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Epigenetic regulation of pulmonary arterial

hypertension

Xue-Feng Xu, Fen Cheng and Li-Zhong Du

Pulmonary arterial hypertension (PAH) is diagnosed as a sustained elevation of pulmonary arterial pressure to more than

25 mmHg at rest or to more than 30 mm Hg with exercise. PAH is an intrinsic disease of the pulmonary vascular smooth muscle
and endothelial cells in association with plexiform lesions, medial thickening, concentric laminar intimal fibrosis and thrombotic
lesions. Pulmonary vascular remodeling is the characteristic pathological change of PAH. The pathogenesis of PAH has been
studied at the level of smooth muscle and endothelial cells. Existing research does not adequately explain susceptibility to the
disease, and recent evidence reveals that epigenetic alterations may be involved in PAH. Epigenetics refers to all heritable
changes in phenotype or in gene expression states, including chromatin remodeling, DNA methylation, histone modification and
RNA interference, which are not involved in the DNA sequence itself. This review will focus on recent advances in epigenetics
related to PAH, including epigenetic changes of superoxide dismutase, endothelial nitric oxide synthase and the bone
morphogenetic protein signaling pathway. This will provide new insight for improved treatment and prevention of PAH.

Future work aimed at specific epigenetic treatments may prove to be an effective therapy for patients with PAH.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is diagnosed as a sustained
elevation of pulmonary arterial pressure to more than 25 mm Hg at
rest or to more than 30 mm Hg with exercise, and both concurrent
with a mean pulmonary capillary wedge pressure and left ventricular
end-diastolic pressure of less than 15mm Hg.! According to the 4th
World Symposium on Pulmonary Hypertension in 2008, PAH
includes idiopathic PAH, familial PAH and acquired PAH.? The latter
arises in association with collagen vascular disease, portal hyperten-
sion, infection with the human immunodeficiency virus, drugs and
toxins, and other conditions. This category can have significant venous
or capillary involvement as a consequence of pulmonary veno-
occlusive disease and pulmonary capillary hemangiomatosis, as well
as persistent pulmonary hypertension of the newborn (PPHN).?

The pulmonary circulation is a low-pressure, low-resistance and
high-flow system that has a pivotal role in gas exchange and oxygen
transport. The pulmonary arteries have thinner muscular media, and
the tone of pulmonary vascular smooth muscle is lower than that of
most systemic arteries.> The pulmonary vascular wall possesses three
layers: an outer adventitia containing fibroblasts, a media composing
of smooth muscle cells and one or more elastic laminae, and an intima
characterized by a single layer of endothelial cells. Furthermore, within
each layer, there are various extracellular matrix components involved
in a number of functions.* From a physiological point of view,

pulmonary hypertension is also divided into the two broad categories
of obliterative pulmonary hypertension and secondary pulmonary
hypertension.> Obliterative PAH is an intrinsic disease of the pulmon-
ary vascular smooth muscle and endothelial cells in association with
plexiform lesions, medial thickening, concentric laminar intimal
fibrosis and thrombotic lesions. The obliterative process impedes
blood flow through small pulmonary vessels resulting in chronic
and sustained pulmonary hypertension. Those alterations can be
seen in idiopathic PAH, familial PAH, acquired PAH and PPHN.
The main change in PAH is a progressive increase in pulmonary
vascular resistance resulting in right ventricular failure and ultimately
death. Vasoconstriction, remodeling of the pulmonary vascular wall
and thrombosis will contribute to increased pulmonary vascular
resistance in PAH.® These findings suggest the presence of an imbal-
ance between vasodilators and vasoconstrictors, growth inhibitors and
mitogenic factors, and antithrombotic and prothrombotic determi-
nants.! Pulmonary vascular remodeling (PVR) is the characteristic
pathological change of PAH. Unlike large systemic vessel atheromata,
remodeling of pulmonary vasculature occurs primarily in small vessels
(<500 um diameter).> The process of PVR involves all layers of the
vessel wall, including hypertrophy (cell growth) and hyperplasia
(proliferation) of vascular cells such as endothelial cells, fibroblasts
and smooth muscle cells. A hallmark feature of PVR is abnormal
smooth muscle cell proliferation leading to medial thickening, which
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includes the distal extension of smooth muscle into small peripheral,
normally non-muscular, pulmonary arteries within the respiratory
acinus.® Plexiform lesions or abnormal pulmonary vascular endothe-
lial cell proliferation, the classic pathological finding in PAH, is present
in about one in three lung biopsy specimens.” The process may be
induced by hypoxia, shear stress, inflammation or response to drugs
or toxins on a background of genetic susceptibility.® Pulmonary
endothelial cell dysfunction of PAH has been shown to be correlated
with decreased production of nitric oxide (NO) and prostacyclin and
increased production of endothelin.

