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ABSTRACT

Effects of mitochondrial biosynthesis regulation through the PGC-1a

/ERRa signaling system on the pathogenesis of pulmonary fibrosis

Hyeon Woo Chung

Department of Medical Science
The Graduate School Yonsei University

(Directed by Professor Jac Myun Lee)

Mitochondrial dysfunction has recently been linked to the onset and
progression of pulmonary fibrosis. In patients with Idiopathic Pulmonary Fibrosis
(IPF), fibroblasts exhibit mitochondrial dysfunction and decreased mitochondrial

biogenesis.

Estrogen related receptor alpha (ERRa) can upregulate mitochondrial
biogenesis by inducing transcriptional regulators for mitochondrial genes.
Studies have revealed that ERRa requires the presence of a peroxisome

proliferator-activated receptor-gamma coactivator (PGC)-1a.

The repression of PGC-1a has been demonstrated in the human IPF fibroblasts,
leading to decreased mitochondrial biogenesis. However, research on ERRa and
PGC-1o/ERRa-signaling systems in pulmonary fibrosis has been poorly reported.
This study determined whether changes in ERRa affect mitochondrial status and

fibroblast to myofibroblast transition (FMT) in vitro.



We treated the human fetus lung fibroblast cell line (MRC-5) with TGF-B1 to
see the relevance between ERRa and FMT. MRC-5 cells were treated with ERRa
inverse agonist (XCT790), and siRNA treatment was performed to determine
whether the loss of ERRa results in mitochondrial dysfunction and FMT. To
observe the resolution of FMT through enhancing ERRa, human IPF patients’
lung fibroblast cell line (LL97A) were treated with PGC-1a agonists (thyroid
hormone, rosiglitazone), and overexpression through pPCMV6- ERRa vector were

performed.

The PGC-10 /ERRa signaling axis and mitochondrial status were decreased in
TGF-B1 treated human lung fibroblasts cell lines. The reduction of ERRa have
induced FMT and led mitochondrial dysfunction. However, the elevation of
ERRa via transfection and drug treatments has reduced FMT and ameliorated
mitochondrial dysfunction. Furthermore, anti-fibrotic effects of ERRa was

dependent on the coactivator PGC-1a.

In this study, we have demonstrated the relevance between the PGC-10 /ERRa
signaling system and the pathogenesis of pulmonary fibrosis. FMT was induced
by inhibition of ERRa and was enhanced by enhancing ERRa. These findings
suggest that the downregulation of ERRa could contribute to pulmonary fibrosis
and the resolution of mitochondrial biogenesis through the PGC-la /ERRa
signaling system can ameliorate pulmonary fibrosis through enhancing

mitochondrial biogenesis.

Key Words : Pulmonary fibrosis, Mitochondrial Biogenesis, Estrogen
related receptor alpha, peroxisome proliferator-activated receptor-gamma

coactivator-1 alpha

Vi



Effects of mitochondrial biosynthesis regulation through the PGC-1a

/ERRa signaling system on the pathogenesis of pulmonary fibrosis

Hyeon Woo Chung

Department of Medical Science
The Graduate School Yonsei University

(Directed by Professor Jac Myun Lee)

I. INTRODUCTION

Idiopathic Pulmonary Fibrosis (IPF), the most common type of idiopathic
interstitial pneumonia, is a chronic, invariably progressive disease
characterized by interstitial fibrosis and microscopic honeycombing.'* As the
disease progresses, gas exchange impairs, and lung function declines,
eventually leading to death. The median age at diagnosis is 65 years suggesting
IPF is an aging-related disease and has been reported 2 - 4 years of the median
survival time from diagnosis.”* IPF is diagnosed by histological or radiological
criteria of a pattern of usual interstitial pneumonia.’>®* Now, only two drugs are
FDA-approved and treated for IPF patients: Nintedanib and Pirfenidone.”"°
However, these cannot stop the progression of fibrosis but can only delay the

progression of IPF and improve progression-free survival.'!

The inciting events of IPF are now understood as repetitive alveolar
epithelial injury-producing an abnormal wound-healing response.'>" The
Increase of apoptotic type2 alveolar epithelial cells (AECs), typel AECs, and

increased myofibroblasts on the fibrotic lungs' epithelium, support this



hypothesis.'"*'> When the tissue gets injured, the wound-healing pathway is
activated to repair itself from the stimulus. When wound healing begins in lung
tissue, type2 AEC, which serves as stem cells in the lung, renewal typel AEC,
activated fibroblasts secrete extracellular matrix components such as collagens
and fibronectins, which contribute to structural repair. > However, repetitive
alveolar epithelial injury triggers abnormal wound-healing responses leading to
fibroblast activation, myofibroblast differentiation, and abnormal extracellular

matrix deposition, contributing to disease pathogenesis.™'®

IPF patients’ damaged microenvironments show redox imbalance
characterized as oxidative stresses through enhancing reactive oxygen species
(ROS).""™ Mitochondrial dysfunction plays a critical role in excessive ROS
production, and it is a standard feature of IPF patients' lung epithelial cells, and
fibroblasts.'*?* The features of mitochondrial dysfunction are mitochondrial
DNA damage, the reduction of the number of mitochondria, mitochondrial
depolarization, morphological changes, decreased ETC activity, releasing
apoptotic factors, and secreting Damage Associated Molecular Patterns
(DAMPs) like mitochondrial DNA (mtDNA).'”**2%, Under normal conditions,
mitochondrial ROS such as superoxide anion, hydroxyl radical, and hydrogen
peroxide can be controlled by Glutathione (GSH), and superoxide dismutase
(SOD). However, the expression levels of GSH and SOD are low in the IPF
patients' lungs.'” Additionally, NADPH oxidase-4 (NOX4), a critical ROS-
producing enzyme, is overexpressed in [PF lung myofibroblast. NOX4 reduces
mitochondrial biogenesis by directly inhibiting nuclear respiration factor
(NRF)2."® Moreover, several transcriptional factors, and proteins that are
involved in mitochondrial biogenesis and mitophagy, which are crucial for

