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OBJECTIVE: NFU1 is a mitochondrial iron-sulfur scaffold protein, involved in iron-sulfur assembly and transfer to complex Il and
LAS (lipoic acid synthase). Patients with the point mutation NFU16205¢ and CRISPR/CAS9 (clustered regularly interspaced
short palindromic repeats/clustered regularly interspaced short palindromic repeat—associated 9)-generated rats develop
mitochondrial dysfunction leading to pulmonary arterial hypertension. However, the mechanistic understanding of pulmonary
vascular proliferation due to a single mutation in NFU1 remains unresolved.

APPROACH AND RESULTS: Quantitative proteomics of isolated mitochondria showed the entire phenotypic transformation of
NFU1620¢C rats with a disturbed mitochondrial proteomic landscape, involving significant changes in the expression of
208 mitochondrial proteins. The NFU1 mutation deranged the expression pattern of electron transport proteins, resulting
in a significant decrease in mitochondrial respiration. Reduced reliance on mitochondrial respiration amplified glycolysis
in pulmonary artery smooth muscle cell (PASMC) and activated GPD (glycerol-3-phosphate dehydrogenase), linking
glycolysis to oxidative phosphorylation and lipid metabolism. Decreased PDH (pyruvate dehydrogenase) activity due to
the lipoic acid shortage is compensated by increased fatty acid metabolism and oxidation. PASMC became dependent
on extracellular fatty acid sources due to upregulated transporters such as CD36 (cluster of differentiation 36) and
CPT (carnitine palmitoyltransferase)-1. Finally, the NFU1 mutation produced a dysregulated antioxidant system in the
mitochondria, leading to increased reactive oxygen species levels. PASMC from NFU1 rats showed apoptosis resistance,
increased anaplerosis, and attained a highly proliferative phenotype. Attenuation of mitochondrial reactive oxygen species
by mitochondrial-targeted antioxidant significantly decreased PASMC proliferation.

CONCLUSIONS: The alteration in iron-sulfur metabolism completely transforms the proteomic landscape of the mitochondria, leading
toward metabolic plasticity and redistribution of energy sources to the acquisition of a proliferative phenotype by the PASMC.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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torial disease with increased proliferation in pulmo-
nary vascular cells, leading to increased pulmonary
pressure and right-sided heart failure.'” There is a strong
correlation between mitochondrial dysfunction and PAH,
which is supported by extensive scientific research

Pulmonary arterial hypertension (PAH) is a multifac-

reported in the literature.*® Several mitochondrial pro-
teins contain iron-sulfur (Fe-S) clusters and are majorly
involved in energy metabolism, making them indispens-
able to cellular function® The transfer of Fe-S clus-
ters to client proteins such as mitochondrial complex 2
and LAS (lipoic acid synthase) is mediated by NFU1."
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The Role of NFU1 Mutation in PASMC

Highlights

Nonstandard Abbreviations and Acronyms

2-DG 2-deoxyglucose

ACAT acetyl Co-A acetyltransferase

ACOX-1 acyl-Co-A oxidase 1

ACSL1 acyl-Co-A synthetase-1

CcC cellular component

CLUS clusterin

CPT carnitine palmitoyltransferase

CRISPR/CAS9 clustered regularly interspaced
short palindromic repeats/clus-
tered regularly interspaced short
palindromic repeat—associated 9

DEGS1 delta 4-desaturase, sphingolipid 1

DGAT1 diacylglycerol O-acyltransferase 1

DNM1L dynamin-1-like protein

ERBB4 receptor tyrosine-protein kinase
erbB-4

ETC electron transport chain

FA fatty acid

FAO fatty acid oxidation

Fe-S iron-sulfur

GO gene ontology

GPD glycerol-3-phosphate
dehydrogenase

HK hexokinase

LAS lipoic acid synthase

MGST1 microsomal glutathione S-transfer-
ase 1

MKO09 mitogen-activated protein kinase 9

mROS mitochondrial reactive oxygen
species

mT mito-tempo

PAH pulmonary arterial hypertension

PASMC pulmonary artery smooth muscle cell

PC pyruvate carboxylase

PDH pyruvate dehydrogenase

PDK pyruvate dehydrogenase kinase

PKM pyruvate kinase

PRDX3 peroxiredoxin 3

ROS reactive oxygen species

SOD superoxide dismutase

VDAC voltage-dependent anion-selective
channel protein

WT wild type

Importantly, mutations in the human NFU1 protein are
shown to be associated with PAH and multiple mitochon-
drial dysfunctions syndrome 1.7° Also, abnormalities in
Fe-S cluster transfer to client proteins have been shown
to be associated with cardiovascular diseases.'®"" We
recently established that the G206C mutation in NFU1
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+ The G206C mutation in NFU1 significantly alters
the mitochondrial proteome.

* NFU1 mutation remarkably decreased mitochon-
drial respiration and increased glycolysis.

* NFU1 mutation adversely increases oxidative stress,
apoptosis resistance, and proliferation rates.

+ The study highlights the role of iron-sulfur clusters
in pulmonary arterial hypertension.

in rats demonstrates a similar PAH pathology as found
in humans with the NFU18205¢ mutation,'? making it the
first humanized genetic rat preclinical model of PAH.'® It
was also recently highlighted that there needs to be fur-
ther investigation into PAH in the context of Fe-S biol-
ogy."® The loss in Fe-S clusters has recently been shown
to induce a glycolytic switch in cells, ultimately leading to
PAH.'4'® Also, our recent work demonstrated that intro-
ducing human NFU16205¢ mutation in rats is sufficient to
induce spontaneous PAH."? However, understanding the
role of Fe-S clusters in PAH at the cellular level has been
elusive due to a lack of the appropriate cell culture mod-
els. In the current study, we examine mitochondrial func-
tion and metabolism in primary pulmonary artery smooth
muscle cells (PASMCs) derived from rats with a mutation
in the whole animal using the CRISPR/Cas9 (clustered
regularly interspaced short palindromic repeats/clustered
regularly interspaced short palindromic repeat—associ-
ated 9) gene-editing technique. This approach ensured
that the effects were preserved at the cellular level, pre-
senting a unique opportunity to closely analyze the cellu-
lar mechanisms of the single mutation. We found that the
occurrence of the disease in the NFU1 model followed a
similar pattern (male:female, 1:3) as in patients'? and, in
the present study, we selected female rats for isolation
of mitochondria and smooth muscle cells due to higher
association of the disease with this sex.’ Our data pro-
vide new insights into the molecular events driving PAH
pathogenesis at the cellular level.

MATERIALS AND METHODS

Data Availability Disclosure

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Animals

Point mutation (G206C, GGC to TGC) in the Sprague Dawley
rat model at the Nfu1 locus was done as described previously."
The rats were bred in-house, and the colony was kept in the
University Animal Care at the University of Arizona. The animals
were kept in a 12-hour light-dark cycle and received standard
rodent food and water ad lib. Female rats at the age of 10
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to 12 weeks were used for this study. All experimental proce-
dures were approved by the University of Arizona Institutional
Animal Care and Use Committee. The study has adhered to the
preclinical research guidelines in PAH approved by the World
Symposium association of PH.'® We used only female animals
for all experiments in the current study because NFU1 muta-
tion predominantly affects females, and female patients have a
higher occurrence of PAH.

Mitochondrial Isolation

Mitochondrial isolations were performed as described previ-
ously.”? In brief, rat livers were excised and suspended in
cold PBS. The mitochondria were then isolated by homog-
enizing the liver in ice-cold isolation buffer (60 mmol/L Tris/
HCI, pH 7.4, 250 mmol/L sucrose, 5 mmol/L EDTA, and
protease inhibitors) using the Fisher homogenizer 850 at
10000 RPM for 1 minute followed by gentle shaking in the
UltraCruz Shaker at 0°C for 10 minutes. The samples were
then subject to multiple stages of centrifugation at 700,
7800, and 12000 g to finally pellet the mitochondria. The
mitochondria were aliquoted, quick-frozen, and stored at
—80°C for further analyses.

