decreased miR126
expression compared to control lung tissue (p=0.015)
(Fig. 3).

Building on our previously published data about
miR126-targets in HLMVEC [14], we sought to iden-
tify which mRNA targets had a significant inverse cor-
relation with miR126 in the lung tissue. We did not find
any significant correlation between miR126 expression
and LATI, SPREDI, or VEGFA expression in human
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Fig. 2 Endothelial cell and ceramide abundance in pulmonary arteries. A Representative images of immunofluorescence performed on human
lung tissue from non-smokers and smokers without COPD as well as COPD and COPD-PH individuals, staining for the endothelial cell marker CD31
(red), ceramide (green), and DAPI (blue). Each image shows a pulmonary artery. Images were captured at 20x; scale bar is 50 um. B, C Quantification
of endothelial cell abundance in (B) small pulmonary arteries and (C) the microvasculature. D, E Quantification of ceramide abundance in (D) small
pulmonary arteries and (E) the microvasculature. For all graphs, each data point represents an individual; n =number of individuals in each group;
horizontal lines are mean = SEM; 1-way ANOVA with Dunnett’s multiple comparisons test was used for statistical analysis
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Fig. 3 miR126 Expression in COPD. MiR126-3p expression from
reanalysis of microarray profiles of human lung tissue from
individuals with or without COPD performed by the Lung Genomics
Research Consortium (LGRC). The samples were obtained from

the NHLBI-sponsored Lung Tissue Research Consortium (LTRC)
(GSE72967, GSE47460). Each data point represents an individual;
horizontal lines are mean = SEM; unpaired t-test was used for

lung tissue from non-smokers, smokers, and COPD-PH
individuals (Additional file 1: Fig. S2). In turn, ADAM9
expression was significantly inversely correlated with
miR126 expression in human lung tissue (r*=0.06,
p=0.02) from non-smokers, smokers, and COPD-PH
individuals (Fig. 4A). We further validated this reciprocal
relationship between miR126 and ADAM9 in HLMVEC,
finding that miR126-KD resulted in increased ADAM9
protein abundance (Fig. 4B).

ADAM9 abundance in pulmonary arteries

Given our findings of decreased miR126 in COPD and
an inverse correlation between miR126 and ADAM?9, we
hypothesized that the remodeled pulmonary vasculature
in COPD will be characterized by increased ADAM9
abundance. We performed immunofluorescence stain-
ing for ADAM9 on a cohort of non-smokers, chronic
smokers, GOLD stage 4 COPD (with unknown or unde-
fined PH status), and COPD-PH individuals (Fig. 5A).
We selected lungs from individuals with GOLD stage 4
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Fig. 4 Correlation between miR126 and ADAMO. A Linear regression of association of lung miR126 and ADAM9 mRNA expression levels measured
by RTgPCR in non-smokers (n=4), smokers without COPD (n=3), and COPD-PH (n=1) individuals. Each data point represents an individual;
Pearson’s correlation analysis was used for statistical analysis. B ADAM9 long (L) and short (S) isoforms abundance in western blots of human lung
microvascular endothelial cells from non-smokers transfected with miR126-3p-mimic (126-OE) or antisense (126-KD), using vinculin as loading
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COPD (FEV1<30%) because the prevalence of PH is as
high as 90% in individuals with severe emphysema (90%)
[4-7]. We found that individuals with severe COPD that
are likely to have PH as well as individuals with con-
firmed COPD-PH had significantly increased ADAM9
abundance in small pulmonary arteries (p=0.003;
Fig. 5B) and the microvasculature (p =0.002; Fig. 5C).

Discussion

We identified significantly increased remodeling of the
small pulmonary arteries and microvasculature in all
COPD lungs, regardless of mPAP. The endothelial cell-
enriched miR126 is decreased in COPD lungs and is
inversely correlated with ADAM9 expression. Finally, we
found that ADAM9 abundance is significantly increased
in the small pulmonary arteries and microvasculature of
COPD lungs, coupled with decreased endothelial cell-
and increased pro-apoptotic ceramide abundance.