mitochondrial homeostasis, have been downregulated in IPF patients' lungs."”-
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Peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1a is
the transcriptional coactivator of several nuclear receptors like peroxisome
proliferator-activated receptors (PPAR) o, PPARP, thyroid hormone (TH)
receptor, and Estrogen-related receptors (ERRs). PGC-la is an inducible
regulator of the metabolic pathway, autophagic pathway, and mitochondrial
biogenesis.”****’ PGC-1a is also reported to increase NRF1/2 expression,
which controls mtDNA replication and transcription via mitochondrial
transcription factor A.*”*° Fibroblast of IPF patients, down-regulation of
PGC-1a have been reported leading to mitochondrial dysfunction. Treating
Metformin, which activates AMPK, an upstream regulator of PGC-la
ameliorates fibrotic phenotype in the bleomycin-induced pulmonary fibrosis
mouse model. ' Transfecting PGC-1a plasmid vectors in the fibroblasts of IPF
patients have also relieved fibrotic phenotype and knockdown of PGC-1a on
fibroblast have worsened fibrotic phenotype.? Treating TH, which activates
PGC-1a ameliorated fibrotic phenotype, but treating TH on PGC-1a knockout

mouse have not improved fibrotic phenotypes.*

Among the targets of nuclear receptors of PGC-1a, ERR families comprise
ERRa, ERRp, and ERRy. Unlike its naming, ERRs have no relationship
between estrogen signaling pathways, and endogenous ligands have not been
identified. ERRs are composed of three domains: DNA-binding domain that
recognizes and binds a specific sequence TCAAGGTCA, known as estrogen-
related response element (ERRE); a well-conserved C-terminal domain which
is a site that coactivators and co-repressors bind and interact; and a less
conserved N-terminal domain.*>**** PGC-1a interacts with ERRa, and not only
increases the activities of ERRa but also upregulates the transcription of ERRa
via the ERRo. gene itself bearing ERRE.* Increased ERRo. can upregulate
mitochondrial gene expression by inducing transcriptional regulators for
mitochondrial genes such as NRF1, GABPa, a subunit of GABP/NRF2, and
PPARa. >



The targets of ERRa include several genes related to mitochondrial activity:
TCA cycle, fatty acid oxidation, and oxidative phosphorylation (OXPHOS). **
It is evident that the ERRa binds to these mitochondrial genes because when
ERRa is downregulated, the mitochondrial activity gets impaired, decreases
ATP production and mitochondria lose their integrity.”**ERRo not only
increases mitochondrial biogenesis and function but also affects autophagic
flux, which required for the maintenance of mitochondrial functions.***' In the
immune response of macrophages toward Mycobacterium tuberculosis (Mtb)
infection, ERRa is required for transcriptional activation of autophagic genes
and phagosomal maturation.* Also, ERRa is a critical factor for TFEB-induced
activation of autophagy, which is crucial for maintaining mitochondrial
functions through mitophagy in the intestinal epithelium.*” Furthermore,
several studies have revealed sirtuins such as SIRT3, and SIRTS containing
ERRE on its promoters through regulated by ERRa. Also, the activity of
sirtuins is increased by ERRa activation due to increased NAD+ through
activated OXPHOS. ***! However, since there is no research related to ERRa

and IPF yet, the need for research between ERRa and IPF should be performed.

This study investigated the correlation between PGC-1a/ERR«a signaling
axis and pulmonary fibrosis in vitro. The activation of mitochondrial biogenesis
through upregulating the PGC-1o/ERRa signaling axis could be an effective

anti-fibrotic approach toward pulmonary fibrosis disease phenotypes.



II. MATERIALS AND METHODS

1. Transcriptosome analysis (Reanalysis of Public data)

RNA sequencing was performed by using RNA-seq data (GSE199949) from
Gene Expression Omnibus (GEO). Briefly, samples were composed of IPF
patients’ biopsies and non-IPF donor lung biopsies that are not suitable for
transplantation. Samples were separated into non-fibrotic central and fibrotic
peripheral regions. RNA sequencing was performed using Illumina HiSeq 4000
and quality control was performed using FastQC and AfterQC. STAR version
2.5.3 was used for read alignments and count summaries. Reads count data were
processed with R/Bioconductor “limma” package for TPM normalization’. Batch
effects were adjusted using the “combat” function in R/Bioconductor “sva”
package. To increase sensitivity and exclude noise, a TPM=1 cutoff was
performed and row sum filters of 42 for the “all-samples” data sets were used as
thresholds for low counting filters. Then, data were log2 transformed and P values
cut off (P £ 0.05) were performed to generate Differently Expressed Genes
(DEGS). Gene Set Enrichment Analysis (GSEA) was performed with DEGs, and
a list of GO (Gene Ontology) pathways was used to perform GO analysis.

