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Reduced endothelial-pericyte interactions are linked to progressive small vessel loss in pulmonary arterial
hypertension (PAH), but the molecular mechanisms underlying this disease remain poorly understood. To
identify relevant gene candidates associated with aberrant pericyte behavior, we performed a tran-
scriptome analysis of patient-derived donor control and PAH lung pericytes followed by functional geno-
mics analysis. Compared with donor control cells, PAH pericytes had significant enrichment of genes
involved in various metabolic processes, the top hit being PDK4, a gene coding for an enzyme that sup-
presses mitochondrial activity in favor of glycolysis. Given reports that link reduced mitochondrial activity
with increased PAH cell proliferation, we hypothesized that increased PDK4 is associated with PAH pericyte
hyperproliferation and reduced endothelial-pericyte interactions. We found that PDK4 gene and protein
expression was significantly elevated in PAH pericytes and correlated with reduced mitochondrial meta-
bolism, higher rates of glycolysis, and hyperproliferation. Importantly, reducing PDK4 levels restored
mitochondrial metabolism, reduced cell proliferation, and improved endothelial-pericyte interactions. To
our knowledge, this is the first study that documents significant differences in gene expression between
human donor control and PAH lung pericytes and the link between mitochondrial dysfunction and aberrant
endothelial-pericyte interactions in PAH. Comprehensive characterization of these candidate genes could
provide novel therapeutic targets to improve endothelial-pericyte interactions and prevent small vessel
loss in PAH. (Am J Pathol 2016, 186: 2500—2514; http://dx.doi.org/10.1016/j.ajpath.2016.05.016)

Pulmonary arterial hypertension (PAH) is a rare disorder
associated with progressive elevation of pulmonary pres-
sures, which, if untreated, leads to right-sided heart failure
and death."” The major pathologic features of PAH are
obliterative vasculopathy and progressive loss of distal
pulmonary microvessels that is irreversible and unrespon-
sive to available therapies. It has been postulated that pro-
gressive loss of distal pulmonary microvessels is the result
of inappropriate angiogenesis, but the mechanisms that
regulate pulmonary angiogenesis remain poorly under-
stood.”” Angiogenesis is the process by which new vessels
are formed from existing vessels by endothelial cell prolif-
eration and formation of vascular tubes and recruitment of

pericytes, highly specialized cells that associate with newly
formed vessels to provide mural support and preserve
endothelial viability.® ® Despite inappropriate rates of
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proliferation and survival, pulmonary microvascular endo-
thelial cells (PMVECs) from patients with PAH form
smaller vascular tube networks compared with donor control
cells, suggesting an intrinsic impairment in their angiogenic
capacity.”'* In addition, although recruitment of pericytes
by PMVECs to developing vascular tubes is necessary for
their maturation into functional blood vessels, the extent of
involvement of pericytes in PAH pathogenesis remains
poorly characterized. Disruption of pericyte-endothelial cell
communication has been linked to various vascular disor-
ders, such as diabetic retinopathy and stroke, in which loss
of pericyte coverage leads to vascular dysfunction and loss
of small vessels.'*~ 7 To date, most studies have centered
on elucidating the contribution of pericytes to systemic
microvessels, but little is known about their role in the
pulmonary circulation.

We recently published a report describing for the first
time that pericytes purified from the lungs of patients with
PAH to properly associate with donor control PMVECs
when co-cultured in Matrigel, a well-established assay to
study angiogenesis in vitro.'"® Using live imaging video
microscopy, we identified a defect in PAH pericyte motility
and polarity that led us to investigate signaling pathways,
such as the Wnt/planar cell polarity, which is responsible
for orchestrating PMVEC motility during angiogenesis.’
Genetic and molecular studies confirmed that reduced
expression of the Wnt/planar cell polarity genes Fzd7 and
cdc42 was present in PAH pericytes, and restoring their
expression could significantly improve endothelial-pericyte
interactions and promote angiogenesis. On the basis of our
findings, we speculate that differential patterns of gene
expression could account for the abnormal phenotype of
PAH pericytes during pulmonary angiogenesis.

In this study, we present for the first time a bioinformatic
analysis of the transcriptomes of patient-derived donor
control and PAH pericytes. Our analysis provides evidence
of different gene expression profiles between donor control
and PAH pericytes in favor of genes involved in cell
metabolism. Among the genes with the highest differential
expression, we chose to focus on PDK4, a gene coding for a
mitochondrial enzyme responsible for suppressing glucose
oxidation.'””** We found that increased PDK4 expression
in PAH pericytes results in higher rates of glycolysis, which
correlate with increased PAH pericyte proliferation and
survival. This observation is particularly relevant to PAH
because increased expression of PDK family proteins and
high rates of glycolysis have been linked to abnormal
vascular remodeling in rat models of PAH.”*** We found
that reducing PDK4 expression with siRNAs in PAH peri-
cytes can restore mitochondrial metabolism and normalize
rates of proliferation and survival. A major benefit of
restoring mitochondrial metabolism in PAH pericytes is that
their capacity to establish adequate endothelial-pericyte
interaction is enhanced, resulting in vascular tube net-
works with morphologic features similar to that of donor
control cells. We conclude that PAH pericytes have a
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unique gene expression profile associated with their
abnormal phenotype and their study can provide opportu-
nities for the development of therapeutic strategies capable
of treating small vessel loss in PAH.

Materials and Methods
Cell Culture

Donor control PMVECs (Promokine catalog number
C-12282; PromoCell GmbH, Heidelberg, Germany) were
grown in EC media (Promokine catalog number C-22120;
PromoCell GmbH) and used between passages 4 and 8.