Previous studies have demonstrated that superoxide dismutase
(SOD), endothelial NO synthase (eNOS) and the bone morphogenetic
protein (BMP) signaling pathway are strongly associated with the
pathogenesis of PVR in PAH.*7~ Further studies reveal that epigenetic
alterations of these protein pathways are involved in PAH.?>"!! In this
review, we will discuss epigenetic regulation of the proteins in PAH.

EPIGENETICS

Epigenetics describes all heritable changes in phenotype or in gene
expression states that are not involved in the DNA sequence itself.'?
Chromatin remodeling, DNA methylation, histone modification and
RNA interference are the tools of epigenetic regulation. DNA methy-
lation and histone modification are the predominant epigenetic
phenomena, which selectively activate or inactivate genes that control
cell growth, proliferation and apoptosis. Epigenetic modifications
provide a mechanism that allows the stable propagation of gene
activity states from one generation of cells to the next.!> There is a
large body of evidence that epigenetic modifications are involved in
the pathological mechanisms of many diseases including cancer,
asthma and several hereditary disorders.!214-16

DNA methylation

DNA methylation is essential for the development of mammals and is
involved in regulating many cellular processes, such as embryonic
development, transcription, X chromosome inactivation and genomic
imprinting. Many human diseases could be associated with aberrant
DNA methylation.!” The most striking feature of DNA methylation
patterns is the presence of CpG islands, which are unmethylated
CpG-rich regions that possess high relative densities of CpG, and are
located at the 5" ends of many genes.'® Approximately 60-90% of all
CpGs in the genome are methylated, whereas unmethylated CpG
dinucleotides are mainly clustered in the CpG islands of the gene
promoter region.! Mammalian DNA methyltransferases are mainly
classified into maintenance DNA methyltransferase (DNMT1) and
de novo methylases (DNMT3a and DNMT3b). Maintenance methylase
(DNMT1) is highly active to methylate a hemi-methylated DNA that
is methylated in one of the doubled-stranded DNA and unmethylated
in the other. DNMT3a and DNMT3b can add a methyl group to
unmethylated CpG base pairs, leading to the creation of a new hemi-
methylated and then fully methylated CpG.! In addition to the
catalytic role, DNA methyltransferase enzymes themselves might be
involved in establishing the silenced state to repress transcription in
collaboration with other proteins such as histone deacetylases
(HDAGCs) in the absence of DNA methylation.?%?! The demethylation
activity of DNA remains uncertain because of the lack of a specific
demethylase. In general, methylation of a promoter CpG island is
linked with transcriptional silencing of associated genes. DNA methy-
lation can repress transcription directly by blocking transcriptional
activators from binding to cognate DNA sequences, or indirectly
through methylated CpG-binding proteins that recognize methylated
DNA and recruit co-repressors to silence gene expression.”!
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Histone modification