2. Cell culture

MRC-5 was purchased in a Korean cell line bank and cultured in Minimal
Essential Media (MEM; Hyclone, Logan, UT, USA), 10% heat-inactivated fetal
bovine serum (FBS; Hyclone), 1X Non-Essential Amino Acids (NEAA; Gibco,
New York, NY, USA), ImM Sodium Pyruvates (Gibco), and 1%
penicillin/streptomycin (p/s; Hyclone). LL97A was purchased from American
Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in Kaighn’s
Modification of Ham’s F-12 Medium (F-12K; ATCC) with 15% FBS (Hyclone),



and 1% p/s (Hyclone). Cells were cultured in complete media for 24 h and media
were changed with 0.5% FBS medium for starvation. After 24 h of starvation
cells were treated with recombinant human TGF-B1 protein (R&D Systems Inc,
USA) in 0.5% FBS media and were cultured until 48 h. Cells were maintained at
37°C, 5% CO; incubator.

3. Cell transfection

Cells were seeded into plates to reach 80 ~ 90% confluence. For the
knockdown analysis, cells were transfected with siRNA-negative control (siNC)
and si-ESRRA using Lipofectamine RNAimax reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer's protocol. For the overexpression of ERRa,
cells were transfected with pPCMV6-ERRa plasmid vector (Origene, Rockville
MD, USA) and pCMV6-EMTPY plasmid vector (Origene) using Lipofectamine

3000 reagent according to the manufacturer's protocol.

4. RNA isolation and quantitative Reverse Transcription Polymerase

Chain Reaction (qRT-PCR) assay

Total RNA was extracted using the RNeasy mini kit (Qiagen, Valencia, CA,
USA). Briefly, cells were lysed with RLT buffer containing beta-
mercaptoethanol and added 70% EtOH. Samples were transferred to the RNeasy
mini spin column and after washing columns with RW1 buffer and RPE buffer,
RNAs were diluted with DEPC-treated water and followed by Nanodrop
concentration and purity analysis. cDNA was synthesized using SuperScript 111
(Invitrogen, Carlsbad, CA, USA), qRT-PCR was performed using KAPA STBR
FAST (Roche Diagnostics, Mannheim, Germany), and analyzed with
QuantStudio3 Real-Time PCR System (Applied Biosystems, Carlsbad, CA,
USA). qRT-PCR primers used in this analysis are listed in Table 1.
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5. DNA isolation and qRT-PCR assay

Total DNA was extracted using QIAamp Blood mini kit (Qiagen, Valencia,
CA, USA). Briefly, cells were lysed with Protease K and added buffer AL and
incubated at 56°C for 10 min. 100% EtOH was added to samples and samples
were transferred to QIAamp mini spin column placed in a 2ml collection tube and
centrifuged. After washing the columns with AW2 buffer, DNAs were diluted
with DEPC-treated water and followed by Nanodrop concentration and purity
analysis. qRT-PCR was performed using KAPA STBR FAST (Roche
Diagnostics, Mannheim, Germany), and analyzed with QuantStudio3 Real-Time
PCR System (Applied Biosystems, Carlsbad, CA, USA). qRT-PCR primers used

in this analysis are listed in Table 1.

6. Western blot assay

Cell lysates were prepared RIPA buffer with protease and phosphatase
inhibitors. Lysate sample concentration was calculated using Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). 30 ug of protein was
resolved by 4 ~ 12% SDS-PAGE and transferred to nitrocellulose (NC)
membranes (Invitrogen). Blots were blocked with 5% skim milk for 1 h at room
temperature, treated with primary antibodies, and incubated overnight at 4 °C.
Blots were washed and incubated with HRP-conjugated secondary antibodies for
1 h at room temperature and washed. Bands were visualized using WesternBright
ECL western blotting detection reagent (Advansta, Menlo Park, CA, USA) and
ImageQuant LAS 4000 (GE Healthcare Bio-Sciences AB, Sweden).



7. Flow cytometry

Cells were scraped from the plate with a cell scraper and transferred to a 96-
round-bottom plate then, washed with PBS. Cells were stained with MitoTracker
Green FM (Invitrogen), and MitoTracker Red CMSROS (Invitrogen) and
incubated for 30 min in a CO, chamber (37 °C, 5% CO,). After staining, cells
were washed twice with 100 uL. PBS with 2% FBS buffer, resuspended, and
analyzed using a flow cytometer (FACSCelesta, BD Biosciences, San Jose, CA,
USA).

8. Luciferase promoter assay

3X ERRE Luciferase reporter construct was kindly provided by Rebecca
Riggins (Addgene plasmid # 37851). pRL Renila Luciferase Control Reporter
Vectors were used as a control for transfection efficiency. Transfections were
performed with Lipofectamine 3000 (Invitrogen) according to the manufacturer’s
protocol. After 24 h of transfection, cells were treated with growth factors and
drugs for 48 h and luciferase assays were performed using the Dual-Luciferase
Reporter Assay System (Promega, Madison, Wisconsin, USA) following the

manufacturer’s protocol.

9. Statistical analysis

Results were visualized and analyzed with Prism software, version 9
(GraphPad Software, San Diego, CA, USA), Student’s t-test (unpaired, two-tailed)
was used to compare the two groups. One-way ANOVA was used to compare
groups of more than three. Values of P < 0.05 were considered statistically
significant. All P values less than 0.05 are summarized with asterisks (ns: P >

0.05, *: P <0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.001).