Our finding of significant morphological and endothe-
lial cellular changes in small pulmonary arteries and the
microvasculature in COPD lungs without hemodynamic
evidence of PH furthers our understanding of the charac-
teristics of pulmonary vascular remodeling in COPD. Our
data are consistent with prior work by Magee et al. who
showed that patients with mild to moderate COPD without
pulmonary hypertension develop intimal thickening [25].
Our finding is also compatible with the work of Bunel et al.
who found that COPD patients with severe PH undergoing
lung transplantation had an increased remodeling score of
the microvessels compared to COPD patients with moder-
ate PH or those without PH [26]. Interestingly, Santos et al.

showed that even smokers without COPD develop intimal
thickening and pulmonary arterial wall thickness [27], and
Seimetz et al. showed that pulmonary vascular remodeling
and pulmonary hypertension preceded the development of
emphysema in mice exposed to cigarette smoke [28]. We
did not find that smokers without COPD had significantly
increased pulmonary arterial remodeling apart from a
slight trend in medium sized pulmonary arteries. However,
this may be due to differences in our donor patient popu-
lation: the cohort of smokers without COPD had an aver-
age age of 47.1 years, which was at least 10 years younger
than the COPD and COPD-PH cohorts and even younger
than the non-smokers without COPD cohort (average age
50.4 years). One limitation of our methodology was that
due to a limited number lung tissue samples available,
we performed IHC only for SMA, without cell type-spe-
cific co-staining, and therefore we were unable to identify
whether the remodeling was due to intimal proliferation or
medial hypertrophy.

The significant remodeling noted in the COPD-
only cohort is consistent with the lack of a correlation
between SMA abundance and mPAP. In fact, pulmonary
arterial wall thickness, quantified with SMA abundance,
has not been consistently correlated with mPAP, particu-
larly in the absence of vaso-occlusive plexiform lesions
[29-31]. Taken together and in context of published liter-
ature, our data indicate that significant remodeling of the
pulmonary vascular bed of small and microvascular size
occurs before or independent of the clinical development
of PH. These findings highlight the importance of defin-
ing the mechanisms of pulmonary vascular injury and
dysfunction which are associated with chronic smoking



Goel et al. Respiratory Research (2022) 23:349

Page 8 of 10

A ADAM9

Non-Smoker

GOLD Stage 4 COPD

B ADAM9 Abundance
in Small Pulmonary Arteries
12+ p=0.0003
I 1
2 o
=g 9
8 £
DO— 2 ° od E o
22 8
£ 6
‘% <D( o* Ofm
& 0,0
ﬁ f 34 o ® p@pm
§5 0 ogew g
<
0 T T T
Non Smoker COPD
Smoker (n=10) (n=19)
(n=10)

O GOLD Stage 4 COPD
E COPD-PH
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and COPD, rather than focusing solely on established
COPD-PH.

Building on the work of Paschalaki et al. who found
decreased miR126 in mouse lung tissue after 28 days
of CS exposure [18], we found significantly decreased
miR126 in human lung tissue from individuals with
COPD compared to individuals without COPD.
Although this finding does not capture the cell-specific
quantification of miR126, it highlights a strong signal for
overall decreased miR126 levels, which may have differ-
ent downstream consequences in different endothelial
cell-types. Although miR126, by playing a key role in
pulmonary vascular endothelial cell survival and repair

[13] is an attractive target for COPD-PH, other miR-
NAs may also be involved in the development of COPD
and COPD-PH. For example, Hertig et al. found that
miR125a, 130a, and 424-5p were significantly decreased
in explanted lung tissue from COPD-PH patients and
were inversely correlated with mPAP [32].