Mass Spectrometry

In-Solution Tryptic Digestion of Isolated Mitochondria

To determine changes in the mitochondrial proteome asso-
ciated with the NFU162¢C mutation, 50 pL of Membrane
Solubilization Buffer (catalog No. 1862783; Thermo Scientific)
was added to isolated mitochondria and incubated on ice for
30 minutes. Forty microliters of clarified supernatant was col-
lected and subjected to in-solution tryptic digestion. Sample
volumes were made to 100 pL using Membrane Solubilization
Buffer, supplemented with dithiothreitol at a final concentration
of 5 mmol/L, and incubated at 56°C for 30 minutes. Samples
were cooled to room temperature for 10 minutes and subse-
quently incubated with 15 mmol/L acrylamide for 30 minutes
at room temperature while protected from light. The samples
were supplemented with 6 volumes of prechilled 100% ace-
tone and incubated for 1 hour at =20 °C to precipitate proteins
followed by centrifugation at 16000g for 10 minutes at 4°C.
Four hundred microliters of prechilled 90% acetone was added
to the protein pellet and vortexed, followed by centrifugation
at 16000g for 5 minutes at 4°C. The remaining acetone was
removed, and the protein pellets were air-dried for 2 to 3 min-
utes. The protein pellet was resuspended in 50 pL of digestion
buffer from the Pierce mass spectrometry (MS) Sample Prep
Kit for Cultured Cells (catalog No. 84840; Thermo Scientific),
and 2 pg of Lys-C was added to each sample and incubated
at 37°C for 2 hours while shaking at 300 rpm. Afterward, 50
pL of 50 mmol/L ammonium bicarbonate and 2 ug of trypsin
was added to each sample and incubated at 37 °C overnight
while shaking at 300 rpm. The samples were frozen at —80°C
for 10 minutes to stop the digestion. The samples were dried
down, resuspended in 15 pL 0.1% heptafluorobutyric acid/4%
fatty acid (FA; v/v), and incubated at room temperature for 15
minutes. The samples were subjected to desalting as described
previously.'” The dried peptides were resuspended in 6 pL of
0.1% FA (v/v), sonicated for 1 minute, and 2.5 pL of the final
sample was analyzed by mass spectrometry.
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Mass Spectrometry and Data Processing
HPLC-ESI-MS/MS was performed in positive ion mode on a
Thermo Scientific Orbitrap Fusion Lumos tribrid mass spectrom-
eter fitted with an EASY-Spray source (Thermo Scientific, San
Jose, CA). NanoLC was performed using a Thermo Scientific
UltiMate 3000 RSLCnano system with an EASY-Spray C18
LC column (catalog No. ES803; Thermo Scientific; 50 cmx75
pm inner diameter, packed with PepMap RSLC C18 material,
2 pm); loading phase for 15 minutes at 0.300 pL/min; mobile
phase, a linear gradient of 1% to 34% Buffer B in 119 minutes
at 0.220 pL/min, followed by a step to 95% Buffer B over 4
minutes at 0.220 pL/min, hold 5 minutes at 0.250 pL/min, and
then a step to 1% Buffer B over 5 minutes at 0.250 uL/min
and a final hold for 10 minutes (total run, 159 minutes); Buffer
A=0.1% FA/H20; Buffer B=0.1% FA in 80% ACN. All solvents
were liquid chromatography—mass spectrometry grade. Spectra
were acquired using XCalibur, version 2.3 (Thermo Scientific).
A top-speed data-dependent MS/MS analysis was performed.
Dynamic exclusion was enabled with a repeat count of 1,arepeat
duration of 30 s, and an exclusion duration of 60 s. Tandem mass
spectra were extracted from Xcalibur RAW files, and charge
states were assigned using the ProteoWizard 2.1.x msConvert
script using the default parameters. The fragment mass spec-
tra were then searched against the Rattus SwissProt_2018_11
database (8068 entries) using Mascot (Matrix Science; London,
United Kingdom; version 2.4) using the default probability cutoff
score. The search variables that were used were 10 ppm mass
tolerance for precursor ion masses and 0.5 Da for product ion
masses; digestion with trypsin; a maximum of 2 missed tryptic
cleavages; variable modifications of oxidation of methionine;
and phosphorylation of serine, threonine, and tyrosine. Cross-
correlation of Mascot search results with X! Tandem was
accomplished with Scaffold (version Scaffold_4.8.7; Proteome
Software, Portland, OR). Probability assessment of peptide
assignments and protein identifications were made through
the use of Scaffold. Only peptides with >95% probability were
considered. Reported peptide FDR rates from Scaffold ranged
from 0.1% to 0.2%. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium
via the PRIDE (Proteomics Identifications Database)'®'® part-
ner repository with the dataset identifier PXD0156022 and
10.6019/PXD015022. The reviewer account details are as
follows: username, reviewer04967 @ebi.ac.uk; password,
HqUN20OR.

Label-Free Quantitative Proteomics

Progenesis Ql for Proteomics software (version 2.4; Nonlinear
Dynamics, Ltd, Newcastle Upon Tyne, United Kingdom) was
used to perform ion intensity—based label-free quantification
as described previously.?® Of the detected peptides, for further
analysis, we selected those with a peptide expression differ-
ence between the groups using a significance of A<0.05, as
estimated by Progenesis.

Bioinformatics Analysis

The normalized peptide abundance values were exported, and
Perseus, version 1.6.2.3, was used to analyze and visualize the
data?'?? The data were converted to Z scores by calculating
the mean of each column and then subtracting it from each
value in the column. The resultant value was then divided by
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the Sprague Dawley of the row or column to obtain the final Z
score. Unsupervised hierarchical clustering was performed to
generate a visual heat map representation; the distance was
set to Euclidian and the linkage to average. The maximal num-
bers of clusters were set to 300. For the principal component
analysis, the number of components was set to 5, and for the
cutoff, the Benjamini-Hochberg method was used. Database
for Annotation, Visualization and Integrated Discovery was used
for gene ontology (GO) annotation of the proteins for cellular
component (CC), biological processes, and molecular function.
Kyoto Encyclopedia of Genes and Genomes was used to visual-
ize the pathways affected.

Rat Primary Pulmonary Arterial Smooth Muscle

Cell Isolation

Female rat PASMC was isolated as described previously2® In
brief, the whole lungs or the left lobe was excised from the rat
and immediately placed in cold DMEM (Dulbecco’s Modified
Eagle Medium) without glutamine and pyruvate (catalog No.
11960-044; Gibco). Under the hood, clean vessels from the
lungs were cut and transferred to 2 mL of 1 mg/mL collage-
nase-2 (catalog No. LS004176; Worthington) in DMEM without
glutamine and pyruvate for 20 minutes at 37 °C. The superna-
tant was aspirated carefully, and 10 mL of warm DMEM with
glutamine supplemented (catalog No. 11965-092; Gibco) with
20% fetal bovine serum (catalog No. 25-5144; Geneclone)
was added. This was then plated in a 10-cm dish covered with
gelatin (catalog No. ES-006-B; Millipore). To ensure adequate
cell number, cells were pooled from 5 different rats. Every
2 to 3 days, half of the media was changed to DMEM with
glutamine. After 2 to 3 passages, the cells were stained for
smooth muscle actin (anti-a-SM actin [1A4], Alexa-Fluor488
ab184675, Abcam, 1:100, isotype IgG2a) using FACS per-
formed in a Novocyte 2000 (ACEA Biosciences) instrument.

Seahorse Assays

Seahorse assays were performed as described previously.?®
For the glyco-stress Seahorse assay, isolated PASMCs were
seeded in a 24-well Seahorse cell culture microplate at
50000/well and left overnight to form a monolayer. On the day
of the assay, the media was aspirated and cells were incubated
at 37°C in a non-CO, incubator for 1 hour with 0.5 mL XF
base medium (catalog No. 102353-100; Agilent, Santa Clara,
CA) supplemented with 2 mmol/L glutamine. Glucose (566 pL,
100 mmol/L), oligomycin (62 pL, 100 pmol/L), and 2- deoxy-
glucose (69 pL, 500 mmol/L) was added to the flux pack wells
(catalog No. 102342-100; Agilent). Extracellular acidification
rate was then determined using Seahorse Bioscience XFe24
extracellular flux analyzer (Agilent) according to the manu-
facturer's instructions. For the mito-stress assay, cells were
prepped similar to the glyco-stress assay with the exception
that the XF base incubation media was supplemented with
pyruvate (1 mmol/L), glutamine (2 mmol/L), and glucose (10
mmol/L). Oligomycin (66 pL, 10 pmol/L), FCCP (carbonyl cya-
nide 4-(trifluoromethoxy)phenylhydrazone; 62 L, 10 pmol/L),
and rotenone+antimycin-A (69 pL, 5 pmol/L) were added to
the flux pack wells. Oxygen consumption rate was then deter-
mined according to the manufacturer’s instructions.
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For the FA oxidation (FAQ), cells were seeded 2 days before
the assay. On the day before the assay, the cells were starved
with DMEM with glucose (0.5 mmol/L), GlutaMAX (Thermo
Fisher Scientific, Burlington, ONT; 1.0 mmol/L), carnitine (0.5
mmol/L), and 1% fetal bovine serum. On the day of the assay,
the cells were washed with the assay buffer (phenol red—free
DMEM supplemented with glucose [2.5 mmol/L], carnitine
[0.5 mmol/L], and HEPES [6 mmol/L]). The cells were then
incubated for 1 hour in a non-CO, incubator in 375 pL of the
assay buffer. Fifteen minutes before the assay, to the respec-
tive wells, 375 pL of 400 pmol/L etomoxir was added. Just
before initiating the assay, to the respective wells, palmitate-
bovine serum albumin (BSA) or the BSA control was added
(catalog No. 102720-100; Agilent). The standard mito-stress
assay described above was then performed on the Seahorse
Bioscience XFe24 extracellular flux analyzer. For all assays, the
results were normalized with respect to the cell count, measured
by flow-cytometry. Chemicals for the Seahorse assays, unless
specified, were procured from Sigma-Aldrich (Saint Louis, MO).