Table 1. qRT-PCR Primers

qRT-PCR
Gene Name Forward Primer(5° > 3°) Reverse Primer(5° > 3°)
ESRRA CCACTATGGTGTGGCATCCTGT GGTGATCTCACACTCGTTGGAG
PPARGCIA CCAAAGGATGCGCTCTCGTTCA CGGTGTCTGTAGTGGCTTGACT
TFAM GGC AAG TTG TCC AAA GAA ACC GCA TCT GGG TTC TGA GCT TTA
FN1 ACAACACCGAGGTGACTGAGAC GGACACAACGATGCTTCCTGAG
ACTA2 GTGAAGAAGAGGACAGCACTG CCCATTCCCACCATCACC
COL1A1l GATCCTGCCGATGTCGCTAT TGTAGGCTAGCTGTTCTTGCA
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
mtDNA/gDNA Assay
Gene Name Forward Primer(5° > 3°) Reverse Primer(5° > 3°)
tRNA-Leu(UUR) CACCCAAGAACAGGGTTTIGT TGGCCATGGGTATGTTGTTA

B2-microglobulin  TGCTGTCTCCATGTTTGATGTATCT TCTCTGCTCCCCACCTCTAAGT




III. RESULTS

1. PGC-1o/ERRa signaling axis and mitochondrial status were decreased
in the lung of IPF patients

Several studies show that dysregulations on mitochondria are observed in the
lung epithelium of pulmonary fibrosis patients. Above all, malfunction of
mitochondrial biogenesis in alveolar epithelial cells and fibroblasts leads to
critical alteration that affects the pathogenesis of lung fibrosis.

Reanalysis of Bulk RNA sequencing was performed using Gene Expression
Omnibus (GEO) data from the National Center for Biotechnology Information
(NCBI). GSE199949 database was composed of biopsies from visibly non-
fibrotic central (IPF_C number) and fibrotic peripheral (IPF_P number) areas and
non-IPF donor lung biopsies of central (Donor C number) and peripheral
(Donor_P number). Data were normalized using TPM normalization and ESRRA
which codes ERRa was decreased in the central and peripheral region IPF
patients’ lung (fig.1A, B, G). However, other transcription factors known to
regulate by PGC-1a were not reduced except for PPRAY (fig.1G).

The GO analysis showed that the mitochondrial functions and biogenesis were
significantly decreased in IPF patients’ central region of lung biopsies compared
to the donor’s central region of lung biopsies (fig.1E). Meanwhile, the important
metabolism pathways via mitochondria were decreased in the IPF patients’
peripheral region of lung biopsies compared to donor’s peripheral region of lung
biopsies (fig.1F). The reduction in mitochondrial biosynthesis and dysfunction of
cells in the non-fibrotic region, lead us to infer that the decrease in mitochondrial
biosynthesis and disruption of function might be the pathogenesis of fibrosis.

Overall, the decrement in mitochondrial functions and the decrement in
mitochondrial biogenesis were observed in the central and peripheral regions of

IPF patients’ lung samples.
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Figure 1. Downregulated expression of mitochondrial biogenesis and
functions in IPF patients. (A) Differently expressed gene (DEG)s with a p-value
less than 0.05 are shown in the volcano plots of the central region of IPF and
donor biopsies. ESRRA is marked on the black stars symbol. (B) DEGs with a p-
value less than 0.05 are shown in the volcano plots of the peripheral region of IPF
and donor biopsies. ESRRA is marked on the black stars symbol. (C) Hierarchical

clustering was performed on differentially expressed genes of the central region
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of IPF and donor biopsies defined by ANOVA with FDR less than 0.05. The z-
score scale bar represents relative expression +3 SD from the mean. (D)
Hierarchical clustering was performed on differentially expressed genes of the
peripheral region of IPF and donor biopsies defined by ANOVA with FDR less
than 0.05. The z-score scale bar represents relative expression £3 SD from the
mean. (E) Functional enrichment analysis with GO biological Processes was
performed using Gene Set Enrichment Analysis with the p-value cut-off genes in
the central region of IPF compared with donor lung biopsies. Gene sets that are
downregulated are marked with blue color (respiratory electron transport chain,
mitochondrial gene expression, electron transport chain oxphos system in
mitochondria, mitochondrial biogenesis) and gene sets that are upregulated are
marked with red color (metalloendopeptidase activity, extracellular matrix
structural constituent, collagen-containing extracellular matrix, and transforming
growth factor beta production). (F) Functional enrichment analysis with GO
biological Processes was performed using Gene Set Enrichment Analysis with
the p-value cut-off genes in the peripheral of IPF compared with donor lung
biopsies. Gene sets that are downregulated are marked with blue color
(cholesterol biosynthesis, regulation of lipid metabolism by PPARa, sterol
metabolic process, glutamine family amino acid metabolic process), and gene sets
that are upregulated are marked with red color (activation of matrix
metalloproteinases, chemokine receptors bind chemokines, degradation of the
extracellular matrix, an overview of proinflammatory and profibrotic mediators).
(G) TPM (log2) expression value for the PPARA, PPARG, NRF1, NFE2L2, and
ESRRA. These genes are regulated by PGC-la and are known to regulate

mitochondrial homeostasis.
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2. PGC-1o/ERRa signaling axis and mitochondrial status were decreased

in TGF-p1-induced myofibroblast in vitro

To Investigate changes in mitochondrial biogenesis-related molecules on
pulmonary fibrosis in vitro, TGF-B1 was treated on a human fetus fibroblast cell
line (MRC-5) for 48 h. The qRT-PCR results showed that the mRNA expression
levels of the fibrotic markers such as FN1, ACTA2, and COL1A1 were increased
after TGF-B1 treatment (fig.2A). The western blotting results also showed that
the protein expression levels of the fibrotic markers such as fibronectin, alpha-
smooth muscle actin (a-SMA), collagen-I were increased (fig.2B, C). Also, a cell
contraction assay was performed to configure cell contraction, which is mediated
by myofibroblast activation, and cell contraction was activated by treating TGF-
B1 in a time-dependent manner (fig.2D, E). However, the decrement of mRNA
expression and protein expression of ERRa were detected in TGF-f1-treated
MRC-5 (fig.2A, B, C). In order to check the activity of ERRa, 3X ERRE
promoter was transfected to MRC-5 and promoter assay was performed. As a
result, it was confirmed that the activity of ERRa was decreased by TGF- Bl
treatment (fig.2E).