We focused on ADAMY, which we found was signifi-
cantly inversely correlated with miR126 expression in
human lung tissue, suggesting it is a direct target, which is
consistent with other published work and publicly avail-
able datasets which predict biological targets of miRNA
[14, 33-35]. Moreover, ADAM9 has emerged as a key
player in the pathogenesis of COPD/emphysema [19, 20].
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Similarly, Wang et al. showed that there was increased
ADAMY expression in mouse lungs exposed to CS and
in the alveolar epithelium in individuals with COPD
[20]. Although ADAMO9 has been shown to enhance pul-
monary vascular remodeling in lung cancer via VEGFA,
angiopoietin-2, and tissue plasminogen activator [19,
36], there is a paucity of literature linking ADAM? to PH.
White et al. performed microarray analysis in pulmonary
arteries and found a 1.39 fold change increase in ADAM9
expression in chronically hypoxic mice overexpressing
serotonin transporter as a model of PAH, compared to
control mice [37]. We found that ADAM9 abundance
was significantly increased in the same pulmonary vascu-
lar beds which exhibited the most amount of remodeling
of COPD and COPD-PH individuals (small pulmonary
arteries and lung microvasculature). ADAMO is ubiqui-
tously expressed and secreted by multiple cell types [19].
For example, we noted abundant ADAMO staining in the
tunica media of the pulmonary arteries (comprised pri-
marily of smooth muscle cells). While it is possible that
ADAMDO is regulated by other miRNAs in smooth muscle
cells, Shen et al. showed that miR126 negatively regulates
ADAMDY in both human aortic endothelial and smooth
muscle cells [34]. In addition, miR126 may be secreted
by endothelial cells within exosomal cargo [17], or as
shown by Zhou et al., within protein complexes that can
be taken up by smooth muscle cells to alter gene expres-
sion [38, 39]. Future studies will have to elucidate the role
of cell-specific and intercellular communication between
miR126 and ADAMO in pulmonary vascular remodeling.

Although our data await mechanistic validation, given the
well phenotyped human samples studied and the corrobora-
tive biological plausible link with histological and biochemi-
cal markers of pulmonary vascular remodeling, our findings
support the importance of further investigations into the
role miR126 and ADAM9 in COPD-PH pathogenesis.

Conclusion

Decreased miR126 expression in COPD may impact
endothelial cell survival and subsequent vascular remod-
eling in small pulmonary arteries and lung microvascula-
ture via ADAMO.

Abbreviations

COPD: Chronic obstructive pulmonary disease; CS: Cigarette smoking; DLCO:
Diffusion capacity for carbon monoxide; FEV1: Forced expiratory volume in 1's;
FVC: Forced vital capacity; GOLD: Global initiative for chronic obstructive lung
disease; hAoEC: Human aortic endothelial cells; HASMC: Human aortic smooth
muscle cells; HLMVEC: Human lung microvascular endothelial cells; IF: Immu-
nofluorescence; IHC: Immunohistochemistry; LGRC: Lung Genomics Research
Consortium; LTRC: Lung Tissue Research Consortium; miR126: MicroRNA-126;
mPAP: Mean pulmonary artery pressure; PAH: Pulmonary arterial hypertension;
PH: Pulmonary hypertension; SLC7A5/LAT1: Solute carrier family 7 member 5;
SMA: Smooth muscle actin; SPRED1: Sprout related EVHT domain-containing
1; VEGF: Vascular endothelial growth factor.

Page 9 of 10

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512931-022-02267-4.

Additional file 1: Table S1. Characteristics of human lung tissue donors.
Fig. S1. Correlation between mPAP and pulmonary arterial remodeling.
Fig. S2. Correlation between miR126 and mRNA Targets.

Acknowledgements
Not applicable.

Author contributions

KG designed experiments, performed experiments, analyzed and interpreted
data, and wrote the manuscript. NE performed experiments and analyzed
data. AG performed experiments and analyzed data. DC designed experi-
ments, performed experiments, and analyzed data. SM designed experi-
ments. MS and PJL provided data. SC, SSJ, HJH, and HKQ provided samples. IP
designed and coordinated experiments, performed data analysis, interpre-
tation, and wrote the manuscript. All authors read and approved the final
manuscript.