Western Blotting

For the analysis of total cell proteins, PASMCs were prepared
as described previously.* In brief, cells were lysed using RIPA
(radio-immunoprecipitation assay) with a protease-phospha-
tase inhibitor cocktail. The cells were then spun at 10000g
for 10 minutes, and the supernatant was transferred to a
separate tube. Protein concentrations were determined by the
Pierce BCA Protein Assay Kit (catalog No. 23225; Thermo
Fisher Scientific). The samples were incubated in 6X Laemmli
sample buffer (Boston Bioproducts, Inc, Ashland, MA), for 5
minutes at 95°C. The samples were loaded on 4% to 20%
Mini-PROTEAN TGX stain-free gels (Bio-Rad) and were sep-
arated electrophoretically. Following this, the proteins were
transferred to a membrane using PowerPac Universal power
supply and Trans-Blot Turbo transferring system (Bio-Rad
Laboratories, Inc). Membranes were blocked with 5% BSA
and then probed using the following antibodies: GPD (glycerol-
3-phosphate dehydrogenase)-1 (1:1000, sc-376219) and
GPD2 (1:1000, sc-393620) from Santa Cruz Biotechnology;
HK (hexokinase)-1 (1:1000, 2024), HK-II (1:1000, 2867), PKM
(pyruvate kinase)-2 (1:1000, 4053), p-AKT (phospho-protein
kinase B; 1:1000, 4060), and AKT (1:1000, 4685) from Cell
Signaling Technology; PKM1 (1:1000, 15821-1-AP), CPT
(carnitine palmitoyltransferase)-1A (1:1000, 15184-1-AP), and
ACSL1 (acyl-Co-A synthetase-1; 1:1000, 13989-1-AP) from
ProteinTech; PDH (pyruvate dehydrogenase; 1:1000, 8D 10E6)
from Invitrogen; CD36 (cluster of differentiation 36; 1:1000,
MABT399) from Sigma-Aldrich; DEGS1 (delta 4-desaturase,
sphingolipid 1; 1:1000, PAB-42741) from Thermo Fisher;
and PC (pyruvate carboxylase; 1:1000, Ab229267), MGST1
(microsomal glutathione S-transferase 1; 1:1000, Ab131059),
total OXPHOS (oxidative phosphorylation; 1:1000, Ab110413),
and SOD (superoxide dismutase)-2 (1:1000, Ab68155) from
Abcam. Reactive bands were visualized using the chemilumi-
nescent protocol, recorded with ChemiDoc MP Imaging System
(Bio-Rad Laboratories, Inc, Hercules, CA) and analyzed using
the Image Lab software. Protein loading was normalized with
respect to total sample protein loaded using free stain gels as
described previously.?®> Some membranes were stripped and
reprobed for >1 protein.
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PDH Assay

Cultured PASMCs were lysed using RIPA buffer, and the lysate
was used for the PDH activity. PDH activity was measured with
the PDH Activity Assay Kit (MAK183; Sigma-Aldrich) per the
manufacturer protocol. All values were normalized with respect
to protein concentrations as determined by the Pierce BCA
Protein Assay Kit.

Reactive Oxygen Species Assays

Isolated PASMCs 50000 cells/well were plated in a 96-well
plate and grown overnight to form a monolayer. The cells were
then washed in HBSS and incubated in 7.5 pmol/L MitoSox
Red (catalog No. M36008; Thermo Fisher Scientific). After 30
minutes of incubation, the cells were washed twice with HBSS
and the fluorescence measured on a plate reader with excita-
tion, 510 nm and emission, 580 nm. The Amplex Red Hydrogen
Peroxide Assay Kit (catalog No. A22188; Thermo Fisher
Scientific) was used to detect hydrogen peroxide generation in
cells of isolated PASMCs; 50000 cells/well in a 96-well plate
were grown in phenol red—free DMEM. The media was then
extracted, and peroxide was determined in the media according
to the manufacturer’s protocol. The Amplex Red combined with
horse radish peroxidase is a highly sensitive method that can
detect picomolar concentrations of cellular hydrogen peroxide
of different sources, including mitochondria, NADPH oxidases,
peroxisome-formed peroxides, etc. For all reactive oxygen spe-
cies (ROS) assays, the final values were adjusted with total pro-
tein determined by the Pierce BCA Protein Assay Kit.

Analysis of Apoptosis by Flow Cytometry
Apoptosis levels were measured using the Apoptosis and
Necrosis Quantification Kit (catalog No. 30017 Biotium,
Fremont, CA) according to the kit protocol. Cells were grown
to 80% confluency and then treated with Paraquat (100 pM;
Sigma-Aldrich) for 24 hours. The cells were then washed,
trypsinized, and then resuspended in 50 pL of reaction
mix containing ethidium homodimer and FITC (fluorescein
isothiocyanate)-annexin V. After incubation in the dark for 25
minutes at room temperature, the samples were diluted in 200
pL of the kit's 1X buffer. The apoptosis was then measured by
flow cytometry as described previously.?

Cell Growth Assay

PASMCs were seeded at equal densities and allowed to grow
for 24 to 72 hours. At each interval, the cells were washed, tryp-
sinized, and cell count was measured by flow cytometry. For the
growth rates with mitochondrial-targeted antioxidant mito-tempo
(MT), the cells were treated with 500 nM MT for 48 hours. The
cells were then washed, trypsinized, and cell count was measured
by flow cytometry (NovoCite, Agilent). To optimize MT treatment,
the pilot experiment with 20 nM to 100 pM MT for 24 to 72
hours was performed to determine the dose/time response.

Real-Time Cell Growth Kinetics

Real-time cell growth rates were determined using the iCELLI-
gence system (ACEA Biosciences). This is a highly accurate and
precise technique to determine real-time changes in electrical
impedance, which represents the cell growth index?” The assays
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were performed as per to the manufacturer's instructions. Cell
index was normalized as described previously?” For all studies, cell
index was normalized at the 24-hour time point after establish-
ing exponential cell growth. For inhibition of the glycolytic pathway,
2-deoxyglucose (2DG) was added post-adhesion to growing cells.

Statistical Analysis

Statistical calculations were performed using the GraphPad
Prism software, version 7.04. The mean value (SEM) was
calculated for all samples, and significance was determined by
the unpaired Student ¢ test. A<0.05 was considered to be sta-
tistically significant. The data were tested for normality using
the GraphPad Prism software and passed the normality test.
Therefore, the Student t test was used for statistical analysis.
The Grubbs test (extreme studentized deviate) was used to
determine the significant outliers before the initiation of the
data analysis.

RESULTS

NFU1¢20¢¢ Mytation Significantly Alters the
Mitochondrial Proteome

We recently showed that the NFU16205C mutation in rats
had a significant impact on their vascular physiology, dem-
onstrating PAH phenotype and multiple mitochondrial dys-
functions syndrome 1 similar to the human with NFU 16208
mutation (rat G206C corresponds to human G208C)."? Our
studies revealed that a single mutation in a mitochondrial
Fe-S cluster scaffold protein results in marked vascular
remodeling.'? As mitochondria play a vital role in cell prolif-
eration, we aimed to investigate the impact of the mutation
on the mitochondrial proteome with label-free quantitative
proteomics on freshly isolated mitochondria from WT (wild
type) and homozygous mutant NFU1 rat liver (Figure 1A).
Quantitative proteomic analysis of the protein expression
changes between WT and homozygous mutant mito-
chondria identified 2065 total proteins. We selected the
rat liver because it constitutes a more homogenous pop-
ulation of hepatocytes as compared with the whole lung
cell population, which are made up of endothelial, smooth
muscle, fibroblasts, epithelial, and inflammatory cells, etc.
This method ensured a more homogenous mitochondrial
isolate. Data obtained from the mitochondrial proteome
served as a guide to assist the study with further func-
tional investigations into possible metabolic abnormalities
in the isolated PASMC from the NFU1 model. Limitations
of using liver mitochondria should be assumed; however,
there are no available methods to isolate mitochondria
precisely from PASMC without passaging them ex vivo in
quantities required for quantitative proteomics. Also, key
mitochondrial proteins were probed in the isolated PASMC
to corroborate the findings from quantitative proteomics.
Additionally, the NFU1 mutation in these rats is preserved
at the level of the whole organism. Therefore, we expect
the mitochondrial proteome to conserve a certain degree
of similarity between tissues.
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Figure 1. Mitochondrial proteome is markedly altered in NFU1 mutants.