Subsequently, several experiments were conducted to confirm the functional
change of mitochondria in TGF-B1 treatment. Measuring mtDNA/gDNA, which
is widely used as an indicator of mitochondrial mass and biogenesis was
performed and mtDNA/gDNA ratios were decreased in TGF-B1 treated MRC-5
(fig.3A). Indirectly, decreased mitochondrial biogenesis can be confirmed
through qRT-PCR that the mRNA level of TFAM, which is essential for the
production of mitochondria, is reduced (fig.2A). To figure out decreased
mitochondrial biogenesis-related molecules leading to aberrant mitochondrial
function, Mitotracker Red CMXROS (Mitotracker Red) that stains the
mitochondria-dependent on mitochondrial membrane potential and Mitotracker

Green, which stains total mitochondrial mass were stained and analyzed with

14



flow cytometry. Total mitochondrial masses and membrane potential were
decreased in TGF-B1-treated MRC-5 (fig.3B, C). Furthermore, double staining
Mitotracker Red CMX ROS and Mitotracker Green, which can determine
mitochondrial functions through gating Mitotracker Green™®" Mitotracker
Red" &% populations was performed. Results showed that treating TGF-B1 has
increased dysfunctional mitochondria (Mitotracker Green"€" Mitotracker Red™"")
but decreased functional mitochondria (Mitotracker Green'™" Mitotracker

Red™") (fig.3D, E, F, G, H).

Overall, the decrement in mitochondrial functions and the decrement of

mitochondrial biogenesis were observed on TGF-f1 treated lung fibroblasts.
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Figure 2. Downregulated expression of mitochondrial biogenesis-related
genes in TGF-B1-treated human fetus lung fibroblasts (MRC-5). (A) qRT-
PCR analysis of ACTA2, COL1AIl, FN1, PPARGCI1A, ESRRA, TFAM
transcript expression in the vehicle-treated control and TGF-f1 Sng/mL treated
MRC-5 (n=5). (B) Representative Western blot images of a-SMA, Collagen-I,
Fibronectin, and ERRa. in the vehicle-treated control and TGF-B1 (1, 2.5, Sng/mL)
treated MRC-5. (C) Relative density bar graphs of o-SMA, Collagen-I,
Fibronectin, and ERRa in the vehicle-treated control and TGF-B1 (5ng/mL).
GAPDH was used as a protein loading control (n=3 or more than 3). (D) Cell
contraction assay of the vehicle-treated control and TGF-B1 2.5ng/mL treated
MRC-5 (n=3). (E) Quantification of cell contraction assay (n=3). (F) Luciferase
reporter analysis of ESRRA promoter activity in MRC-5 cells treated with TGF-
B1 5.0ng/mL (n=3).
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Figure 3. Mitochondrial dysfunction and reduction of mitochondrial
biogenesis in TGF-B1-treated human fetus lung fibroblasts (MRC-5). (A)
Quantification of mitochondrial mass and mitochondrial biogenesis by mt DNA/g
DNA ratio in vehicle-treated control and TGF-1 5ng/mL treated MRC-5 (n=3)
(B) Quantification of Mito Tracker Green FM fluorescence intensity plotted
against the number of cells and its quantification (geometric mean intensity) in
vehicle-treated control and TGF-B1 Sng/mL treated MRC-5 (n=3). (C)
Quantification of Mito Tracker Red CMXROS fluorescence intensity plotted
against the number of cells and its quantification (geometric mean intensity) in
vehicle-treated control and TGF-f1 S5ng/mL treated MRC-5 (n=3). (D)
Representative density plot of functional and dysfunctional mitochondria in
vehicle-treated MRC-5. (E) Representative density plot of functional and
dysfunctional mitochondria in TGF-fl 5ng/mL treated MRC-5. (F)
Representative density plot of functional and dysfunctional mitochondria in
FCCP 20uM treated MRC-5. Treating 20uM FCCP was used as a positive control
for gating dysfunctional mitochondrial portions. (G) Quantification of the
percentage of functional mitochondria in vehicle-treated control and TGF-B1
5.0ng/mL, and FCCP 20uM treated MRC-5 (n=3). (H) Quantification of the
percentage of dysfunctional mitochondria in vehicle-treated control and TGF-B1

5.0ng/mL, and FCCP 20uM treated MRC-5 (n=3).
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3. Loss of ERRo in human lung fibroblast promotes fibrogenic activation

To investigate the correlation between reduced ERRa and fibrogenesis, siRNA
knockdown of ERRa in MRC-5 was performed. qRT-PCR analysis revealed that
siRNA treatment for 72 h increased the expression of fibrotic markers (fig.4A).
Also, western blotting results showed that except a-SMA, expression levels of
Collagen-1 and fibronectin were increased (fig.4B, D). Similarly, XCT790, an
inverse agonist of ERRa was treated on MRC-5 to determine if the inhibition of
ERRa activation would induce myofibroblast transition. XCT790 inhibits the
function of ERRa by blocking the binding site of PGC-1a and ERRa. Cells were
treated with an optimal dose of XCT790 to inhibit the activity of ERRa for 48 h
and the activity of ERRa was measured through promoter assay (fig.4E). Western
blot results suggest that treating XCT790 on MRC-5 have induced myofibroblast
transition (fig.4C).