Pericyte Isolation and Culture

For primary pericyte culture, the day before isolation, 40 pL
of M280 sheep anti-mouse IgG dynabeads (11201D; Life
Technologies Corporation, Carlsbad, CA) were incubated
with 10 pg of 3G5 IgG (LakePharma, Belmont, CA) over-
night. The next day, fresh donor control or PAH lung tissue
was washed with 1x Hanks’ balanced salt solution, minced
into small pieces, and digested in a solution containing
collagenase I, dispase, and DNase I (all from Sigma-
Aldrich, St. Louis, MO) for 15 to 30 minutes at 37°C on
an orbital shaker. An equivalent amount of ice-cold Pericyte
Medium (ScienCell catalog number 1201; ScienCell,
Carlsbad, CA) containing 2% fetal bovine serum (FBS) was
added immediately after digestion. The cell suspension was
passed through a 100-pm mesh filter (BD Biosciences, San
Jose, CA) to remove undigested fibrous tissue. The cell
pellet was resuspended in 1 mL of 1x phosphate-buffered
saline (PBS) containing 0.2% FBS and 40 pL of 3G5 IgG-
coated magnetic beads and gently rotated at 4°C for 45
minutes. Beads were then washed five times with 1x PBS
and seeded in gelatin coated cell culture plates with pericyte
medium. Fresh pericyte medium was replaced every other
day to promote pericyte attachment and propagation. Clin-
ical and hemodynamic data from control donors and patients
with PAH who served as source of pericytes can be found in
Supplemental Table S1. All lung tissue was obtained
through the Pulmonary Hypertension Breakthrough Initia-
tive. Validation of pericyte identity was performed using i)
cell morphologic features, ii) location in lung tissue, and iii)
positivity for various cell markers (calponin, CD90, NG2,
platelet-derived growth factor-f, CD146, a-smooth muscle
actin, and SM22a.) as previously described.'®

Microarray and Bioinformatics Analysis

The Mlumina HumanHT-12 version 3.0 Gene Expression
BioChip (catalog number BD-103-0204; Illumina, San
Diego, CA) was used to capture transcriptome data.

The array data was deposited in Gene Expression
Omnibus  (http://www.ncbi.nlm.nih.gov/geo;  accession
number GSE79786). The differential gene expression
analysis was implemented by limma version 3.26.9
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(Bioconductor, Seattle, WA; hitp://bioconductor.org/
packages/release/bioc/html/limma.html).> The P value
cutoff was 0.05, and the fold-change cutoff was 2. The
normalized expression levels of differentially expressed
genes were extracted, and hierarchical clustering was
implemented. The function enrichment analyses and
concept-gene network analysis were implemented using the
Bioconductor package GeneAnswers version 2.14.0 (Bio-
conductor; http://bioconductor.org/packages/release/bioc/
html/GeneAnswers.html).”® All heat maps were generated
by GENE-E version 3.0 (Broad Institute, Cambridge, MA;
http://www.broadinstitute.org/cancer/software/GENE-E).

Immunofluorescence

The day before the studies, approximately 1.0 x 10* cells
were seeded per well of a four-well EZ slides (Millipore
Corporation, Billerica, MA). The next day, cells were fixed
for 15 minutes in 4% paraformaldehyde, followed by three
washes with 1x PBS. Cells were then permeabilized with
ice-cold 1x PBS containing 0.1% Triton X-100 and goat
serum for 1 hour, followed by overnight incubation with the
primary antibodies at 4°C. The next day, cells were washed
again in 1x PBS and incubated with Alexa Fluor 594 goat
anti-mouse antibody and/or Alexa Fluor 488 goat anti-rabbit
(Life Technologies Corporation) accordingly for 1 hour at
room temperature. Slides were mounted with Prolong Gold
antifade solution containing DAPI (Life Technologies
Corporation). For lung tissue, OCT-embedded lung sections
were labeled using CD31 (LS-B4737; LifeSpan Bio-
sciences, Inc., Seattle, WA) and PDK4 (catalog number
63157; Abcam, Boston, MA). All staining was performed as
previously indicated.'®

Tagman Quantitative PCR

Total cellular RNA was extracted using the RNeasy mini Kit
(Qiagen, Redwood City, CA) and converted to cDNA using
the Fermentas Reverse Transcription Kit (Vilnius, Lithuania)
following the manufacturer’s protocol. Primers for PDK
isoforms were purchased from Applied Biosciences (Foster
City, CA). The PCR reaction mixture was denatured at 95°C
for 15 minutes and then run for 40 cycles (94°C for 15 sec-
onds, 55°C for 30 seconds, and 70°C for 30 seconds). Melting
curve analysis was run at the same time to rule out nonspecific
reactions or contamination. Glyceraldehyde-3-phosphate
dehydrogenase was used for normalization. Agarose gel
electrophoresis was used for verification of uncertain results.
All real-time quantitative PCR studies were run in triplicates.
The difference in mRNA expression was determined by ACT
against glyceraldehyde-3-phosphate dehydrogenase.

Mitochondria Extraction

Mitochondria were purified from whole cell extracts
(approximately 1.0 x 10° cells) centrifuged at 400 x g for 2
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minutes using the Mitochondria Isolation Kit according to
the manufacturer’s instructions (catalog number 89874;
Thermo Fisher, Lakeside Drive, CA). Total mitochondria
were lyzed using radioimmunoprecipitation assay buffer,
and PDK4 protein expression was analyzed by Western
immunoblotting.