A, To identify differences in proteomic expression between WT (wild type) and NFU162°5¢ homozygous mutant rats, mitochondria were isolated,
proteins prepared, subjected to trypsin digestion, and analyzed by tandem mass spectrometry. Quantification of the data was executed in
Progenesis Ql for proteomics, and peptide/protein identification was performed by database searching with Mascot. Quantification of changes
in peptide/protein abundance was performed via extracted ion abundance. The resulting quantitative proteomics data were (Continued)
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The expression level of 1028 proteins (representing
50% of total) was significantly different between the two
groups, of which 208 proteins were found to be asso-
ciated with the GO term “cellular component for mito-
chondrion” (Figure 1B). Unbiased principal component
analysis of the 208 significantly affected mitochondrial
proteins revealed that the protein expression differences
cluster together accordingly as either WT or homozy-
gous mutant, suggesting that the NFU1 mutation sig-
nificantly altered mitochondria proteome (Figure 1C).
Volcano plots for the proteome comparisons between
the groups showed significant differences (P [—log 10])
in the differential expression means between the WT
and NFU1 animals (Figure 1D). Data filtering (>1.5-
fold change; A<0.05) showed 888 proteins to be dif-
ferentially expressed. We then analyzed the significantly
affected mitochondrial proteins for biological process
enrichment using GO-based assessment for functional
category co-occurrence using the functional annotation
tool Database for Annotation, Visualization and Inte-
grated Discovery?® to further investigate the functional
role in isolated PASMC.

Multiple Pathways Leading to Proliferation Are
Dysregulated in the NFU1 Mutants

In the GO-based assessment using Database for Anno-
tation, Visualization and Integrated Discovery, we focused
on pathways closely associated with the mitochondria
and were implicated in proliferation. Proteomic evidence
from a recent report by Xu Weiling et al*® showed that
endothelial cells derived from human PAH patients had
deranged mitochondrial respiration, abnormal FA metab-
olism, enhanced oxidative stress, and apoptosis resis-
tance.® The study concluded that PAH is characterized
by metabolic pathways that are primarily associated with
the mitochondria.®® In addition to this, other reports also
indicated that dysregulation of oxidative phosphorylation,
FA metabolism, oxidative stress, and regulation of apop-
tosis were significantly associated with PAH and prolif-
eration.83%34 Qur data identify significantly enriched top
20 pathways in the Kyoto Encyclopedia of Genes and
Genomes and the top 30 processes in the GO pathways
for the biological processes (Figure 2A). To summarize,
the NFU1 mutation significantly altered mitochondrial
metabolism, antioxidant system, and apoptosis regulation.
Thus, we generated the individual heat maps of proteins
associated with corresponding pathways, including the

The Role of NFU1 Mutation in PASMC

most important oxidative phosphorylation, FA metabo-
lism, oxidative stress response, and regulation of apopto-
sis (Figure 2B through 2E). We have previously reported
that NFU1 mutation specifically affects complexes | and
Il of respiratory chain'? and, indeed, our proteomics data
confirm the complexes decrease (Figure 2B), whereas
showed marked upregulation in downstream complexes
from Il to V that can be explained by adaptation. Inter-
estingly, FA transport is clearly upregulated in the NFU1
group, with overall upregulation in B-oxidation and FA
synthesis (Figure 2C). However, important players in FA
metabolism such as FAS, ACAT (acetyl Co-A acetyltrans-
ferase), and ACACA were downregulated and required a
follow-up examination at cellular function level to find out
the overall effect of NFU1 mutation on FA metabolism.
The antioxidant system also showed mixed response
with the upregulation of major mitochondrial hydrogen
peroxide detoxicant PRDX3 (peroxiredoxin 3), super-
oxide scavenger PON2, and lipid detoxicant MGST1
and downregulation of many other antioxidants (Fig-
ure 2D). Therefore, it is unclear whether NFU1 mutant
cells produce more oxidants and experience oxidative
stress. Apoptosis panel showed significant upregula-
tion of antiapoptotic signaling, including Akt (Figure 2E).
Since these pathways have been implicated significantly
in driving the pathogenesis of uncontrolled proliferation,
investigating them in the PASMC would, therefore, give
fundamental insights into the pathogenesis of PAH in
the NFU1 model (Figure 2F).

Mitochondrial Metabolism Is Diminished in
NFU16206¢c pASMC

It is established that PAH is associated with mitochon-
drial dysfunction, findings we have confirmed in our
recent work, where we demonstrated that NFU1 mutant
rats have impaired mitochondrial complex | and Il func-
tions.*®12 In the present study, quantitative proteomics,
in conjunction with GO enrichment evaluation, corrobo-
rated our previous findings of altered mitochondrial
electron transport chain (ETC) protein expression (Fig-
ure 2B)."”? We identified that among the mitochondrial
subunits, complexes | and Il had decreased abundance
in the NFU1 rats (Figure 2B). Conversely, the expression
of complexes IlI, IV, and V, as well as cytochrome ¢, an
electron carrier in the ETC, was significantly increased
in the NFU1 rats (Figure 2B). We also confirm similar
protein expression patterns in the PASMC isolated from

Figure 1 Continued. further processed by Perseus for visual representation of the findings. B, Unbiased hierarchical clustering of the 208
significantly affected mitochondrial proteins in the NFU1 mutant vs WT groups confirmed that the expression patterns across the different
individual biological samples cluster together accordingly as WT or NFU1 mutant. A heat map and linked dendrogram of the hierarchical
clustering results provide a visual representation of the clustered matrix, and the associated profile plots further reveal consistency within
groups of the corresponding protein expression patterns (2 boxes to the right of the heat map). C, Unbiased principal component analysis of
the 208 significantly affected proteins revealed that the protein expression differences of the individual biological samples within each group
were consistent and no outliers were detected (n=5). D, Volcano plot representing proteins that are over- or underexpressed in WT rats vs
NFU1 G206C homozygous mutant rats with the mitochondrial proteins highlighted in green and red.

740  February 2021

Arterioscler Thromb Vasc Biol. 2021;41:734-754. DOI: 10.1161/ATVBAHA.120.314655



James et al The Role of NFU1 Mutation in PASMC

A B WT  NFU1
— [=-]
P-value 1234512345 =
Metabolic pathways B B 1 00E-22 NDUS1 (=]
Biosynthesis of antibiotics 7.50E-14 (]
Parkinson's disease 1.20E-14 SOHA o
Huntington's disease 6.40E-12 QCR1 E
Oxidative phosphorylation 3.00E-10 m
Alzheimer's disease 8.20E-08 R =
Peroxisome 5.30E-12 c UCRI :'-n"
Carbon metabolism 1.30E-09 ‘© o
Fatty acid degradation 5.40E-15 £ acre 1
Non-alcoholic fatty liver disease (NAFLD) KEGG 3.10E-06 (&) oY -
Fatty acid metabolism P ath avs 3.50E-10 += (=]
PPAR signaling pathway way 2.50E.07 g coxs
Pyruvate metabol.lsm 3.20E-09 D ox2
Tryptophan metabolism 1.40E-08 %
Glycolysis / Gluconeogenesis 9.10E-07 = COX5A
Citrate cycle (TCA cycle) y =
. . " ” 6.50E-09 c oxect
Biosynthesis of amino acids 2.70E-05 o
Influenza A 6.40E-03 = aPa
Valine, leucine and isoleucine degradation 1.00E-05 8
N R - D Arps
Adipocytokine signaling pathway 1.00E-04 ]
e e e e == ATPK
oxidation-reduction process 1 3.20E-28
response to drug 6.10E-13 ATPSJ
aging 4.40E-06 ATPG
negative regulation of apoptotic process 3.00E-03
cell-cell adhesion 1.20E-06 ATPSH
response to organic cyclic compound 1.90E-05 ATPSL
fatty acid beta-oxidation 3.80E-12
ATP metabolic process 1.00E-10 ATPSI
response to nutrient 4.60E-06 ATPO
liver development 7.70E-06
response to oxidative stress 8.20E-06 -15 0 2.5
response to organic substance 1.20E-05
response to ethanol 9.00E-05 WT NFU1
positive regulation of apoptotic process 1.80E-02 C — —
translation 3.30E-02 1234512345
tricarboxylic acid cycle .Gene. ontology- 1.00E-09 D36 +
response to toxic substance Biological process 7.60E-05 1]
negative regulation of neuron apoptotic process 5.30E-04 CPTIA Q.
response to lipopolysaccharide 1.70E-02 CPT2 %
apoptotic process 6.50E-02 ©
ATP synthesis coupled proton transport 7.60E-09 VDAC1 (=
cell redox homeostasis 9.20E-06 VDAC2 <
cellular oxidant detoxification 1.50E-05 s
lipid metabolic process 8.00E-05 % VDAC3 -
carbohydrate metabolic process 6.50E-04 = acox1
transmembrane transport 1.50E-02 _8
fatty acid metabolic process 6.80E-05 I AcD1 c
glucose metabolic process 1.20E-04 @ EcHaA o
metabolic process 2.30E-03 = ‘(-u'
osteoblast differentiation 2.70E-03 ~—~ ECHB o
- E ACSL1 S
0 10 20 50 80 < Q
. ACSL5 Q.
Number of proteins % o
<C DGATI
2> Asa2
© ®
L PECR B
D WT NFU1 T _NFU1 FADS1 8
— — 1234512345 £
1234512345 DEGS1 €
AKT1
PRDX3 S ECi (2]
cLws ® ACACA E
F2138 c1asP g, FAS [ |
7] Q ACAT
2 rone ERBB4 12
= 2 [
(%] w cs z
© MesT1 =] © F
> Q. colr3 (o))
= 8_ (0]
g MSRA < GRPTE < Pathways affected in PAH/Proliferation
X “ |
O O proxs
O PROX1 c Dysregulated Dysregulated
- g PHB2 c Oxphos FA Metabolism
] o S
C PROX2 3 LDHA =1
o o ©
Q MK09 2
3 PEBP1 o %
o STAT3 4
o
sopC
i 2 Oxidative Apoptosis
HNRPK g Stress Resistance
THIO o .
RACK1 Proliferation
|
PARKT DNMIL
PAH