Next, it was confirmed whether ERRa knockdown and treating ERRa inverse
agonist effects on mitochondrial function. To determine the mitochondrial mass,
mtDNA/gDNA were measured through qRT-PCR and the result showed that the
total mitochondrial masses were decreased in siESRRA transfected MRC-5
(fig.5A). Double staining Mitotracker Red and Mitotracker Green was performed
to determine mitochondrial functions and it was confirmed that dysfunctional
mitochondrial populations were increased and decreased functional
mitochondrial populations in siESRRA transfected MRC-5 (fig.5B, C, D, E).
Similarly, treating inverse agonist of ERRa have increased dysfunctional
mitochondrial function and decreased functional mitochondria compared to

DMSO-treated control (fig.5F, G, H, I).

Overall, decreasing ERRa and inhibiting function of ERRa led

mitochondrial dysfunction and induced fibrogenesis in vitro.
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Figure 4. Loss of ERRa in human fetus lung fibroblasts (MRC-5) promotes
their fibrogenic activation. (A) gqRT-PCR analysis of ACTA2, COL1A1, FNI1,
ESRRA transcript expression in the negative control (siNC) and siESRRA-
treated MRC-5 (n=3). (B) Representative Western blot images of a-SMA,
Collagen-I, Fibronectin, and ERRa in the negative control SiNC and siESRRA-
treated MRC-5. (C) Western blot analysis of Fibronectin, Collagen-1, ERRa, o-
SMA protein expression in vehicle-treated control and TGF-f1 5.0ng/mL
with/without XCT790 0.5uM-treated MRC-5. (D) Relative density bar graphs of
a-SMA, Collagen-I, and Fibronectin in the negative control SINC and siESRRA-
treated MRC-5. GAPDH was used as a protein loading control (n=3). (E)
Luciferase reporter analysis of ESRRA promoter activity in MRC-5 cells treated
with 0.5uM XCT790 (n=3).
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Figure 5. Mitochondrial dysfunction and reduction of mitochondrial
biogenesis in ERRa inhibited human fetus lung fibroblasts (MRC-5). (A)
Quantification of mitochondrial mass and mitochondrial biogenesis by mt DNA/g

DNA ratio in siNC treated control and siESRRA treated MRC-5 (n=3). (B, C)
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Representative density plots of functional and dysfunctional mitochondria in
SiNC-treated control and siESRRA treated MRC-5 (n=3). (D) Quantification of
the percentage of functional mitochondria in siNC-treated control and siESRRA
treated MRC-5 (n=3). (E) Quantification of the percentage of dysfunctional
mitochondria in siNC-treated control and siESRRA treated MRC-5 (n=3). (F)
Representative density plot of functional and dysfunctional mitochondria in
DMSO treated control MRC-5 (n=3). (G) Representative density plots of
functional and dysfunctional mitochondria in XCT790(0.5uM) treated MRC-5
(n=3). (H) Quantification of the percentage of functional mitochondria in DMSO-
treated control and XCT790(0.5uM) treated MRC-5 (n=3). FCCP was used as a
negative control of functional mitochondria. (I) Quantification of the percentage
of dysfunctional mitochondria in DMSO-treated control and XCT790(0.5uM)
treated MRC-5 (n=3). FCCP was used as a positive control of dysfunctional

mitochondria.
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4. The elevation of ERRo ameliorated fibrogenic activation in PGC-1a

dependent manner in human IPF lung fibroblast

Furthermore, effects of ERRo upregulation was verified through ERRa
plasmid transfection using LL97A, which is IPF patients derived lung fibroblast.
Interestingly, it was confirmed that fibrogenesis activated by TGF-f1 was

effectively inhibited through ERRa transfection (fig.6A, C).

To confirm whether this was due to the restoration of mitochondrial function,
the function of the mitochondria was checked through previous methods
mtDNA/gDNA ratio was increased, suggesting that the increment of
mitochondrial DNA, due to the increment of mitochondrial biogenesis (fig.7A).
Mitochondrial membrane potentials were increased and mitochondrial function
confirmed by gating mitotracker double positive populations were upregulated in
ERRa transfected LL97A compared with mock vector transfected LL97A, both
in the presence of TGF-B1 5.0ng/mL (fig.7B, C, E, F). Overall, it was confirmed
that fibrogenesis was suppressed by increasing ERRa, via restoration of

mitochondrial function.

Next, based on the results of previous studies that ERRa is dependent on PGC-
la, an experiment was conducted to overexpress ERRa and simultaneously
inhibited the interaction between ERRa and PGC-1a via XCT790. As a result, it
was confirmed through western blotting results that the anti-fibrotic effects of
ERRa were ameliorated by XCT790 treatment after ERRo overexpression
(fig.6B). Also, elevated mitochondrial biogenesis and functions via ERRa
transfection was ameliorated in ERRa transfection and XCT790 co-treated group
(fig.7B, C, D, E, F). Overall, it was confirmed that ERRa inhibited fibrogenesis

dependent on the coactivator PGC-1a.
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Figure 6. ERRa overexpression in TGF-pl-treated IPF patients’ lung

fibroblast (LL97A) ameliorates their fibrogenic activation in PGC-1la

dependent manner. (A) Representative Western blot images of a-SMA,

Collagen-I, Fibronectin, ERRa, and GAPDH in vehicle-treated control and TGF-

Bl 5.0ng/mL and transfecting pCMV6-ESRRA, p-CMV6-EMPTY plasmid

vectors for 48 h in LL97A. (B) Western blot images of Fibronectin, ERRa., o-

SMA, and GAPDH in vehicle-treated control and TGF-B1 5.0ng/mL with DMSO

2

XCT790 (0.5uM) and transfecting pPCMV6-ESRRA, p-CMV6-EMPTY plasmid
vectors for 48 h in LL97A. (C) Relative density bar graphs of a-SMA, and