Genomic DNA is highly folded and compacted by histone and
non-histone proteins in the form of chromatin. The distinct levels
of chromatin organization are dependent on the dynamic higher order
structuring of nucleosomes. The core particle of a nucleosome consists
of a highly conserved octamer of core histone proteins (two each of
H2A, H2B, H3 and H4), accommodating 147 base pairs of DNA.22
Histones are integral and dynamic components of the machinery
responsible for gene transcriptional regulation.”? Regulation of chro-
matin structure and transcription is driven by post-translational
modification of the core histones. This regulation information can
be transmitted from one cell generation to the next. Accumulating
evidence suggests that histones are modified primarily in the
N-terminal tails of the core histones.?* Histone-modifying enzymes
introduce a complex array of modifications that alter chromatin
activity by creating binding sites for protein domains that recognize
specific histone modifications, a process which depends mainly on the
type of chemical modification and their location in the octamer. The
N-terminal tails on the nucleosome surface are subject to several
modifications, including acetylation, methylation, phosphorylation,
ubiquitination and adenosine diphosphate ribosylation.?> These mod-
ifications are reported to affect chromosome function via two distinct
mechanisms.?® Nearly all modifications alter the electrostatic charge of
histones, which could change the structural properties of histones
or their binding to the DNA. On the other hand, modifications
could create binding surfaces for protein recognition modules, and
thus recruit specific functional complexes to their appropriate sites of
action. Modifications of the specific histone tails are not just a means
of reorganizing nucleosome structure, but provide a rich resource
library of epigenetic information that may constitute a code that
defines actual or potential transcriptional states.>* The combination of
different histone modifications appearing on different histones at
different times can mediate unique cellular responses, which is also
referred to as histone coding.?”

Histone acetylation is one of the most frequent epigenetic mod-
ifications. The main positions for acetylation are lysine (K) 9, K14,
K18 and K23 on histone H3, and K5, K8, K12 and K16 on histone
H4.2428 There is sufficient evidence to show that increased levels of
histone acetylation are highly correlated with increased transcriptional
activity, whereas decreased levels of acetylation will lead to repression
of gene expression.?>?° The acetylation and deacetylation of histones
are dynamic processes that depend on the balance between histone
acetyltransferases and HDACs.?®%0 Histone acetyltransferases can
transfer the acetyl moiety from acetyl coenzyme A onto the lysine
residues of histone proteins, whereas HDACs usually repress tran-
scription.?® Unlike histone acetylation, histone methylation possesses a
dual role in gene expression and may either activate or repress gene
expression, which mainly depends on the sites of methylation.>! For
example, H3 K9 and K27 methylations are associated with transcrip-
tional silencing, whereas methylations of K4, K36 and K79 of H3 have
been associated with gene activity.?>3! Histone methylation is rela-
tively stable and an irreversible epigenetic mark, and can interact with
DNA methylation participating in chromatin remodeling.>3

PAH AND EPIGENETICS

Reactive oxygen species (ROS) and SOD

ROS are biologically important O, derivatives that have an important
role in vascular biology via their oxidation/reduction potential.** ROS
include both free radicals, such as superoxide (O, ™), hydroxyl, peroxyl
and hydroperoxyl radicals, and non-radical species, such as hydrogen
peroxide (H,0,).3 All vascular cell types, including endothelial cells,