Figure 2. Functional annotation of significant proteins from the proteomic data using the Database for Annotation,
Visualization and Integrated Discovery.
A, Representation of top 20 pathways in KEGG and top 30 processes in the gene ontology-biological process. Pathways were sorted based on
the abundance of the number of proteins associated. B, Heat map indicating abundance of proteins associated with the mitochondrial electron

transport chain shows decreased levels of complex | and |l and increased complexes Il to V in the NFU1 group. C, Heat map of fatty acid
metabolism proteins within the mitochondria shows dysregulated fatty acid (FA) oxidation and synthesis in NFU1 rats. D, Heat map indicating an
abundance of mitochondrial proteins associated with regulating oxidative stress shows a misbalance in NFU1 mitochondria compared with WT

(wild type). E, Heat map of mitochondrial proteins regulating apoptosis shows a shift favoring NFU1 survival. F, Possible dysregulated pathways

that lead to proliferation and pulmonary arterial hypertension (PAH) in the NFU1 pulmonary artery smooth muscle cell (PASMC). KEGG indicates
Kyoto Encyclopedia of Genes and Genomes; PPAR, peroxisome proliferator-activated receptor; and TCA, citrate cycle.
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the rat lungs, where we observe decreased complex |
and Il, unchanged complex I, and a trending increase in
complex V expressions (Figure 3A and 3B). This could
perhaps be a cellular compensatory mechanism that
upregulates upstream complexes to balance decreases
in complex | and Il expression. However, changes in ETC
protein expression in both directions could not answer
the question of whether overall ETC has decreased or
increased function. Therefore, to analyze alterations
in mitochondrial bioenergetics at the cellular level, we
examined mitochondrial respiration by monitoring oxygen
consumption using the Seahorse XF mito-stress assay
(Figure 3C). Compared with the WT, the NFU1 group
showed a significant decrease in basal mitochondrial
respiration, indicating that these cells had diminished
basic mitochondrial function (Figure 3D). The maxi-
mal uncoupled rate induced by FCCP was also found
to be markedly decreased in the NFU1 groups (Fig-
ure 3E), suggesting that these mitochondria were highly
dysfunctional under stress conditions. Importantly, we
observed that the spare respiratory capacity was found
to be significantly decreased in the NFU1 groups (Fig-
ure 3F). This is a characteristic of cells that transform
from an oxidative state to a glycolytic state.®® The cal-
culated mitochondrial ATP production was also shown
to be decreased in the NFU1 groups, which indicates
a lower dependence on the mitochondria as an energy
source in the NFU1 mutant (Figure 3G). A compensa-
tory outcome for decreased mitochondrial metabolism
could be an increase in the GPD (GPD2). We found
a higher expression of GPD2 in the NFU1 cells than
the WT cells (Figure 3H). This suggests that the NFU1
mutant cells could, indeed, recruit an alternative input of
electrons via FADH2 into the ETC to balance the dys-
function in complexes I and L.

NFU1¢26¢ pASMCs Adopt High Glycolysis to
Meet Proliferative Energy Demands

While glycolysis is largely a cytoplasmic event, several
glycolytic enzymes (eg, hexokinase 2) interact closely
with the mitochondria.®® Also, since PASMC in PAH is
known to be highly proliferative and exhibit increased gly-
colysis necessary for cell survival, we sought to establish
whether the homozygote mutant of NFU1629¢ PASMC
demonstrated similar characteristics. To assess compre-
hensive glycolytic function, we performed the Seahorse
XF glyco-stress assay. The NFU1 PASMC demonstrated
increased extracellular acidification rates, which is indic-
ative of increased lactate export—a terminal product of
glycolysis (Figure 4A). Under conditions where the mito-
chondria were inhibited, the mutant cells demonstrated
higher levels of glycolytic capacity (Figure 4B). Also,
at the basal level, the NFU16206¢ PASMCs show twice
the rate of glycolysis as compared with the WT PASMC
(Figure 4C). This feature is predominantly observed in
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highly dividing cancer cells3” Next, to determine specific
mechanisms responsible for elevated glycolytic rates, we
examined specific proteins within the glycolytic pathway.
Hexokinases are glycolytic enzymes, which catalyze the
phosphorylation of glucose—an important step in initiat-
ing glycolysis.3® We did not detect a significant change in
hexokinase | protein expression (Figure 4D), but hexo-
kinase Il expression was found to be increased in the
NFU1 PASMC (Figure 4E). Interestingly, hexokinase I
is highly expressed in cells with a cancer phenotype.®
PKM catalyzes the final step of glycolysis and is also
known to be a rate-limiting enzyme in glycolysis®® It
was shown that the upregulation of PKM2 takes place
during a glycolytic switch.*® Therefore, we assessed the
PKM2/PKM1 ratio as a factor for the increased glyco-
lytic switch. Our data show that the NFU1 PASMC has
a high PKM2/PKM1 ratio consistent with our extracel-
lular acidification rate data (Figure 4F), indicating that
these cells meet their proliferative energy demands via
high glycolysis. PDH converts pyruvate into acetyl Co-A
to enter the TCA cycle. To follow the fate of pyruvate in
the mitochondria, we examined both PDH activity and
expression. We did not find any difference in the PDH
expression, but its activity was found to be impaired in
the NFU1 cells (Figure 4G and 4H). This is a direct out-
come of the NFU1 mutation affecting LAS and subse-
quent lipoidation of the PDH subunit, which we recently
demonstrated.”? Therefore, the fate of pyruvate is per-
haps not linked to efficient mitochondrial utilization, but
alternative pathways are leading to anaplerosis or glu-
coneogenesis. These data suggest that the mutant cells
have their glycolytic metabolic switch turned on to sup-
port high proliferation.

NFU1 PASMCs Maintain Increased FA
Metabolism via Augmented FA Import

Dysfunctional FA metabolism is shown to be involved in
PAH pathogenesis.®**' Our proteomic data (Figure 2C)
suggested a possible disruption of FA metabolism (FA
transport, FA oxidation, and FA synthesis), which prompted
further exploration in this area. We found FA transporter
proteins such as CD36 and CPT (CPT1A) upregulated
in the quantitative proteomics and also the PASMC of the
NFU1 animals (Figure 5A and 5B). We also observed an
increased abundance in DGAT1 (diacylglycerol O-acyl-
transferase 1), which is involved in triglyceride synthe-
sis in FA metabolism (Figure 2E). Also, DEGST1, involved
in the FA synthesis, was found to be upregulated in the
PASMC of the NFU1 rats (Figure 5C). A complementary
process to FA synthesis could be an increase in the GPD
shuttle (GPD1 and GPD2)—a mechanism that brings
the mitochondrial oxidative phosphorylation at the cross-
roads of glycolysis and lipid metabolism in proliferative
cells.*? Interestingly, we found increased GPD1 expres-
sion in the NFU1 cells than the WT cells (Figure 5D).
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Figure 3. NFU1 mutant pulmonary artery smooth muscle cells show altered electron transport chain proteins and decreased
mitochondrial respiration.