Fibronectin in vehicle-treated control and TGF-f1 5.0ng/mL and transfecting

pCMV6-ESRRA, p-CMV6-EMPTY plasmid vectors for 48 h in LL97A (n=3).
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Figure 7. Restoration of Mitochondrial function and increments of

mitochondrial biogenesis in pCMV6-ESRRA plasmid DNA transfected in
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TGF-p1-treated IPF patients’ lung fibroblast (LL97A) in PGC-1a dependent
manner. (A) Quantification of mitochondrial mass by mt DNA/g DNA ratio in
pCMV6-EMPTY and pCMV6-ESRRA plasmid DNA transfected LL97A in the
presence of TGF-B1(n=3). (B) Representative density plot of functional and
dysfunctional mitochondria in pCMV6-EMPTY plasmid DNA transfected
LL97A in the presence of TGF-B1 (n=3). (C) Representative density plot of
functional and dysfunctional mitochondria in pCMV6-ESRRA plasmid DNA
transfected LL97A in the presence of TGF-1 (n=3). (D) Representative density
plots of functional and dysfunctional mitochondria in pCMV6-ESRRA plasmid
DNA transfected with XCT790 (0.5uM) treated LL97A in the presence of TGF-
B1 (n=3). (E) Quantification of the percentage of functional mitochondria in
pCMV6-EMPTY and pCMV6-ESRRA plasmid DNA transfected with/without
XCT790 treated LL97A in the presence of TGF-B1 (n=3). (F) Quantification of
the percentage of dysfunctional mitochondria in pCMV6-EMPTY and pCMV6-
ESRRA plasmid DNA transfected with/without XCT790 treated LL97A in the
presence of TGF-f1 (n=3).
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5. Pharmacological elevation of PGC-1a /ERRa attenuates lung fibrosis
in the IPF lung fibroblast

Based on the previous experiment, experiments were conducted to verify
whether the anti-fibrotic effect could be observed by increasing the activity of
ERRa. However, since a drug that directly increases ERRa has not yet been
developed, an experiment was conducted by treating Rosiglitazone and Thyroid
hormone, which are known to activate PGC-1a referring to existing studies.
Increment of protein levels in ERRa according to the increased PGC-1a, activity
was expected, but it was not shown in western blot, so to compensate for this, a
promoter assay to confirm the change in ERRa activity when the drug was treated
in the TGF-beta treatment situation has progressed. As a result, it was confirmed

that the activity of ERRa was increased in both drugs (fig.8C).

After confirming ERRa activity, western blotting was performed and data
showed that Rosiglitazone has attenuated ECM deposition and cell contraction in
MRC-5 and LL97A (fig.8A, B). However, treating thyroid hormone didn’t have
the anti-fibrotic effects as Rosiglitazone in MRC-5 and LL97A (fig.8A, B).
Similarly, when a cell contraction assay was performed, it was confirmed that
rosiglitazone effectively suppressed the contraction, especially in normal lung
fibroblasts, but the such effect was almost absent when treated with thyroid
hormone (fig.8D, F). Unexpected results were observed in the patient's lung
fibroblasts, the protein expression level of myofibroblasts marker a-SMA was

decreased, but it did not inhibit cell contraction (fig8E, G).

Finally, it was confirmed that the antifibrotic mechanism of rosiglitazone was
reduced when the interaction between ERRa and PGC-la was blocked by
treatment with XCT790 (fig.8H).
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Figure 8. Pharmacological elevation of estrogen-related receptor alpha

(ERRua) attenuates fibroblast activation in PGC-1a dependent manner.

(A) Western blotting of a-SMA, Fibronectin, collagen-1, and ERRa in MRC-5
treated with vehicle control and TGF-f1 5.0ng/mL with/without 500nM 3,3',5-
Triiodo-L-thyronine (T3) and 50uM rosiglitazone for 48 h. (B) Western blotting
of a-SMA, Fibronectin, collagen-1, and ERRa in LL97A treated with vehicle
control and TGF-B1 5.0ng/mL with/without 500nM T3z and 50uM rosiglitazone
for 48 h. (C) Cell contraction assay of the vehicle-treated control and TGF-p1
5.0ng/mL treated MRC-5 with/without 500nM T3 and 20uM rosiglitazone for 48
h (n=3). (D) Cell contraction assay of the vehicle-treated control and TGF-p1
5.0ng/mL treated LL97A with/without 500nM T3 and 20uM rosiglitazone for 48
h (n=3). (E) Quantification of cell contraction assay (n=3) in MRC-5 treated with
vehicle control and TGF-f1 5.0ng/mL with/without 500nM Ts and 20uM
rosiglitazone for 48 h. (F) Quantification of cell contraction assay (n=3) in
LL97A treated with vehicle control and TGF-B1 5.0ng/mL with/without 500nM
T3 and 20uM rosiglitazone for 48 h. (H) Western blotting of a-SMA, Fibronectin,
collagen-1, ERRa, PGC-1a in LL97A treated with vehicle control and TGF-B1
5.0ng/mL with/without 50uM rosiglitazone and XCT790 0.5uM for 48 h.
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IV. DISCUSSION