Western Immunoblot

Cells were washed three times with ice-cold 1x PBS and
lysates prepared by adding lysis buffer (1x radio-
immunoprecipitation assay buffer and 1 mmol/L phenyl-
methylsulfonyl fluoride) and boiling for 10 minutes before
centrifugation. Supernatants were transferred to fresh
microcentrifuge tubes and stored at —80°C. The protein
concentration was determined by the Lowry assay (Bio-Rad
Laboratories, Segrate, Italy). Equal amounts of protein were
loaded onto each lane of a 4% to 12% Bis-Tris gel (Life
Technologies) and subjected to SDS-PAGE electrophoresis
under reducing conditions. After blotting, polyvinylidene
difluoridemembranes were blocked for 1 hour in blocking
buffer (5% milk powder in 0.1% PBS/Tween 20) and
incubated with primary antibodies for PDK4 (catalog
number ab63157; Abcam, Boston, MA) overnight at 4°C
followed the next day by incubation with horseradish per-
oxidase—conjugated secondary antibodies. Bands were
visualized using the ECL kit (Thermo Fisher). Signal
normalization was performed against a-tubulin (catalog
number ab7291; Abcam) or VDAC-1 (catalog number
ab15895; Abcam).

Cell Proliferation

Cells were seeded in triplicate on collagen coated 96-well
plates (5.0 x 10? cells per well) (Nunc, Rochester, NY) and
cultured in complete medium overnight at 37°C and 5%
CO,. The next day, cells were starved in 0.1% FBS reduced
medium for 48 hours. Day 0 was the baseline right before
changing back to complete medium. Cell proliferation was
determined on days 1, 2, and 3 in the CellTiter 96 Aqueous
One Solution Cell Proliferation Assay (Promega, Sunny-
vale, CA). BrdU cell proliferation assay (catalog number
ab126556; Abcam) was performed following the manufac-
turer’s instructions.

Cell Survival

Apoptosis was determined by measuring caspase 3/7 acti-
vation using Caspase-GLO 3/7 assay (Promega). Pericytes
were plated into 96-well, white, clear bottom plates (5.0 x
10% cells per well) in complete medium overnight followed
by exposure to 0.1% FBS reduced serum media for 48
hours. Caspase 3/7 levels were obtained by adding 100 pL
of caspase 3/7 luciferase reagent mix (Caspase-Glo Reagent;
Promega) for 1 hour followed by measurement of total
luminescence using the GloMax luminometer (Promega).

ajp.amjpathol.org m The American Journal of Pathology
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Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) apoptosis assay was performed
using the TUNEL Detection Kit (catalog number S7101;
Millipore, Billerica, CA) following the manufacturer’s
protocol. Briefly, 2.0 x 10° cells were seeded in 4-well EZ
chamber slides. After 48 hours of 0.1% FBS reduced serum
media, cells were fixed and treated with 150 pL of equili-
bration buffer. After washing, 100 pL. of working-strength
TdT enzyme was added and incubated for 1 hour at 37°C.
The reaction was stopped by adding the stop/wash buffer
followed by application of 150 pL. of anti—digoxigenin
peroxidase conjugate.

RNA Interference

To achieve gene knockdown, 2 pmol/L siRNA of PDK4
(catalog number L-019425-00; Dharmacon, Lafayette, CO)
or nontargeting siRNA control were transfected into donor
control pericytes. Knockdown efficiency was evaluated 72
hours after electroporation by measuring PDK4 protein
levels in cell lysates via Western immunoblotting. Trans-
fection was performed using a Nucleofector II (program
U-25; Lonza Inc., Basel, Switzerland) with the Basic
Smooth Muscle Cell Nucleofection kit (Lonza Inc.). All
experiments were performed 72 hours after electroporation.

Fluorescence Activated Cell Sorting

A total of approximately 1.0 x 10° cells were washed three
times with 1x PBS in a 15-mL tube and stained with 300
pL of propidium iodide (Life Technologies) containing 50
pg/mL of RNase A and 1% BSA. Samples were run in a
flow cytometer (FACS Aria III; BD Biosciences) and
analyzed with Flowjo software version 7.6.3 (Flowjo LLC,
Ashland, OR).

MitoProbe 3,3-Diethyloxacarbocyanine Iodide Assay
for Mitochondria Membrane Potential

Cells were stained with 3,3-diethyloxacarbocyanine iodide
(Mitoprobe, M34150; Thermo Fisher) followed by flow
cytometry (FACS Aria 1III; BD Biosciences).
3,3-Diethyloxacarbocyanine iodide is a cationic cyanide
dye that accumulates in mitochondria with high mito-
chondria membrane potential (MMP).?” Carbonyl cyanide
m-chlorophenyl hydrazone is a compound that reduces
MMP and was used in comparison studies. Data points
captured in the upper right quadrant represent cells with
high MMP.

Mitochondrial CellROX Assay

Pericytes were seeded onto four-well EZ slides (Milli-
pore) and treated with 100 nmol/L MitoTracker Red
(Thermo Fisher) and 5 pmol/L CellROX Green (C10444;
Thermo Fisher) to label mitochondria and superoxide
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production, respectively. Reactive oxygen species (ROS)
production was normalized to cell number, and mito-
chondrial content was calculated as the ratio of CellROX
to MitoTracker fluorescence (FceyroxmitoTracker) USINE
ImageJ software version 1.51d (NIH, Bethesda, MD;
http://fimagej.nih.gov/ij).

Matrigel Coculture Tube Formation Assay

Matrigel (catalog number 3432; Trevigen, Gaithersburg,
MD) was thawed on ice overnight, dispersed on 96-well
plates (55 uL per plate), and allowed to polymerize for 30
minutes at 37°C. PMVECs and pericytes were stained with
the cell membrane dyes PKH67 green (MINI67; Sigma-
Aldrich) and PKH26 red (MINI26; Sigma-Aldrich),
respectively, following the manufacturer’s protocol.
Approximately 5.0 x 10° PMVECs were mixed with
approximately 1.0 x 10* pericytes in 100 pL of pericyte
medium and loaded per well. After 6 hours, images were
taken and accessed by using a Leica DMRBII fluorescent
microscope (Leico Microsystems, Wetzlar, Germany).
Total tube number, branching points, and number of loops
were quantified using Wimasis online image analysis
(Wimasis, Munchen, Germany). Mean pericyte coverage
of endothelial tubes was obtained from three independent
experiments.