Funding

Research was supported by NHLBI of the National Institutes of Health under
award number F32HL158086 (KG), ROTHL15594 (MS), ROTHL138510 (HKQ),
ROTHL156100 (HKQ), and the Carson Family Foundation (IP).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All studies on human samples were approved by the Human Investiga-
tion Committee at National Jewish Health (IRB #HS-2933), Yale University
(2000020056), and the University of Texas Houston (HSC-MS-08-0354 and
HSC-MS-15-1049).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

‘Departmem of Medicine, Division of Pulmonary and Critical Care Medicine,
National Jewish Health, Denver, USA. 2Department of Medicine, Division

of Pulmonary Sciences and Critical Care, University of Colorado, Aurora,

USA. *Nova Southeastern University Dr. Kiran C. Patel College of Allopathic
Medicine, Fort Lauderdale, USA. 4Department of Biochemistry and Molecu-
lar Biology, University of Texas Health Science Center Houston, Houston,

USA. 5Departmem of Internal Medicine, Division of Pulmonary, Critical Care,
and Sleep Medicine, University of Texas Health Science Center at Houston,
McGovern Medical School, Houston, USA. ®Division of Pulmonary Critical Care,
Transplant Pulmonology, Houston Methodist Hospital, Houston, USA. ”Depart-
ment of Medicine, Division of Pulmonary, Allergy, and Critical Care Medicine,
Yale School of Medicine , New Haven, USA. ®Department of Medicine, Division
of Pulmonary, Allergy, and Critical Care Medicine, Duke University School

of Medicine, Durham, USA. °Divisions of Critical Care, Pulmonary and Sleep
Medicine, Department of Internal Medicine, and Department of Biochemistry
and Molecular Biology, McGovern Medical School, University of Texas Health
Science Center at Houston, Houston, USA.

Received: 23 July 2022 Accepted: 29 November 2022
Published online: 15 December 2022


https://doi.org/10.1186/s12931-022-02267-4
https://doi.org/10.1186/s12931-022-02267-4

Goel et al. Respiratory Research

(2022) 23:349

References

1.

2.

20.

21

22.

Tuder RM, Petrache I. Pathogenesis of chronic obstructive pulmonary
disease. J Clin Invest. 2012;122(8):2749-55.

Cornelius ME, Wang TW, Jamal A, Loretan CG, Neff LJ. Tobacco product
use among adults—United States, 2019. Morb Mortal Wkly Rep.
2020;69(46):1736-42.

Petrache INV, Zhen L, Medler TR, Richter A, Cho C, Hubbard WC,
Berdyshev EV, Tuder RM. Ceramide upregulation causes pulmonary cell
apoptosis and emphysema. Nat Med. 2005;11(5):491-8.

Minai OA, Chaouat A, Adnot S. Pulmonary hypertension in COPD: epide-
miology, significance, and management: pulmonary vascular disease: the
global perspective. Chest. 2010;137(6 Suppl):395-51S.
Oswald-Mammosser M, Weitzenblum E, Quoix E, Moser G, Chaouat A,
Charpentier C, et al. Prognostic factors in COPD patients receiving long-
term oxygen therapy. Importance of pulmonary artery pressure. Chest.
1995;107(5):1193-8.

Kessler RFM, Fourgaut G, Mennecier B, Weitzenblum E. Predictive fac-
tors of hospitalization for acute exacerbation in a series of 64 patients
with chronic obstructive pulmonary disease. Am J Resp Crit Care Med.
1999;159(1):158-64.

Chaouat A, Naeije R, Weitzenblum E. Pulmonary hypertension in COPD.
Eur Respir J. 2008;32(5):1371-85.

Cooper R, Ghali J, Simmons BE, Castaner A. Elevated pulmonary

artery pressure. An independent predictor of mortality. Chest.
1991;99(1):112-20.

Sakao S, Voelkel NF, Tatsumi K. The vascular bed in COPD: pulmonary
hypertension and pulmonary vascular alterations. Eur Respir Rev.
2014,23(133):350-5.