A, Complex 1 and complex 2 protein expressions are significantly decreased in the NFU1 group. B, Complex 3 expression was unchanged,
but complex 5 expression was slightly elevated in the NFU1 group. C, Representation of overall mitochondrial oxygen consumption rates. Basall
(D), maximal (E), and spare respiration rates (F) are significantly decreased in the NFU1 group. G, Mitochondrial ATP production is significantly
decreased in the NFU1 group. H, GPD (glycerol-3-phosphate dehydrogenase)-2 protein expression is significantly increased in the NFU1
group (meantSEM; n=6 to 10; *, ***, **** vs WT P£<0.05, 0.001, 0.0001, Student ¢ test). FCCP indicates carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone; ns, nonsignificant; OCR, oxygen consumption rate; SF, stain-free normalization; and WT, wild type.
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Figure 4. NFU1 mutant pulmonary artery smooth muscle cells (PASMCs) are highly glycolytic.

A, The glyco-stress assay shows overall extracellular acidification rates (ECAR). NFU1 PASMCs show (B) higher glycolytic capacity and (C)
higher basal glycolysis than the WT (wild type) group. Expression levels of glycolytic proteins: (D) HK (hexokinase) 1 expression was unaltered
between the groups, but (E) HK2 was increased in the NFU1 groups; (F) PKM (pyruvate kinase)-1 was unaltered between the groups, but
PKM2 and the PKM2/PKM1 ratio were increased in the NFU1 group. G, PDH (pyruvate dehydrogenase) expression was unchanged, but (H)
PDH activity was decreased in the NFU1 group. PDH and HK2 have been probed from the same membrane after stripping (mean+SEM;

n=5 to 10; * **, **** vs WT P<0.05, 0.01, 0.0001, Student t test). 2-DG indicates 2-deoxyglucose; ns, nonsignificant; and SF, stain-free
normalization.
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Figure 5. Alterations in fatty acid (FA) metabolism.

A-E, CD36 (cluster of differentiation 36), CPT1A (carnitine palmitoyliransferase 1A), DEGS1 (delta 4-desaturase, sphingolipid 1), GPD (glycerol-
3-phosphate dehydrogenase)-1, and ACSL1 (acyl-Co-A synthetase-1) protein expression is significantly increased in the NFU1 group. F, Seahorse-
based analysis showing the overall levels of FA oxidation (FAO) the WT (wild type) and NFU1 group. G, Basal FAO is higher in the NFU1 group.
Basal FAO is calculated from Figure 6B, measured as the difference in basal oxygen consumption rate (OCR) and OCR after rotenone/antimycin-A
addition. H, Exogenously supplemented (palmitic acid) FAQ is higher in the NFU1 group. Exogenous FAO, calculated from Figure 6B, is measured as
the maximal OCR (FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone]) difference between the respective palmitate groups and the groups
without palmitate; OCR [(WT+palmitate)—(WT)], OCR [(NFU1+palmitate)—NFU1] (meanSEM; n=>5 to 10; *, **, **** vs WT P<0.05, 0.01, 0.0001,
Student t test). SF indicates stain-free normalization.
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Figure 6. Oxidative status and apoptosis resistance.

SOD (superoxide dismutase)-2 protein expression is significantly decreased (A) and MGST1 (microsomal glutathione S-transferase 1)

protein expression is increased (B) in the NFU1 group. C, Mitochondrial reactive oxygen species (mROS) determined by MitoSox Red shows
increased mROS in the NFU1 group. D, Hydrogen peroxide production is increased in the NFU1 group. E, p-AKT (phospho-protein kinase B)
is significantly upregulated in the NFU1 group. F, Apoptosis assay (annexin V—ethidium bromide) shows that the NFU1 group has decreased
apoptosis during paraquat-induced stress. Graph represented as the percentage of total pulmonary artery smooth muscle cells undergoing
apoptosis (meantSEM; n=5 to 8; *, ***, **** ys WT P<0.05, 0.001, 0.0001, Student ¢ test). ROS indicates reactive oxygen species; SF, stain-
free normalization; and WT, wild type.
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This suggests that the NFU1 mutant cells could, indeed,
amplify FA synthesis in tandem with the increase in
DGAT1 and DEGS1. B-Oxidation is a process where
FAs are broken down to generate NADH and FADHZ2,
which enter the ETC.*® We observed increased expres-
sion of primary P-oxidation proteins such as ACSL1
(Figure BE) and ACOX-1 (acyl-Co-A oxidase 1), but
ACAT—the tertiary B-oxidation protein—was found to be
decreased in the NFU1 group (Figure 2C), suggesting
incomplete FAO—a pathological event in many cardiovas-
cular diseases.** Furthermore, to assess FAO in cells, we
performed the Seahorse palmitate-BSA oxidation assay
after depleting other fuel sources by starvation. Interest-
ingly, the NFU1 mutant PASMC exhibited higher levels
of FAO in comparison to the WT cells (Figure 5F). We
find that the mutant cells exhibit significantly higher lev-
els of basal FAO (Figure 5G) and a markedly amplified
exogenous FAO than the WT cells (Figure 5H), perhaps
owing to better FA import via CD36, CPT1, and CPT2.
Also, since the cells are starved before the FAO assay,
we find that the NFU1 cells are able to survive this stress
more efficiently than the WT cells, as demonstrated by
their increased basal respiration (Figure 5G). These data
indicate that the NFU1 PASMC compensates for the
reduced acetyl-Co-A synthesis via PDH by enhanced
but incomplete FA utilization leading to lipotoxicity and
activates mechanisms involved in oxidative stress and
proliferation.

NFU1¢206c pPASMCs Show Increased ROS
Production and Resistance to Apoptosis

ROS are crucial in cellular signaling and can dictate cellu-
lar fates by regulating cell proliferation and cell death.*®
47 Pathway analysis of our proteomic data revealed that
the mutant cells had a decreased abundance in a large
proportion of proteins that regulated cellular antioxidant
responses (Figure 2D). We found that several crucial
antioxidant enzymes, such as SODC and peroxiredoxins
(PRDX1 and 2), were downregulated in the mutant cells.
Importantly, PARK7—a protein chaperone and degly-
case—is known to maintain mitochondrial ROS (mROS)
and was found to be decreased in the mutant cells.*® We
also found a sharp decrease in SOD2 expression indi-
cating that the NFU1 cells could be in a highly oxidative
environment (Figure 6A). However, we also observe an
elevated abundance of specific lipid antioxidant protein
MGST1 (Figure 6B) and the major mitochondrial antioxi-
dant PRDX3 (Figure 2D). Interestingly, PRDX3 is known
to enhance the survival of cancer cells.*® To gain clarity
of the cellular redox state, we examined the oxidative sta-
tus of the cells by assessing levels of mMROS and hydro-
gen peroxide. As shown in Figure 6C, we observed that
the mutant cells generate comparatively higher levels of
mROS than the WT cells. Consistent with our previous
data, this could perhaps be attributed to the impaired
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ETC (Figure 2B). Hydrogen peroxide is an important
secondary signaling messenger and is known to initiate
cellular proliferation and also is indicative of proliferative
cells.5%5" Qur study shows increased hydrogen peroxide
production in the NFU1 cells (Figure 6D), which could
act as a secondary messenger to maintain the highly pro-
liferative state of the NFU1 cells. This observed increase
in both peroxide and intracellular mROS could be the
consequence of decreased SOD and peroxiredoxins
expression, as observed in Figures 2D and 6A.

A consequence of high ROS levels could be altered
apoptosis.®? Resistance to apoptosis, therefore, is a key
factor in enhancing the survivability of cells. Our investi-
gation into apoptotic proteins within the mitoproteome
revealed a synergistic action between increased anti-
apoptotic and decreased proapoptotic proteins, which
could confer resistance to apoptosis in an oxidative envi-
ronment (Figure 2E). While RAC-alpha serine/threonine-
protein kinase (AKT1), CLUS (clusterin), and ERBB4
(receptor tyrosine-protein kinase erbB-4) proteins, which
are known to enhance proliferation, are increased in the
NFU1 rats, the proapoptotic proteins, MKO9 (mitogen-
activated protein kinase 9) and DNM1L (dynamin-1-like
protein), are decreased in these rats (Figure 2E). Interest-
ingly, we observe a remarkable activation of AKT in the
PASMC of the NFU1 rats, which enhances the prolifera-
tive potential of these cells (Figure 6E). Next, to confirm
our findings, we challenged the cells with paraquat—a
ROS-generating chemical, which causes cell death.®®
The NFU1 cells were able to survive the oxidative chal-
lenge better than the WT cells. As shown in Figure 6F,
the apoptosis assays reveal that the mutant cells show a
decreased apoptotic rate as compared with the WT cells,
thus demonstrating their resistance to apoptosis.