Mitochondrial Function Assays

Glycolytic capacity was measured using the XF Glycolysis
Stress Test Kit (catalog number 1021194-100; Seahorse
Bioscience, Billerica, MA) on the XF24 analyzer as
described previously.”® For extracellular acidification rate
(ECAR) measurements, approximately 3.0 x10* cells were
seeded and washed in glucose-free XF base medium
(Seahorse Bioscience) adjusted to pH 7.35 at 37°C and
containing 2 mmol/L L-glutamine. ECAR was measured
after serial injections with 10 mmol/L p-glucose, 1 pumol/L
oligomycin, and 100 mmol/L 2-deoxyglucose. Glycolysis
was defined as ECAR response to oligomycin after glucose
injection, and glycolytic reserve was calculated as
AECARGjigomycin-Glucose: Data were analyzed by the XF
Glycolysis Stress Test Report Generator macro provided by
Seahorse Biosciences.

Statistical Analysis

Values from multiple experiments are expressed as
means + SEM. Statistical significance was determined
using an unpaired #-test or one-way analysis of variance
followed by Bonferroni’s multiple comparison tests unless
stated otherwise. P < 0.05 was considered significant. The
number of experiments and the sample number in each
group are indicated in the figure legends.
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Results

Microarray Analysis of Donor Control and PAH Pericytes
Reveals Differences in Genes Associated with Cell
Metabolism

We used the Illumina HumanHT-12 version 3.0 Gene
Expression BioChip to probe expression levels in human
donor control (n = 3) versus PAH pericytes (n = 3). After
rank invariant normalization, multidimensional scaling plot
was generated to explore the relationships between the
samples followed by differential gene expression analysis
(Supplemental Figure S1A). Compared with donor control
pericytes, 232 genes were up-regulated in PAH pericytes,
whereas another 194 genes were down-regulated (P < 0.05)
(Figure 1A). Gene Ontology (GO) enrichment analysis
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implied that functions related to metabolic processes, cell
differentiation, and signaling were highly enriched in PAH
pericytes (Figure 1B), which was further confirmed by
KEGG pathway enrichment analysis (Figure 1C).

Analysis of the top 10 up-regulated genes in PAH pericytes
revealed candidate genes involved in processes relevant to
cell signaling (GPR64, RORB), angiogenesis (PF4VI,
SPONI), and metabolism (PDK4, ADHIA, CHSTIS),
whereas the top 10 down-regulated genes included those
involved in cell motility and tissue morphogenesis (FBN2,
HOXCS8, ACTG2), oxidative stress (CYBG, NXN), and
signaling (IGFBP2, RARRES3) (Table 1). Of the genes
prioritized by our bioinformatic analysis, PDK4 stood out as
having the highest up-regulation (eightfold) in PAH pericytes
(Supplemental Figure S1B). PDK4 codes for one of the four
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Figure 1  Comparison of gene expression patterns of healthy donor control (Ctrl) and pulmonary arterial hypertension (PAH) pericytes by microarray
analysis. A: The heat map of differently expressed genes (P < 0.05, fold change >2.0) between three PAH versus three donor control pericytes. B: Gene
Ontology (GO) enrichment analyses of significantly up-requlated/down-regulated genes in PAH. C: Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses of significantly up-requlated/down-regulated genes in PAH.
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Table 1  Altered Top 10 Highly Expressed Genes with Significant Fold Change (P < 0.05) in Pulmonary Arterial Hypertension Pericytes
Versus Donor Control
Normalized
Up-regulated Down-regulated Gene symbol Gene name fold change P value
+ PDK4 Pyruvate dehydrogenase kinase 4 7.8 0.02929
+ 60S2 G0/G1 switch gene 2 6.6 0.02626
+ ADH1A Alcohol dehydrogenase 1A 12.7 0.02771
+ RORB RAR-related orphan receptor B 4.7 0.00037
+ SPON1 Spondin 1 4.6 0.01427
+ SIPA1L2 Signal-induced proliferation-associated 1 like 2 4.6 0.00038
+ GPR64 G protein—coupled receptor 64 13.1 0.00499
+ C40RF31 Fibronectin type III domain-containing protein 5.8 0.02348
+ PF4V1 Platelet factor 4 variant 1 7.4 0.04415
e CHST15 Carbohydrate sulfotransferase 15 11.3 0.00399
+ IGFBP2 Insulin-like growth factor binding protein 2 5.6 0.0038
+ FBN2 Fibrillin 2 8.8 0.00047
+ CYGB Cytoglobin 5.9 0.01236
+ ACTG2 Actin, gamma 2 8.4 0.02231
+ MARCH4 MARCH of membrane-bound E3 ubiquitin ligases 4.8 0.01468
+ TMEM35 Transmembrane protein 35 6.0 0.00413
+ NXN Nucleoredoxin 4.5 0.00288
+ RARRES3 Retinoic acid receptor 3 4.3 0.02779
+ CPA4 Carboxypeptidase A4 1.4 0.00969
+ HOXC8 Homeobox (8 7.1 0.01314