It has been demonstrated that mitochondrial dysfunction contributes to the
initiation and progression of lung fibrosis.** The mitochondrial function of
epithelial cells, fibroblasts, and macrophages in the lungs of patients with IPF is
dysregulated. Insufficient mitochondrial biogenesis and impaired mitophagy,
resulting in mismatches in cellular energy metabolism, ROS production,
senescence, and DNA damage, have been studied.*** PGC-1a, one of the key
regulators of mitochondrial biogenesis in human IPF fibroblasts has been
repressed.” furthermore, it was confirmed that PGC-1a had an anti-fibrotic effect
by promoting the expression of transcription factors such as PPARy and inducing
the differentiation of fibroblasts into lipofibroblasts.* Also, metformin, which is
commercially available as a treatment for metabolic disorders, and rosiglitazone,
which has not been commercialized due to the risk of heart failure, are being

studied as a treatment for pulmonary fibrosis. **3"434¢

After getting the idea that pulmonary fibrosis can be treated by controlling
metabolism through the following studies, a reanalysis of public databases of
RNA sequencing was performed to determine whether the configure
mitochondrial dysfunction and downregulation were in correlation with ERRa.
As aresult, it was confirmed that ERRa was significantly decreased in the central
region and peripheral region of IPF patients’ lung biopsies. In the literature, it
was confirmed that the fibrotic phenotype was reduced when ERRa was restored
in kidney fibrosis, which is a representative fibrotic disease.”” However, it has
been confirmed that studies have not been established on ERRa, and thus the

focus is on ERRa.

When experimenting focusing on the in vitro experiment, the experiment was
carried out by treating MRC-5, a normal lung fibroblast cell line, or LL97A, an
IPF-patient lung fibroblast, with TGF-B1 and inducing fibrogenesis. The
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limitation of this experiment is that it was impossible to reenact the pulmonary
fibrosis microenvironment, which is affected by a combination of various growth
factors, cytokines, chemokines, and other cellular interactions between immune
cells, epithelial cells, and fibroblasts.* However, TGF-B1 treatment is commonly
used as an in vitro model design for epithelial-mesenchymal transition and
fibroblast-myofibroblast transition and can observe dispositioning of

extracellular matrix and cell contraction via TGF-1 treatment.

To confirm a decrease in mitochondrial biogenesis and function according to
fibrogenesis in various ways, comparing the mtDNA/gDNA ratios was performed.
The widely used experimental design mtDNA/gDNA qRT-PCR data showed that
TGF-B1 treatment leads to the decrement of mtDNA/gDNA ratio.*” Then, flow
cytometry assays were performed using Mitotracker, a fluorescent dye widely
used as mitochondrial-specific dye on fluorescence microscopes. By staining the
Mitotracker Green and Mitotracker Red CMXROS together, it was confirmed
that the decrement of functional mitochondria was increased due to TGF-1

tSO

treatment.” The experimental design could have been further supported by

measuring mitostress by measuring oxygen consumption rates.’’

After confirming the decrement of ERRa expression in mRNA and protein
levels, determining whether this is the cause or result of fibrogenesis inhibiting
ERRa was performed. siRNA treatment for 72 h and XCT790, an inverse agonist
of ERRa, was used to inhibit ERRa. As a result, not only were mitochondrial
function and biosynthesis decreased but also the progression of fibrosis was
observed. Conversely, when ERRa was expressed through a plasmid vector,
fibrogenic phenotypes were reduced and mitochondrial function was increased.
However, it was confirmed that this improvement effect was reduced again when
the interaction between PGC-lo and ERRa was inhibited through XCT790

treatments.>>
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Through previous experiments, drugs that increase ERRa were intended to be
used to improve fibrosis. However, an important limitation of this concept is the
fact that ERRa is an orphan nuclear receptor that requires a specific ligand to
function and its activator has not yet been identified. Several papers have
demonstrated that PGC-1a acts as its protein ligand; therefore, two candidate
drugs that can increase PGC-1a were established, namely, rosiglitazone and
thyroid hormone used as agonists of ERRa. *** Rosiglitazone was revealed to
activate PGC-1a by increasing PPARY, and thyroid hormone, which translocates
into the nucleus together with THRB and acts as a transcription factor, increases
PGC-1a. Accordingly, it was thought that both drugs could effectively prevent

fibrosis.

In the case of rosiglitazone, it was confirmed that it had an anti-fibrotic effect.
However, rosiglitazone has been withdrawn from use as a drug by the FDA, as
the cardiovascular risk is higher than its therapeutic effect. Another drug
candidate, thyroid hormone, improved pulmonary fibrosis by increasing
mitochondrial biosynthesis in a PGC-1o dependent manner in the bleomycin-
induced pulmonary fibrosis animal model. However, thyroid hormone did not
show the resolution of fibrosis in vitro. This is thought to be due to the absence
of THRB, which delivers thyroid hormone into the nucleus. When comparing the

public data, it was confirmed that the mRNA level of THRB was reduced.

Through this study, it is thought that there is a need for drug development that
can directly target and increase ERRa. So far Additional studies should be
conducted to determine the effects of the PGC-1a-ERRa axis on pulmonary

fibrosis.
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V. CONCLUSION

Through this study, we confirmed that mitochondrial dysfunction was observed
in the lung tissue of IPF patients, and TGF-fB1 treated lung fibroblasts. The
correlation between lung fibrosis was investigated by reducing or enhancing
ERRa, which regulates mitochondrial biogenesis. At this time, it was confirmed
that ERRa, depends on PGC-1a, and the possibility of alleviating lung fibrosis
by regulating the PGC-1a-ERRa axis was confirmed.
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