NFU1¢206¢ PASMCs Are Highly Proliferative

Uncontrolled proliferation of SMC plays a central role
in vascular obliterative disease—a hallmark of PAH.%*
Recently, we showed that the NFU1 rats have thick-
ened pulmonary arteries.'? To confirm these findings, we
measured the growth curve of isolated PASMC using 2
independent and different methods. Consistent with data
from our metabolic and apoptosis assays, we observe
that the mutant cells have proliferation rates almost
twice that of the WT cells (Figure 7A through 7D). PC is
an enzyme that catalyzes the conversion of pyruvate to
oxaloacetate—an anaplerotic reaction linked to the highly
proliferative state in cancer cells and also to PAH.%5%
We found PC to be highly expressed in the NFU1 cells
(Figure 7E), showing that these cells enter a highly pro-
liferative state, characteristic of PAH. Since high glyco-
lytic rates are crucial for proliferation, we tested whether
inhibiting glycolysis would decrease cellular growth rates.
Consequently, we treated the cells with 2DG—a glycoly-
sis inhibitor. Both the WT and the NFU1 cells showed a
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Figure 7. Cell proliferation is increased in pulmonary artery smooth muscle cells isolated from the NFU1 and WT (wild type) rats.
A, Growth curves of WT and NFU1 pulmonary artery smooth muscle cell (PASMC) identified by cell counting. B, NFU1 PASMCs have higher
proliferation rates in comparison with the WT PASMC (mean*SEM; n=5; ** vs WT P<0.01, Student t test). C, Proliferation rates as determined
by the iCELLigence System (ACEA Biosciences), indicating real-time variations in electrical impedance, representing the cell growth index. D,
Slope shows significantly increased growth rates in the NFU1 PASMC (mean£SEM; n=4; ** vs WT P<0.01, Student t test). E, PC (pyruvate
carboxylase) expression is increased in the NFU1 PASMC (meanzSEM; n=5; * vs WT P<0.05, Student t test). F, Proliferation rate of both

WT and NFU1 PASMC is inhibited by 2-deoxyglucose (2DG); however, (G) NFU1 PASMCs show significantly increased growth rate than WT
PASMCs when treated with 2DG (25 mmol/L; mean=SEM; n=4; **** vs WT P<0.0001, Student t test). NFU1 mutant PASMC proliferation is
decreased with the mitochondrial antioxidant mito-tempo (MT). H, NFU1 PASMC treated with 500 nM MT for 48 h shows decreased growth
rates while in WT PASMC, the growth rate is unchanged with MT treatment (meantSEM; n=5; * vs NFU1 P<0.05, Student t test). ns indicates
nonsignificant; and SF, stain-free normalization.
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significantly decreased growth rate with 2DG (Figure 7F
and 7G). However, the NFU1 cells treated with 2DG had
a significantly higher growth rate than the WT cells with
2DG. This observation could be attributed to either opti-
mized glycolytic pathway in NFU1 cells or upregulated
alternative energetics pathways such as the fatty acid
pathways activated (Figure BF through B5H). Next, to
test whether the high growth rate in NFU1 cells was
dependent on excessive mROS generation as previ-
ously observed in this study (Figure 6B and 6C), we
treated the cells with various concentrations of MT—a
mitochondria-targeted superoxide scavenger. We find
that the NFU1 PASMCs have significantly attenuated
growth rates when treated with MT (500 nM, 48 hours;
Figure 7H). These results indicate that dysregulated
mitochondrial function could lead to increased mROS
and could potentially be one of the mechanisms for
excessive proliferation of the NFU1 cells.

DISCUSSION

Mitochondrial dysfunction has surfaced from many
studies as the primary initiating factor in proliferative
diseases such as cancer and PAH.*%™8 We recently
demonstrated that rats with the NFU1829¢ mutation
develop abnormal mitochondrial function, which is suf-
ficient to initiate PAH in rats.'? In this study, we used for
the first time in isolated NFU1 mutant pulmonary arte-
rial smooth muscle cells to establish a cellular mech-
anistic link between the cascades of events leading
from mitochondrial dysfunction to PAH. We show that
dysregulated Fe-S cluster homeostasis could trigger a
complete change in the mitochondrial phenotype lead-
ing to metabolic reprogramming in the cells and caus-
ing proliferative changes in PAH (Figure 8).

We previously demonstrated that impaired mitochon-
drial respiration could induce a glycolytic shift in smooth
muscle cells leading to proliferation in PAH.23% Disrupted
iron homeostasis has also been shown to be directly
associated with decreased mitochondrial respiration and
increased glycolysis in PAH.28€%8" Correspondingly, in
this study, we found that the NFU1 cells have increased
glycolysis, which is a direct response to impaired mito-
chondrial function as a result of disrupted Fe-S cluster
protein maturation. This direct outcome of the NFU1
mutation strengthens the central role of Fe-S clusters in
impairing mitochondrial function and triggering a glyco-
lytic switch in proliferative diseases such as PAH.

Cells with impaired mitochondrial function adopt
alternative pathways to cope with decreased energy
output. An interesting observation in our study was the
compensatory mechanisms used by the NFU1 cells to
balance impaired mitochondrial function. We found that
in response to the deficiency in Fe-S—dependent com-
plexes | and ll, the expression of cytochrome C and
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complexes Il to V increases. Perhaps, the cell could aim
to compensate for the decrease in energy. The GPD
enzymes (GPD2 and GPD1) shuttle electrons across
to the mitochondria via FADH linking glycolysis to the
ETC5 GPD2 is also shown to accumulate glycerol,
leading to increased lipid storage in cell.*26% Therefore,
in conjunction with increased glycolysis, the increased
GPD2-GPD1 activity and upregulated expression of
complexes Il to V in the NFU1 cells gives them an
opportunity to adequately meet their energy demands
for rapid cellular proliferation. Importantly, this increase
in GPD2 is not only compensatory for the decreased
mitochondrial respiration but also could supplement
uncontrolled proliferation.8* Taken together, we find that
the NFU1 mutation causes multiple mitochondrial aber-
rations leading to increased glycolysis and converges
into a proliferative phenotype.

PDH controls the entry of pyruvate into the TCA
cycle and, therefore, is known to be the gatekeeper of
glucose oxidation. Recently, it was demonstrated that
using DCA to inhibit PDK (PDH kinase)—an enzyme that
inhibits PDH—improved outcomes in PAH patients.®® But
DCA inhibition does not improve outcomes in certain
PAH patients due to several genetic variabilities.®® Con-
versely, activation of PDK could not be the only reason
for the attenuation of PDH activity. Our humanized rat
model clearly shows that other mechanisms, for example,
impaired synthesis of lipoic acid, a critical PDH cofac-
tor, are sufficient to severely attenuate PDH activity and
could be responsible to the unprecedently high preva-
lence of PAH (70% versus 0.0001% in general popula-
tion) in patients with NFU1 mutation. Decreased glucose
oxidation as a result of diminished PDH activity could
instigate proliferative pathways in cells.f® In this article,
we discovered that PDH is also a critically important
switch for the increase in FA transport and oxidation. The
mechanism also associated with PAH development and
progression. Consistent with our recent findings,'? in the
present study, we found PDH activity to be decreased in
the NFU1 cells, which results in the NFU1 cells diverting
pyruvate to alternative pathways, for example, anaplero-
sis via PC leading to enhanced proliferation of the cell.
Thus, PDH has a key role in switching mitochondrial res-
piration to glycolysis and upregulated FAO.

Importantly, in the mitochondria, PDH and PC are
competing for the same substrate, pyruvate. PC is an
anaplerotic enzyme and is involved in several metabolic
pathways such as gluconeogenesis, de novo FA synthe-
sis, and amino acid synthesis. Indeed, the conversion
of pyruvate to oxaloacetate by PC and following that
to malate and citrate generates the essential compo-
nents for cellular proliferation: oxaloacetate, malate, and
NADPH.5" Oxaloacetate is involved in gluconeogenesis,
amino acid, and FA synthesis. Increased glycolysis could,
therefore, augment the production of intermediates via
anaplerosis that is utilized in the production of amino
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Figure 8. Consequences of NFU1 mutation on metabolic reprogramming of smooth muscle cells.