Washko GR, Nardelli P, Ash SY, Vegas Sanchez-Ferrero G, Rahaghi FN,
Come CE, et al. Arterial vascular pruning, right ventricular size, and clini-
cal outcomes in chronic obstructive pulmonary disease. A longitudinal
observational study. Am J Respir Crit Care Med. 2019;200(4):454-61.

. Jonigk D, Golpon H, Bockmeyer CL, Maegel L, Hoeper MM, Gottlieb J,

et al. Plexiform lesions in pulmonary arterial hypertension composition,
architecture, and microenvironment. Am J Pathol. 2011;179(1):167-79.
Barbera JA, Blanco I. Pulmonary hypertension in patients with chronic
obstructive pulmonary disease: advances in pathophysiology and man-
agement. Drugs. 2009;69(9):1153-71.

Fish JE, Santoro MM, Morton SU, Yu S, Yeh RF, Wythe JD, et al. miR-

126 regulates angiogenic signaling and vascular integrity. Dev Cell.
2008;15(2):272-84.

Cao D, Mikosz AM, Ringsby AJ, Anderson KC, Beatman EL, Koike K, et al.
MicroRNA-126-3p inhibits angiogenic function of human lung microvas-
cular endothelial cells via LAT1 (L-type amino acid transporter 1)-medi-
ated mTOR (mammalian target of rapamycin) signaling. Arterioscler
Thromb Vasc Biol. 2020;40(5):1195-206.

Nicoli S, Standley C, Walker P, Hurlstone A, Fogarty KE, Lawson ND.
MicroRNA-mediated integration of haemodynamics and Vedf signalling
during angiogenesis. Nature. 2010;464(7292):1196-200.

Yuan'Y, Shen C, Zhao SL, Hu YJ, Song Y, Zhong QJ. MicroRNA-126 affects
cell apoptosis, proliferation, cell cycle and modulates VEGF/ TGF-3
levels in pulmonary artery endothelial cells. Eur Rev Med Pharmacol Sci.
2019;23(7):3058-69.

Serban KA, Rezania S, Petrusca DN, Poirier C, Cao D, Justice MJ, et al.
Structural and functional characterization of endothelial microparticles
released by cigarette smoke. Sci Rep. 2016;6:31596.

Paschalaki KE, Zampetaki A, Baker JR, Birrell MA, Starke RD, Belvisi

MG, et al. Downregulation of MicroRNA-126 augments DNA damage
response in cigarette smokers and patients with chronic obstructive
pulmonary disease. Am J Respir Crit Care Med. 2018;197(5):665-8.

Chou CW, Huang YK, Kuo TT, Liu JP, Sher YP. An overview of ADAM9:
structure, activation, and regulation in human diseases. Int J Mol Sci.
2020;21(20):7790.

Wang X, Polverino F, Rojas-Quintero J, Zhang D, Sanchez J, Yambayev |,
et al. A disintegrin and A metalloproteinase-9 (ADAM9): a novel protein-
ase culprit with multifarious contributions to COPD. Am J Respir Crit Care
Med. 2018;198:1500.

Tuder RMMJ, Richter A, Fijalkowaska I, Flores S. Pathology of pulmonary
hypertension. Clin Chest Med. 2007;28(1):23-vii.

Townsley MI. Structure and composition of pulmonary arteries, capillar-
ies, and veins. Compr Physiol. 2012;2(1):675-709.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

Page 10 of 10

Nouws J, Wan F, Finnemore E, Roque W, Kim SJ, Bazan |, et al. MicroRNA
miR-24-3p reduces DNA damage responses, apoptosis, and susceptibility
to chronic obstructive pulmonary disease. JCI Insight. 2021,6(2).

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods.
2001;25(4):402-8.

Magee F, Wright JL, Wiggs BR, Pare PD, Hogg JC. Pulmonary vascular
structure and function in chronic obstructive pulmonary disease. Thorax.
1988;43(3):183-9.

Bunel V, Guyard A, Dauriat G, Danel C, Montani D, Gauvain C, et al.
Pulmonary arterial histologic lesions in patients with COPD with severe
pulmonary hypertension. Chest. 2019;156(1):33-44.