PDK family proteins located in the mitochondrial matrix,
where it regulates the rate of glucose oxidation and fatty acid
metabolism in mammalian cells by direct inhibition of the
pyruvate dehydrogenase (PDH) complex.”'*”*" Of the four
family proteins, PDK1 and 2 are expressed in most cells,
whereas PDK3 is mainly expressed in the testes, and PDK4 is
mostly expressed in muscle under metabolic stress. Phos-
phorylation of PDH by PDKs reduces conversion of pyruvate
into acetyl-CoA (the main substrate for the Krebs cycle),
resulting in down-regulation of aerobic metabolism and a
switch toward glycolysis driven (ie, anaerobic) energy pro-
duction.”’ This metabolic switch toward glycolysis (ie,
Warburg effect) is a feature of malignant cells and is associ-
ated with their aggressive growth, survival, and meta-
stasis.”'*? Most importantly, this phenomenon has also been
described in PAH, where mitochondrial dysfunction, reduced
glucose oxidation, and increased glycolysis have been linked
to severity of pulmonary vascular remodeling, resulting from
excessive pulmonary artery smooth muscle cell (PASMC)
proliferation and survival and right ventricular dysfunc-
tion.”"**** Increased PDK expression contributes to this
metabolic shift and use of dichloroacetate (DCA), a phar-
macologic PDK inhibitor, can restore mitochondrial function
and effectively reverse obliterative vascular remodeling in rat
models of PAH by suppressing PASMC proliferation and
survival.>***% Of note, studies have found that PDK4 spe-
cifically is associated with impaired mitochondrial activity
and severe right ventricular dysfunction in fawn-hooded rats
that could be partially reversed with DCA.”* In light of these
studies and based on the results of our microarray analysis, we
validated PDK4 as a gene candidate in PAH pericytes.

The American Journal of Pathology m ajp.amjpathol.org

PAH Pericytes Have Increased PDK4 Gene and Protein
Expression

We validated our microarray analysis findings by measuring
PDK4 expression in lung tissue and lung derived pericytes
from donor controls and patients with PAH. Immunofluores-
cence of healthy donor and PAH lung sections revealed strong
expression of PDK4 in pericytes (Figure 2A). Next, we
measured PDK4 mRNA and protein in pericytes purified from
explanted lung using our previously described method.'®
Compared with donor control, Tagman PCR analysis
confirmed that PDK4 mRNA expression was significantly
elevated (approximately 16-fold) in PAH pericytes, and its
expression was the highest among all other PDK isoforms
(Figure 2B). Although similar PDK4 protein expression was
seen in whole cell lysates of donor control and PAH pericytes
(data not shown), mitochondrial PDK4 protein levels were
significantly increased in the latter (Figure 2C).

Increased PDK4 Expression Correlates with Increased
PAH Pericyte Proliferation and Survival

Having established that PDK4 expression was higher in
PAH pericytes, we wanted to determine whether this gene
signature correlated with a hyperproliferative and apoptotic
resistant phenotype similar to that documented in PAH
PASMCs.”” Compared with donor control cells, PAH
pericytes exposed to full media had increased rates of
proliferation during 72 hours by MTS (3-(4,5-dimethylth-
iazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) (Figure 3A). Cell cycle analysis revealed
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Ctrl  PAH

PDK4 increases in pulmonary arterial hypertension (PAH) pericytes. A: Confocal images of PDK4 lung sections. Endothelium was stained with CD31

(green), pericytes with 3G5 (red), and lung tissue with PDK4 (white). White arrows indicate pericyte-positive staining, and yellow arrows indicate co-staining of 3G5
and PDK4. DAPI labels cell nuclei (blue). B: TagMan quantitative PCR for the four PDK family proteins in donor control and PAH pericytes. The expression of each gene is
shown relative to that in donor control pericytes. C: Representative Western immunoblot images of PDK4 in enriched mitochondria of pericytes from three donor
control (Ctrl) versus three patients with PAH. ***P < 0.001 versus unstimulated controls using the unpaired t-test. Scale bar = 50 um. 0D, optical density.

that 18.1% of donor control pericytes were in S-phase at 24
hours, which was a twofold larger proportion than at 12
hours. However, 30.4% of the PAH pericytes were in S-
phase at 24 hours versus 3.17% at 12 hours, indicating faster
cell cycle progression for PAH pericytes than donor controls
(Figure 3B). This finding was further confirmed using the
BrdU assay, which revealed significantly increased DNA
synthesis at 12 and 24 hours in PAH pericytes (Figure 3C).
Regarding survival, serum-starved PAH pericytes also had
significantly lower rates of apoptosis during 72 hours
compared with donor control cells as measured by both
caspase 3/7 activity (Figure 3D) and TUNEL staining
(Figure 3E).

Taken together, our findings firmly establish that PAH
pericytes have a proproliferative and prosurvival phenotype
similar to that described in PAH PASMCs. Because this
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abnormal cellular phenotype has been associated with PDK-
mediated suppression of mitochondrial activity,”’ we hy-
pothesized that PAH pericytes also have a similar metabolic
signature directly linked to increased PDK4 expression.

PAH Pericytes Demonstrate Reduced Mitochondrial
Activity and Increased Glycolysis

Aerobic metabolism is the major source of ATP production in
mammalian cells, and it is carried within the mitochondria.*® %
In PAH, cells have dysmorphic mitochondria with reduced
respiratory chain coupling, inefficient use of oxygen, and
increased glycolysis.”****’ To test whether PAH pericytes
have the same alterations, we used MitoTracker to capture
mitochondrial morphologic features and measure production of
mitochondrial-derived ROS. Compared with donor controls,
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Figure 3  Pulmonary arterial hypertension (PAH) pericytes have greater proliferation and survival compared with healthy donor cells. A: Cell growth was

evaluated by the MTS assay on days 1, 2, and 3 of culture. All values were normalized to the cells after 48 hours of starvation medium. B: Serum-starved cells
were analyzed by flow cytometry on day 3 after the addition of serum of 12 and 24 hours. The percentage of cells in the G1, S, and G2/M phases is indicated. C:
DNA analysis of control and PAH pericytes in 12 hours and 24 hours by BrdU. D: Cell apoptosis was evaluated by caspase 3/7 assay on days 1, 2, and 3 of
culture. All values were normalized to the cells after 48 hours of starvation medium. E: Cell apoptosis level was further evaluated by the terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay on days 1, 2, and 3 of culture. All values were normalized after 48 hours of starvation.
Average TUNEL-positive cells per field obtained from six independent microscopic fields. All experiments performed were repeated three times *P < 0.05,