(1) Mutation in the NFU1 protein causes defective iron-sulfur (Fe-S) cluster transfer to mitochondrial complex Il and LAS (lipoic acid
synthase). (2) Fe-S cluster transfer defects cause dysfunctional electron transport chain (ETC), leading to decreased ATP production in
NFU1 pulmonary artery smooth muscle cell (PASMC). (3) Dysfunctional ETC and decreased mitochondrial ATP cause a compensatory
metabolic switch, increasing glycolysis, thus leading to proliferation. (4) PDH (pyruvate dehydrogenase) activity is decreased as a result of
impaired LAS, causing decreased glucose oxidation. (5) Impaired mitochondrial complexes lead to increased reactive oxygen species (ROS)
production. In conjunction with dysregulated antioxidant system and apoptosis resistance, ROS production increases proliferation. (6) Fatty
acid (FA) import is elevated in NFU1 PASMC via elevated CD36 (cluster of differentiation 36) expression. (7) Increased fatty acid import

in conjunction with increased FA oxidation could balance decreased glucose oxidation and further supplement proliferation. Incomplete

FA oxidation leads to lipotoxicity. ACSL1 indicates acyl-Co-A synthetase; AU, arbitrary units; CPT, carnitine palmitoyltransferase; EthDIII,
ethidium homodimer III; LCFA, long-chain fatty acids; p-AKT, phospho-protein kinase B; T-AKT, total-protein kinase B; TCA, citrate cycle;
and VDAC, voltage-dependent anion-selective channel protein.
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acids, lipids, porphyrins, and nucleotides and, therefore,
direct uncontrolled proliferation.?® Importantly, increased
PC expression is predominantly observed in cancer and
PAH, as reported in several studies.?® In our study, we
show that the NFU1 cells have significantly upregulated
PC, therefore, generating the necessary metabolites and
activating pathways required for cell proliferation. Corre-
spondingly, we could, therefore, establish that PC could
efficiently balance the increased glycolysis to the exces-
sive proliferation in NFU1 cells.®

It is well established that dysregulated FA metabolism
is a hallmark of PAH.206859 |n addition to this, recent pro-
teomic studies in cells derived from PAH patients have
strongly associated abnormal and increased FA metab-
olism with PAH.? Increased expression of the main
long-chain FA transporter CD36 has been shown to be
elevated in PAH, causing chronic elevation of long-chain
FA uptake.®® Also, CD36 accounts for around 70% of
the FA uptake in cardiomyocytes.® In the mitochondria,
CPT1/2 is a key long-chain FA shuttle. CPT1/2, along
with ACSL1 in conjunction with a VDAC (voltage-depen-
dent anion-selective channel protein), transfers FAs
across the mitochondrial membrane.” Coupled with the
increased uptake of FAs, increased FA and triglyceride
synthesis further complicates the disease, aggravating
PAH.396° |n the NFU1 cells, we observe that there is an
increase in CD36, CPT1/2, ACSL1, and VDAC, implying
increased FA import and increased triglyceride synthesis
owing to increased DGAT1. A recent study linked Fe-S
cluster loss to increased FA synthesis in nonadipose tis-
sues.”" Increased FA uptake and synthesis could affect
FAO rates, which is shown to be dysregulated in PAH.
Notably, increased FAO and glycolysis are also shown
to be associated with RV failure.®® Indeed, inhibiting FAO
was shown to increase GO and prevent PAH in mice.®
Moreover, DGAT1 that catalyzes the final step of triglyc-
eride synthesis has been shown to be elevated in asso-
ciation with cardiac dysfunction.” Importantly, increased
FAQO is shown to be accompanied by increased CPT1
expression, which is the rate-limiting step to mitochon-
drial FAO pathway.” Consequently, increased FAO over-
load could potentially only increase glucose uptake and
glycolysis but not glucose oxidation as compared with
FA uptake and fB-oxidation.3¢® Mitochondrial FA over-
load, in conjunction with increased accumulation of
long-chain acylcarnitines, has been linked to incomplete
FAO. In fact, incomplete FAO generates intermediates
that could cause lipotoxicity leading to RV dysfunction
and failure.*' In the present study, we speculate that as
a result of decreased expression of ACAT, the increased
but incomplete FAO in conjunction with increased FA
uptake could lead to the formation of intermediates that
causes lipotoxicity in the NFU1 model. Interestingly, in
the micro-environment, proliferative cells have been
shown to demonstrate high FA metabolism to comple-
ment glycolysis.™ In addition to this, when we inhibited
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glycolysis in the PASMC, we observe that the NFU1 cells
still demonstrate higher growth than the WT cells, indi-
cating a possible sustained input from other metabolic
sources. Taken together, with our previous observation
of upregulated GPD2/1, increased PC, and increased
complex IlI-V, increased FAO could additionally compen-
sate for decreased mitochondrial respiration and supple-
ment proliferation in the NFU1 PASMC.

Excessive mROS in PASMC has been shown to impair
redox signaling and is known to create cells that are prolif-
erative and apoptosis-resistant and, therefore, contributing
to PAH.” Indeed, it is also shown that many cancers are
initiated due to an initial presence of excessive ROS® and
it is hypothesized that in a high oxidative environment, aer-
obic glycolysis is enhanced, leading to cell proliferation.”
In our study, we observe that the NFU1 cells generate
high ROS levels, and these cells obtain a highly prolif-
erative phenotype. It is shown that cells with decreased
mitochondrial function typically generate reduced ROS
levels.f® However, we found that the NFU1 cells show a
severely impaired mitochondrial antioxidant system, and,
therefore, this could result in excessive mROS generation.
The significant decrease in SOD2 that we observe in the
NFU1 cells could play a vital role in ROS-mediated cel-
lular proliferation. These findings corroborate with several
studies, which have confirmed that a decrease in SOD2
triggers a proliferative, cancer-like phenotype.”®™ Addi-
tionally, SOD2 deficiency is emerging as a crucial focus
of research in PAH and is demonstrated to be involved
in the phenotypic switching of cells.”*8%8" Altogether, the
NFU1 model resonates these findings and brings SOD2
and ROS to the intersection of mitochondrial dysfunction
and phenotypic switching of the PASMC. Confirming the
role of mROS in proliferation, we show that the NFU1
cells have attenuated proliferation rates when the mROS
is quenched using the mitochondrial-targeted antioxi-
dant MT. Indeed, MT is known to be an SOD mimetic.82 A
similar observation was previously reported in proliferative
cancer cells where antioxidant treatment inhibited redox-
sensitive survival® However, the observation that MT
treatment does not bring back proliferation rates to WT
levels indicates that there could be several other mecha-
nisms underlying the increased proliferation in the NFU1
cells. We postulate that the NFU1 cells perhaps maintain
a high proliferation rate in an oxidative environment due
an ingenious interplay in the antioxidant system. MGST 1
and PRDX3 are antioxidant enzymes that are known to
be upregulated in cancers, which are also protective of
oxidative stress—induced apoptosis.®® In our study, we
observe that both MGST1 and PRDX3 levels were ele-
vated in NFU1 cells while other important antioxidants,
for example, SOD1/S0D2, PRDX1/2, and thioredoxins,
were downregulated. This dysregulated expression in
antioxidant enzymes could work in consensus to enhance
survival from increased ROS production and thereby
promote cell survival. Increased ROS should potentially
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activate pathways leading to apoptosis,”? but we find that
the NFU1 cells circumvent apoptosis. Our data indicate
that the NFU1 cells are resistant to apoptosis through the
synergistic action of anti- and proapoptotic proteins. In an
environment of oxidative stress, MKO9Q is shown to induce
apoptosis.®® Indeed, we found that MKO9 expression had
decreased, implying that the NFU1 cells evade apoptosis
and increase proliferation by upregulating proliferative pro-
teins, for example, AKT, CLUS, and ERBB4. Importantly,
PARKT7—a redox-sensitive chaperone,*® which is essential
in regulating ROS and apoptosis—was found to be down-
regulated in the NFU1 cells. Indeed, our observation of the
NFU1 cells surviving high ROS stress induced by para-
quat supports the proteomic data in this study. Altogether,
these data provide us with insight that the NFU1 cells
take advantage of both high ROS and decreased apopto-
sis to promote excessive proliferation.

In conclusion, a single primary event, dysfunctional mito-
chondria due to impaired Fe-S cluster transfer, converges
our observation of impaired mitochondrial respiration,
increased glycolysis, increased ROS, apoptosis resistance,
and dysregulated FA metabolism leading to increased pro-
liferation of smooth muscle cells. This study emphasizes
the role of mitochondrial dysfunction in the initiation of
PAH, provides a novel model, and paves the way to explore
PAH at the cellular level. This study only considered female
cells due to the higher occurrence of PAH phenotype in
female NFU1 rats that recapitulates the higher prevalence
of the female sex in patients with PAH. Additionally, study-
ing sex differences in the NFU1 model could reveal new
strategies to rescue the metabolic switch.
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