smooth muscle cells and adventitial fibroblasts, can generate ROS,
mainly via cell membrane associated nicotinamide adenine dinucleo-
tide phosphate oxidase. Mitochondria are also an important source of
ROS production in the cardiovascular system under normal condi-
tions.3>3® Excessive production of ROS may induce irreversible
alterations of proteins, lipids and DNA, leading to tissue damage.
ROS are not only toxic consequences of cellular metabolism, but also
serve as an important intracellular and intercellular second messenger
in regulating a variety of downstream signaling pathways via reactions
with protein residues.*#3>37 The key ROS molecules involved in cell
signaling pathways are superoxide and hydrogen peroxide, which have
important roles in signal transduction mediated by growth factor, and
induce growth and proliferation of vascular smooth muscle cells in
response to endothelin.®% On the other hand, ROS can regulate
cellular levels of endothelin and mediate its secretion through increas-
ing endothelin gene promoter activity.®® Superoxide reacts rapidly
with NO to form peroxynitrite. Peroxynitrite has been reported to
inhibit the activity of purified eNOS protein probably via nitration of
critical tyrosine residues. Furthermore, increased levels of superoxide
will result in the inhibition of eNOS in endothelial cells (Figure 1).%
Evidence is emerging that antioxidant treatment or inhibition of the
superoxide-generating enzyme, nicotinamide adenine dinucleotide
phosphate oxidase, may decrease viability and induce apoptosis in
pulmonary arterial smooth muscle cells, repress vascular remodeling,
improve endothelial function and reduce inflammation.3*3>41-44 As a
non-protein thiol source in mammalian cells, the tripeptide glu-
tathione system has an key role in the maintenance of cellular redox
status, and especially important for cellular defense against ROS.#>46
Glutathione can directly scavenge free radicals in non-enzymatic
reactions, and reduce hydrogen peroxide via a reaction catalyzed by
the glutathione peroxidases.*®4” Previous studies have revealed that
glutathione deficiency are closely associated with ROS production.*>8
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Figure 1 Regulation of vascular tone by ROS signaling pathway in
pulmonary artery. DNA methylation of the SOD gene promoter induced
by DNMT decreased SOD expression, impeding ROS degradation. The
increased ROS production would induce vasoconstriction by the ET and
eNOS signaling pathway. DNMT, DNA methyltransferase; eNOS, endothelial
nitric oxide synthase; ET, endothelin; NAD(P)H, nicotinamide adenine
dinucleotide phosphate; NO, nitric oxide; ROS, reactive oxygen species;
SOD, superoxide dismutase; +, promoted effect; —, inhibited effect.
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SOD is one of the main ROS enzymatic scavengers, catalyzing the
dismutation of superoxide into H,O, and O,, and having an impor-
tant role in vascular tone, lung function and metabolism of NO.
In mammals, there are three isoforms of SOD, CuZn-SOD (SOD1)
located primarily in cytoplasm, manganese SOD (SOD2) localized in
mitochondria and extracellular SOD (SOD3).*? Several lines of
evidence indicated that intratracheal administration of recombinant
human SOD results in selective dilation of pulmonary circulation
blood vessels, reduces pulmonary vascular resistance, significantly
improves oxygenation and facilitates the action of inhaled NO in
experimental models of PPHN.*»#2 A study by Kamezaki et al*
revealed that intratracheal gene transfer with adenovirus-mediated
SOD suppressed monocrotaline (MCT)-induced pulmonary hyper-
tension in rats, and further indicated that increased oxidative stress in
the lung has a crucial role in the pathogenesis of pulmonary
hypertension. Another investigation by Archer et al.® described that
decreased SOD2 expression in PAH was not associated with the SOD
gene mutation, but highly correlated with epigenetic regulation. The
SOD2 gene promoter and several of its introns have CpG islands
offering potential methylation sites. Using genomic bisulfite sequen-
cing, two discrete sites of differential hypermethylation, one in intron
2 and the other in the promoter, were identified in a fawn-hooded rat
(FHR) model of spontaneous and heritable PAH.” The SOD2 gene
methylation was found to be seen in the FHR pulmonary artery but
not in the FHR aorta. Compared with control, the maintenance
DNMT1 and DNMT3b were significantly upregulated in lung tissue
and pulmonary arterial smooth muscle cells from FHR. Furthermore,
the methyltransferase inhibitor 5-azacytidine may decrease the methy-
lation of an intron 2 sequence. This epigenetic downregulation of
SOD2 impairs H,O,-mediated redox signaling, activates hypoxia-
inducible factor-lo. and forms a proliferative, apoptosis-resistant
state.” In FHR pulmonary arterial smooth muscle cells SOD2 gene
therapy, application of the methyltransferase inhibitor 5-azacytidine
would result in hypoxia-inducible factor-1o inactivation.”

BMP signaling pathway

BMPs are signaling molecules that belong to the transforming growth
factor-p superfamily whose proteins bind to serine/threonine kinase
receptors transducing signals.’®>! More than 20 BMPs have been
identified, and can be synthesized and secreted from a variety of cell
types, including pulmonary vascular smooth muscle and endothelial
cells, and have an important role in regulating cell differentiation,
proliferation and apoptosis.>? The signaling transduction of
BMP-mediated pathways involves two types of transmembrane recep-
tors, BMP receptor I and IT (BMPR2). BMPR?2 are abundantly located
in the pulmonary vascular endothelium, smooth muscle cells and
adventitial fibroblasts.”»>* Evidence is also emerging that loss of
BMPR2 function in smooth muscle, including BMPR2 gene mutation
and expression reduction, is sufficient to produce PAH.>>>¢ Further-
more, loss of BMPR2 signaling in endothelium could induce the
formation of plexiform lesions.>> Morrell et al.’” found that BMP can
inhibit proliferation of smooth muscle cells originating from normal
pulmonary arteries, but fails to suppress the proliferation of those
from primary pulmonary hypertension.