**P < 0.01, and ***P < 0.001 versus control using one-way analysis of variance with Dunnett’s posttest. Ctrl, control.

PAH pericytes have dense clusters of perinuclear mitochondria
along with significantly reduced ROS production (Figure 4A)
and higher MMP (a marker of reduced mitochondrial activity)
(Figure 4B). To document differences in glycolysis between
donor control and PAH pericytes, we measured the ECAR (a
marker of lactate production) using a Seahorse analyzer. As
expected, we found significantly greater aerobic glycolysis and
glycolytic capacity in PAH pericytes compared with donor
control cells (Figure 4C).

In conclusion, we found that PAH pericytes have reduced
mitochondrial activity and a glycolytic switch. As a next
step, we sought to link these abnormalities to PDK4 using
siRNA-mediated gene knockdown.

PDK4 Knockdown in PAH Pericytes Results in Reduced
Proliferation and Increased Apoptosis

To reduce PDK4 expression in PAH pericytes, we trans-
fected cells with either nontargeting (siCtrl) or PDK4-spe-
cific (siPDK4) siRNAs and measured protein expression in
whole cell and mitochondrial lysates. Although we saw a
mild but significant reduction in whole cell lysates, trans-
fection of siPDK4 resulted in substantial PDK4 knockdown
in PAH pericyte mitochondria (Figure 5A). Transfection of
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siPDK4 in PAH pericytes resulted in a significant increase
in mitochondrial ROS (Figure 5B) and mild but significant
reductions in MMP (Figure 5C) and EAR (Figure 5D). Of
note, we did not see any change in ROS production and
EAR in donor control pericytes transfected with either siCtrl
or PDK4 siRNA (Supplemental Figure S2).

Given that restoration of mitochondria activity has been
associated with reductions in cell proliferation and survival
in PAH, we proceeded to measure these parameters in
PDK4 siRNA—treated PAH pericytes. As anticipated,
siPDK4 transfected PAH pericytes had significant re-
ductions in proliferation (Figure 6A) and survival
(Figure 6B) as measured by MTS and caspase 3/7 activity
assays, respectively. As before, we did not see any differ-
ences in donor control pericytes transfected with either
siCtrl or PDK4 siRNA (Supplemental Figure S2).

PDK4 Knockdown Restores Capacity of PAH Pericytes to
Associate with Donor Control PMVECs and Establish
Vascular Tube Networks

Co-culture of healthy lung pericytes with PMVECs results
in formation of vascular networks characterized by thick
tubes composed of endothelial cells covered by pericytes
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Figure 4

Increased PDK4 expression correlates with reduced mitochondrial activity in pulmonary arterial hypertension (PAH) pericytes. A: Reactive oxygen

species (ROS) production in PAH versus donor control (Ctrl) cells. Fluorescence intensity (rel. Fluor.) was normalized against MitoTracker (MitoT). B: Fluo-
rescence activated cell sorting of healthy donor and PAH pericytes using mitochondrial membrane potential (MMP). FL1-A: fluorescein isothiocyanate; FL3-A:
Texas Red. The percentage of high MMP is found in the block of Q2-UR. C: Aerobic glycolysis and glycolytic capacity in cells as measured by Seahorse analysis.

**P < 0.01, ***P < 0.001 compared with controls using unpaired t-test. Scale bar = 50 um. CCCP, Carbonyl cyanide 3-chlorophenylhydrazone; ECAR,
extracellular acidification rate; LL, lower left; LR, lower right; mpH, mili pH per minute; UL, up-left; UR, up-right.

(Figure 6C). Our previously published studies established
that PAH pericytes have an inherent inability to properly
associate with endothelial cells, resulting in formation of
small and disorganized vascular networks.'® Given that
steady ATP production is required to support the cellular
bioenergetics associated with motility,”® we tested whether
reduction of PDK4 can improve the ability of PAH pericytes
to associate with PMVECs during angiogenesis. Compared
with cells transfected with siCtrl (Figure 6C), co-culture of
PDK4 siRNA—transfected PAH pericytes with healthy
PMVEC:s resulted in networks characterized by greater tube
number, branching points, and loops (Figure 6C).

Discussion

A major contributor to the clinical deterioration of patients
with PAH is progressive small vessel loss and lack of
proper compensatory pulmonary angiogenesis, which con-
tributes to increased pulmonary vascular resistance and
decompensated right-sided heart failure."’ A major
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determinant of donor control angiogenesis is the capacity of
newly formed blood vessels to recruit neighboring pericytes
to provide structural support and induce normalization.”” To
date, studies focused on the role of pericytes in PAH have
identified an abnormal cellular phenotype characterized by
hyperproliferation and an impaired ability to associate with
developing microvessels.'®* In an effort to increase our
knowledge of the genomic landscape of PAH pericytes and
identify possible genetic sources for their abnormal
behavior, we conducted a transcriptome analysis, which
revealed significant enrichment for genes involved in cell
signaling and the regulation of processes essential for
preservation of cellular homeostasis. In particular, our GO
and KEGG enrichment analysis revealed that PAH pericytes
have a significant enrichment for genes involved in various
aspects of cell metabolism (Figure 1). Available studies
strongly support metabolic dysregulation as a major patho-
genic mechanism in both human and rodent models of PAH
and stress the concept that dysregulation of cell metabolism
is a common finding in PAH pathogenesis and could explain
recent associations between PAH and disorders, such as
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Figure 5