Santos S, Peinado VI, Ramirez J, Melgosa T, Roca J, Rodriguez-Roisin R,

et al. Characterization of pulmonary vascular remodelling in smokers and
patients with mild COPD. Eur Respir J. 2002;19(4):632-8.

Seimetz M, Parajuli N, Pichl A, Veit F, Kwapiszewska G, Weisel FC, et al.
Inducible NOS inhibition reverses tobacco-smoke-induced emphysema
and pulmonary hypertension in mice. Cell. 2011;147(2):293-305.

Wright JL, Petty T, Thurlbeck WM. Analysis of the structure of the mus-
cular pulmonary arteries in patients with pulmonary hypertension and
COPD: National Institutes of Health nocturnal oxygen therapy trial. Lung.
1992;170(2):109-24.

Kubo K, Ge RL, Koizumi T, Fujimoto K, Yamanda T, Haniuda M, et al.
Pulmonary artery remodeling modifies pulmonary hypertension during
exercise in severe emphysema. Respir Physiol. 2000;120(1):71-9.
Chatterjee K, Tarawneh AR, Alam S. Out of proportion pulmonary
hypertension in obstructive lung diseases. Curr Opin Pulm Med.
2018;24(2):161-72.

Hertig D, Leuenberger C, Rechsteiner T, Soltermann A, Ulrich S, Weder W,
et al. microRNA profile in COPD patients with and without pulmonary
hypertension. Eur Respir J. 2015;46(Suppl 59):PA583.

Caporali S, Amaro A, Levati L, Alvino E, Lacal PM, Mastroeni S, et al. miR-
126-3p down-regulation contributes to dabrafenib acquired resistance in
melanoma by up-regulating ADAM9 and VEGF-A. J Exp Clin Cancer Res.
2019;38(1):272.

Shen G, Sun Q,YaoY, Li S, Liu G, Yuan C, et al. Role of ADAM9 and miR-126
in the development of abdominal aortic aneurysm. Atherosclerosis.
2020;297:47-54.

Liu B, Wang R, Liu H. mir-126-5p promotes cisplatin sensitivity of
non-small-cell lung cancer by inhibiting ADAM9. Biomed Res Int.
2021;2021:6622342.

Lin CY, Cho CF, Bai ST, Liu JP, Kuo TT, Wang LJ, et al. ADAMO9 promotes lung
cancer progression through vascular remodeling by VEGFA, ANGPT2, and
PLAT. Sci Rep. 2017;7(1):15108.

White K, Loughlin L, Magbool Z, Nilsen M, McClure J, Dempsie Y, et al.
Serotonin transporter, sex, and hypoxia: microarray analysis in the pul-
monary arteries of mice identifies genes with relevance to human PAH.
Physiol Genomics. 2011;43(8):417-37.

Zhou J, Li YS, Nguyen P, Wang KC, Weiss A, Kuo YC, et al. Regulation of
vascular smooth muscle cell turnover by endothelial cell-secreted micro-
RNA-126: role of shear stress. Circ Res. 2013;113(1):40-51.

Boon RA. Endothelial microRNA tells smooth muscle cells to proliferate.
Circ Res. 2013;113(1):7-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Characterization of pulmonary vascular remodeling and MicroRNA-126-targets in COPD-pulmonary hypertension
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Human lung tissue (Additional file 1: Table S1)
	Immunohistochemistry
	Quantification of pulmonary vascular remodeling and pulmonary artery classification
	Immunofluorescence
	Lung genomics research consortium (LGRC) cohort
	RNA isolation, reverse transcription, and RTqPCR
	Cell culture
	miRNA transfection
	Protein isolation and western blotting
	Statistical analysis

	Results
	Pulmonary arterial remodeling in chronic smokers, COPD, and COPD-PH
	Endothelial cell and pro-apoptotic ceramide abundance in pulmonary arteries
	Expression of miR126 and its targets in lung tissue
	ADAM9 abundance in pulmonary arteries

	Discussion
	Conclusion
	Acknowledgements
	References