The inhibitor of differentiation (Id) proteins are one of the most
important targets of BMPs and they have a pivotal role in regulating
growth and phenotype modulation of vascular smooth muscle cells
via their negative interactions with key transcription factors.>
Sustained Smadl activation and Id1 expression mediated by BMP
signaling pathways will lead to inhibition of proliferation of vascular
cells and to apoptosis, whereas the downregulation of Idl may
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contribute to vascular remodeling and the development of pulmonary
hypertension.!®>® The promoter of Id1 gene contains BMP-responsive
element, which consists of Smad-binding elements and a GC-rich
region.>® In addition to hypoxia-inducible factor-1o, HDAC recruit-
ment in the Id1 promoter is also involved in hypoxia-induced PAH.!?
Chromatin immunoprecipitation assay using antibody against HDAC
revealed that hypoxia may enhance the recruitment of HDAC to the
BMP-responsive element region of IdI gene promoter. HDAC-specific
inhibitor trichostatin A could not significantly affect BMP-induced
Id1 expression in normoxic cells, but could prevent suppression of Id1
expression by hypoxia. This further indicated that HDAC activity is
required for hypoxic regulation of BMP-mediated IdI gene expression.

PPHN AND ENOS

PPHN is defined as a failure of pulmonary vascular resistance to fall at
birth, resulting in unoxygenated blood to be shunted to the systemic
circulation, myocardial dysfunction and severe hypoxemia.®>® PPHN
can be primary or secondary to a variety of clinical conditions,
including asphyxia, sepsis, pneumonia, meconium aspiration syn-
drome and antenatal exposure to non-steroidal anti-inflammatory
drugs.®® Cesarean delivery, late preterm, large for gestation age and
maternal asthma might be also important risk factors for PPHN.%!
Pathophysiological mechanisms of PPHN have been investigated at
the level of endothelial as well as smooth muscle function.>® Func-
tional changes in PPHN are primarily correlated with endothelial
dysfunction, resulting in an imbalance between vasodilation and
vasoconstriction.®? As a predominant endothelium-derived vasodila-
tor, NO can induce vascular smooth muscle relaxation via activation
of smooth muscle soluble guanylate cyclase and cyclic guanosine
monophosphate production, following the mobilization of extracel-
lular calcium.>®%® Furthermore, NO may downregulate endothelin-1
production.®* Inhaled NO therapy has been reported to improve
systemic oxygenation in infants with PPHN, and may reduce
the need for more invasive treatments, including extracorporeal
membrane oxygenation.®>’ In vascular endothelial cells, eNOS is
responsible for the production of the majority of NO mainly during
conversion of L-arginine to 1-citrulline.® There is more and more
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evidence that the levels of eNOS expression are conspicuously asso-
ciated with PPHN. The decreased eNOS expression might contribute
to the development of PPHN.%%70 However, chronic hypoxia induced
eNOS expression in the rat lung.”! Rapid progressive pulmonary
hypertension of the newborn led to compensatory induction of
eNOS synthesis in the endothelial cells affected by PAH.”? In our rat
model of PPHN induced by hypoxia and indomethacin, eNOS
expression in the endothelial cells is also significantly upregulated.”?