Knockdown of PDK4 in pulmonary arterial hypertension (PAH) pericytes restores mitochondrial activity. A: Western immunoblot for PDK4 in total

cell lysate (a-tubulin as an internal control) and mitochondria lysate (VDAC-1 as an internal control) from PAH pericytes transfected with either nontargeting
(siCtrl) or PDK4-specific (siPDK4) siRNAs. B: Reactive oxygen species (ROS) production in PAH pericytes treated with either siCtrl or siPDK4. Fluorescence
intensity (rel. Fluor.) was normalized against MitoTracker (MitoT). Mitochondrial membrane potential (MMP) (C) and aerobic glycolysis and glycolytic capacity
(D) in donor control versus PAH with PDK4 siRNA treatment. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with controls using the unpaired t-test. Scale
bar = 25 pum. ECAR, extracellular acidification rate; LL, lower left; LR, lower right; mpH, mili pH per minute; OD, optical density; Pc, pericyte; UL, up-left; UR,

up right.

. . . . ., 44—A47
insulin resistance, metabolic syndrome, and obesity.

The relevance of this finding is further supported by the
efficacy of agents used to treat these metabolic disorders to
reverse PAH in experimental animal models****’ and
several ongoing clinical trials testing their use as treatment
for PAH. Targeting cell metabolism is an attractive concept
because most of the cells involved in vascular remodeling
have been reported to exhibit similar altered metabolic re-
sponses, and their restoration via lifestyle modifications and
pharmacologic therapy could provide a powerful opportu-
nity to alter disease progression.

PAH is a disease state characterized by uncoupling of
glycolysis and glucose oxidation. In this pathologic state,
pulmonary vascular cells, such as fibroblasts, endothelial,
smooth muscle cells, and cardiomyocytes,”*”*" increase
glucose uptake to drive ATP production through glycolysis, a
less efficient metabolic strategy compared with mitochondrial-
based glucose oxidation. Evidence of increased glucose uptake
has been documented in the right ventricle of patients with
PAH by measurements of fludeoxyglucose (a glucose analog)
uptake via positron emission tomography.”>>* A feature of
this abnormal metabolic switch is up-regulation of PDKs,
which phosphorylate and inhibit PDH in the mitochondria.*®
We chose to validate PDK4 in our cell model not only
because it had the highest fold increase among the genes
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selected in our analysis but also because of previous studies
documenting similar alterations in this and other PDK iso-
forms in both animal models and human PAH samples.'*'**
PDK4 is highly expressed in the liver, heart, and skeletal
muscle,”*™ and its expression is regulated by various
transcription factors associated with metabolic pathways, such
as hypoxia-inducible factor-la,, FOXOI1, estrogen, and
peroxisome proliferator-activated receptor gamma, among
others.”**>”° Skeletal-muscle PDK4 protein expression is
selectively increased in insulin-deficient and -resistant states in
both disease models and humans.”” In studies looking at right
ventricular function in fawn-hooded rats and samples from
patients with PAH, PDK4 was elevated in right ventricle hy-
pertrophy and correlated with reduced glucose oxidation and
increased glycolysis.”* Our studies support a similar model in
which elevated PDK4 correlated with a switch to glycolysis-
based metabolism in PAH pericytes that could be partially
reversed by reducing PDK4 levels to improve endothelial-
pericyte interactions and support pulmonary angiogenesis
(Figure 7). In contrast to mitochondrial extracts, Western
blotting of whole lysates failed to reveal major differences in
PDK4 protein levels; this was further evident in our siPDK4
studies, in which the magnitude of gene knockdown was
substantially higher in mitochondrial compared with whole
cell extracts. The explanation for this is not completely clear,
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but there is evidence that some PDK4 can be found in the
cytoplasm, where it can interact with signaling mediators of
the BMP signaling in vascular smooth muscle cells.”® We
speculate that there is a pool of PDK4 that is distributed be-
tween cytoplasm and that the latter is more susceptible to al-
terations in mRNA transcription and could be influenced by
altered protein translocation to mitochondria.

The salutary effects of reducing PDK4 in PAH pericytes
are supported by multiple studies that have targeted this
and other PDKs to reduce the burden of pulmonary lesions
and right ventricular failure in various models of PAH
using the classic PDK inhibitor DCA,Q‘}‘Z““M”'60 an agent
that is currently at the center of a multicenter clinical trial
in PAH (NCT01083524). Of note, we tested DCA in our
cells and found mild improvement in angiogenesis with
increasing doses, but the effects were less pronounced
compared with PDK4 siRNA (data not shown). We
speculate that this could be because DCA has greater
inhibitory binding capacity for some PDK isoforms
compared with PDK4 and that other PDK inhibitors, such
as AZD7545 and radicicol,’! could have a greater bio-
logical effect, which could be tested in cell and animal
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Figure 6  Knockdown of PDK4 reduces prolif-
eration and survival of pulmonary arterial hyper-
tension (PAH) pericytes and restores capacity to
enhance endothelial tube formation. Cell growth
by MTS (A) and cell apoptosis by caspase 3/7 (B)
were evaluated on days 1, 2, and 3 of culture after
48 hours siRNA posttransfection. C: Pericytes (Pcs)
were transfected with nontargeting siRNA control
(siCtrl) or PDKé4-specific (siPDK4) for 48 hours
when compared with healthy pericytes. Before
seeded on Matrigel, cells were stained with PKHs.
Pulmonary  microvascular  endothelial  cells
(PMVECs) were stained in PKH67 (green) and PAH
Pcs in PKH26 (red). The white boxes indicate the
enlarged areas of magnification in the right col-
umn. The white arrows indicate EC-Pc interaction.
The numbers of tubes, branching points, and
networks were assessed after six hours. **P < 0.01
compared with control (unpaired t-test, one-way
analysis of variance with Bonferroni post-test).
Scale bars: 250 pum (C, left and middle columns);
100 um (C, right column). EC, endothelial cell.
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models of PAH. Furthermore, PDK4 sits in a GO term
node that interacts with multiple genes, such as CYPIAI,
LPL, and PDE3B, based on gene-concept network analysis
(Supplemental Figures S3 and S4); overactivity could
create ripples through this network that could result in
alteration of other processes, which may not be properly
targeted by treatment with DCA alone. One possible
approach to study this would be to perform metabolomic
studies to capture the profile of lipid and organic mole-
cules present in healthy and PAH pericyte cytosol at
baseline in response to exogenous injury, which would
serve to prioritize metabolic genes and pathways relevant
to abnormal cellular phenotype. We anticipate that our
data will likely continue to yield candidate genes that
could be further characterized to elucidate their contribu-
tion to aberrant pericyte behavior in PAH.

The similarity of cellular and metabolic phenotype of
pericytes and PASMCs is significant and bears special
mention given the common origin of these cells from
mesenchymal stem cells. Pericytes are considered multi-
potent cells with mesenchymal stem cell—like properties
that can give rise to different cell lineages when exposed
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Proposed model. Elevated PDK4 in pulmonary arterial hypertension (PAH) pericytes (Pcs) reduces mitochondrial metabolism in favor of glycolysis.

Although pericytes exhibit heightened proliferation and survival, they have limited capacity to establish communication with pulmonary microvascular

endothelial cells (ECs), resulting in small vessel loss and impaired angiogenesis.

to specific environmental cues.®’ ®> The concept that

pericytes may differentiate into smooth muscle cells had
been proposed a decade ago.®® Recently, a study looked at
pericyte distribution in the pulmonary circulation of pa-
tients with PAH and reported increased pericyte numbers
in close proximity to pulmonary microvessels, along with
a pro-proliferative and promigratory phenotype when the
cells were purified and cultured in vitro.*? Although these
observations seem to support a potential contribution of
these pericytes to PAH pathology, it is still unclear
whether smooth muscle cells s around the distal pulmo-
nary arteries originate from pericytes. On the basis of our
current data, we are tempted to speculate that lung peri-
cytes could serve as a niche for PASMCs in PAH.
Availability of microarray data sets from PAH PASMCs
could be used to compare similarities with pericytes to
determine whether gene enrichment for PASMC genes are
found in PAH pericytes to detect lineage similarities.
Should pericytes be a significant source of PASMCs, it is
possible that strategies that can reverse PASMCs to a
pericyte-like phenotype may help reduce vascular
remodeling and encourage vessel stability in patients
with PAH.

Although targeting PDK4 improves cellular phenotype
and pericyte function, it is clearly not enough to restore
normal function. We speculate that this could explain the
lack of a significant effect of PDK4 siRNA in donor
control cells because other family proteins could
compensate for down-regulation of PDK4. Furthermore,
given the strong metabolic signature in our gene set, it is
very likely that alteration in other gene modifiers are likely
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present and may not be properly corrected with targeted
knockdown of PDK4. To address these challenges, we
have initiated network analysis combined with metab-
olomics to study how alteration in metabolic networks
affects the production of relevant metabolites that could
serve to produce the altered PAH phenotype. It is also
attractive to speculate that such studies could identify
common patterns that could be expanded to other cell types
involved in PAH vascular remodeling. It is worth pointing
out that our treatment of healthy control pericytes with
siPDK4 did not result in significant changes in mitochon-
drial ROS production and glycolytic activity. We speculate
that this may be because of the capacity of other PDK
isoforms and related molecules to be up-regulated and
compensate for PDK4 deficiency; in the case of PAH
pericytes, PDK4 up-regulation may overshadow the effect
of these other genes, leading to the salutary effect of its
reduction in these cells.

Our study has some important limitations. Our analysis
could have missed other relevant genes with differential
expression in PAH versus donor control pericytes as a result
of small sample size and different binding affinity of probes
contained in the chip. These are well-documented issues
that must be taken into account when analyzing microarray
data sets and have been addressed in our studies by our
choice of a well-tailored statistical method that takes into
account these limitations. However, current next-generation
sequencing technologies, such as RNA sequencing.’’ have
become more accessible and provide a viable alternative to
microarray studies because of greater sensitivity, depth of
coverage, and capacity to capture temporal changes in a
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large cohort of gene expression. As a next step, we plan to
perform RNA-sequencing studies to compare differential
gene expression in pericytes cultured alone versus in
co-culture with endothelial cells. We anticipate that these
experiments will provide information on genes whose
temporal expression during the establishment of endothelial-
pericyte interaction is critical and whose dysregulation
could compromise vessel stability in PAH. Finally, it is
important to point out that the genotype of the patients with
PAH who served as tissue donors is unknown, and we
cannot rule out whether mutations in genes known to be
associated with PAH are present in our samples.®®

In conclusion, we present evidence of a differential gene
expression profile between PAH pericytes and donor control
cells linked to impaired establishment of endothelial-
pericyte interactions during pulmonary angiogenesis.
Although targeting PDK4 appears to be a promising strategy
to partially restore pericyte function, a more ambitious
approach incorporating comprehensive knowledge of
cellular metabolism together with PDK4 network analysis
will be required to identify drugs capable of restoring
mitochondrial metabolism with minimal effect on other
genes within the network whose function remains unaf-
fected in PAH. The ultimate goal is to improve the ability of
pericytes to associate with endothelial cells during pulmo-
nary angiogenesis and preserve blood flow to alveoli for
proper oxygenation, which would lead to improved clinical
outcomes in PAH.
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