The eNOS gene is composed of 26 exons spanning approximately
21Kb of genomic DNA on chromosome 7q35-36, and its promoter
shares many features with other endothelial-specific promoters includ-
ing Ets, GATA, Sp1 and other cis-regulatory elements that are required
for their basal expression.®® In normal conditions, eNOS expression is
highly restricted to vascular endothelial cells.”#”> Furthermore, this
endothelial-specific expression of eNOS is regulated by epigenetics.®®
Chan et al.’% revealed that the nine CpG doublets in the proximal
eNOS promoter were completely unmethylated or lightly methylated
in human endothelial cells. In contrast, the proximal eNOS promoter
was almost completely methylated in all of the vascular smooth
muscle cells investigated. Within endothelial cells, the eNOS core
promoter is highly enriched in acetylated histone H3/K9 and H4/K12,
and methylated H3/K4.77 Furthermore, HDAC inhibitor trichostatin
A may induce eNOS expression in non-endothelial cells, and small
RNA may suppress eNOS expression by altering histone acetylation
and DNA methylation in endothelial cells.”®”°

In our rat model for PPHN, the levels of eNOS mRNA and protein
expression were significantly upregulated.”> To better understand
eNOS gene regulation in endothelial cells, we isolated pulmonary
vascular endothelial cells via magnetic-activated cell sorting. We found
that there was a hypomethylation trend in CpG sites in the rat eNOS
core promoter from pulmonary vascular endothelial cells of PPHN,
but there was no statistically significant difference compared with
control. In PPHN, the CpG methylation rate at site —98 was higher
than that of control, but there was also no statistically significant
difference.!! However, the abundance of acetylated H3 and H4 in the
core promoter region of eNOS in PPHN was significantly increased
relative to those from the control. On the contrary, acetylation levels of
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Figure 2 Regulation of the eNOS and endothelin signaling pathways in pulmonary vascular tone. Increased histone acetylation in the eNOS gene promoter
might induce eNOS protein expression. However, the increased eNOS expression did not completely offset the effect of vasoconstrictors, resulting in the
development of PPHN. AC, acetylation; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; PPHN, persistent pulmonary hypertension of the newborn.
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histones in those promoter regions away from the transcription start
sites were relatively lower, even though there was no significant
difference.!! These alterations of epigenetic modifications at the
eNOS promoter were consistent with increased levels of eNOS
mRNA and protein in PPHN. The increased eNOS expression
might have a protective role in PPHN. However, the increased
eNOS expression did not completely offset the effect of vasoconstric-
tors (such as endothelin), and subsequently leading to PPHN
(Figure 2).!! The epigenetic differences at the eNOS gene between
PPHN and control suggest that epigenetic processes might, at least in
part, be responsible for the pathogenesis of PPHN. This phenomenon,
whether or not the epigenetic alterations of the eNOS gene in PPHN
could be maintained throughout the life, may be worthy of further
investigation.

FUTURE PERSPECTIVES
Although available literature about epigenetic investigation of PAH is
limited, there is evidence that epigenetic mechanisms could be
involved in the development of PAH. Given the complex and multi-
factorial nature of PAH, it seems likely that epigenetic events could
influence the establishment or progression of PAH. Further elucida-
tion of the role of epigenetics in PAH is not only conducive to
understanding the pathogenesis of PAH but also to potentially
reversing the disease phenotype of the pulmonary vascular structural
cells involved in disease pathophysiology. As epigenetic mechanisms
for human disease have been identified, some epigenetic therapies are
being developed or rediscovered.!>!>8081 Several drugs have been used
to intervene in the epigenetic processes leading to the development of
cancer. DNA methyltransferase inhibitor decitabine, HDAC inhibitor
depsipeptide and suberoylanilide hydroxamic acid have shown pro-
mise in clinical trials.82-8°> However, there are some potential disad-
vantages in current epigenetic treatments. The lack of specificity for
treatment is an important issue. For example, the increased global
DNA demethylation via the use of non-selective agents can contribute
to increased chromosomal instability.?%%” Furthermore, epigenetic
effects of the treatment might also have the possibility of being
transmitted between generations.®

Considering the central role of epigenetics in phenotypic variation
in health and disease, it is likely that understanding and manipulating
the epigenome holds enormous promise for preventing and treating
common human diseases; promise that will provide new insight for
improved treatment and the prevention of PAH. Therefore, systematic
and extensive epigenetic investigations should further focus on PAH.
Moreover, some specific anti-epigenetic agents aimed to the certain
genes associated with human diseases are worth further investigation.
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