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ABSTRACT

Accumulation of intracellular damage by reactive oxygen species accelerates
biological aging, leading to the development of age-related lung diseases such as
idiopathic pulmonary fibrosis (IPF). Mitochondrial dysfunction and mitochondria-related
oxidative stress has been implicated in the pathogenesis of many age-related diseases.
Selective autophagic degradation of mitochondria (mitophagy) is critical to maintain a
proper pool of the organelle and preserve cellular energy homeostasis. Oxidative stress
resulting from age-dependent defects in the quality of proteins and degradation of
mitochondria promotes alveolar epithelial cell damage potentiating lung injury. Our
research found diminished autophagy corresponding with elevated levels of oxidized
proteins and lipofuscin in response to lung injury in old and middle-aged mice compared
to younger animals. More importantly, older mice exposed to lung injury are
characterized by deficient mitophagic responses. The pro-fibrotic cytokine transforming
growth factor beta 1 (TGFp1) plays a pivotal role in driving fibroblast-to-myofibroblast
differentiation (FMD), an important feature of pulmonary fibrosis. TGFp1-mediated
FMD is characterized by reduced autophagy flux, altered mitophagy and defects in
mitochondrial function. In accordance, PINK1 expression is reduced in the aging murine
lung and biopsies from IPF patients compared to controls.

Our research also revealed a decline in mitochondrial protein deacetylase sirtuin 3

(SIRT3) expression in the lungs of aging mice. Low levels of SIRT3 transcripts were



observed in two different animal models of pulmonary fibrosis. SIRT3 expression was
reduced in fibrotic regions of lung tissues from patients with fibrotic diseases. We
demonstrated that down-regulation of SIRT3 by TGFB1 promotes acetylation of major
oxidative stress response regulators, such as superoxide dismutase 2 (SOD2) and
isocitrate dehydrogenase 2 (IDH2), and that resveratrol induced SIRT3 expression and
ameliorated acetylation changes induced by TGFB1. Knockdown of SIRT3 expression by
siRNA exacerbated TGFB1-induced FMD. By contrast, promotion of SIRT3 expression
attenuated the effect of TGFB1 on myofibroblast differentiation. Finally, SIRT3-deficient
mice were more susceptible to pulmonary fibrosis in response to bleomycin and had
increased collagen deposition compared to control mice. Collectively, our research
indicates that an age-related decline in autophagy, SIRT3 expression, and mitochondrial

homeostasis may contribute to the promotion and/or perpetuation of pulmonary fibrosis.
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CHAPTER 1. INTRODUCTION
1.1 Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is an interstitial lung disease in which normal
lung architecture and function is compromised by excessive collagen deposition
ultimately resulting in respiratory failure!. A confident histological pattern of usual
interstitial pneumonia (UIP) and reticular pattern on high-resolution computed
tomography are most often used to diagnose IPF. The characteristic pathological features
of IPF occur in a consistent manner with fibrosis initially located along the lower,
posterior and subpleural portions of the lungs progressing over time continually reducing
the area of functional lung tissue®’. Symptoms of IPF, which include slowly progressive
dyspnea, consistent dry hacking cough, and finger clubbing, usually present in patients
50-70 years of age and typically result in mortality® 8. This disease primarily affects
individuals of middle-age or older commonly with a history of cigarette smoking and
men at a rate more often than women®. Common comorbidities of IPF include
gastroesophageal reflux disease, obstructive sleep apnea and depression worsening the

quality of life for most affected persons® ®.

Due to variability in diagnostic criteria, most recent studies in the USA have
estimated IPF has an incidence and prevalence of 16.3 and 42.7 cases per 100,000
persons respectively, making this disease the most common form of the idiopathic

interstitial pneumonias® ® 819, Additionally, with an aging population the incidence of



IPF is predicted to double in the USA between 2005 and 2030, IPF is a highly
progressive and lethal disease with a median survival time of 3 years from diagnosis and
a 5-year survival rate that is worse than most forms of cancer' . Recently, two
compounds, pirfenidone and nintedanib, have been FDA-approved for the treatment of
IPF. Both pirfenidone, an anti-fibrotic and anti-inflammatory compound, and nintedanib,
an inhibitor of multiple tyrosine kinase pathways involved in the pathogenesis of IPF,
have been effective in reducing the decline in lung function in patients with IPF® 1214,

Even so, continuing research is necessary to find a real cure for this devastating disease.

1.2 Aging & Other Risk Factors in IPF

An abnormal and sustained wound healing process following an injury to the
alveolar epithelium of the lung is believed to be the underlying cause of idiopathic
pulmonary fibrosis® ¢ 5. Wound repair processes are driven by myofibroblasts that
accumulate at the site of injury and produce excessive amounts of collagen and other
extracellular matrix (ECM) components®. Although myofibroblasts may be derived from
multiple cell types including circulating fibrocytes, endothelial cells, and epithelial cells,
resident fibroblasts are responsible for most differentiated myofibroblasts in pulmonary
fibrosis'®. Indeed, for IPF patients two important prognostic factors are the abundance of
myofibroblasts and the extent of collagen deposition demonstrating the importance of
understanding myofibroblast differentiation in the development of novel therapeutic

approaches which ultimately prevent pulmonary fibrosis.



Despite the fact that the cause of IPF remains unknown, aging is the predominant
factor as evidenced by the fact that IPF rarely affects persons under 50 years of age.
Aging is a complex process accompanied by a number of molecular modifications
including net shortening of telomeres, accumulation of oxidative stress, epigenetic
changes, mitochondrial dysfunction and weakened immune responses?. As the lung is a
unique organ under a constant barrage of insults from the environment, the accumulation
of environmental stressors over time may cause the chronic epithelial injury underlying
this disease. Several identified risk factors discussed below may only contribute to the
development of fibrosis insomuch as natural aging alterations may induce susceptibility

to damage and deficient mechanisms to cope with stress? ©,

For instance, genetic studies in familial forms of IPF, estimated to account for
10% of cases, have identified mutations in two main processes: telomere maintenance
and surfactant homeostasis'’. Consistent with the observation that IPF patients have
shortened telomeres, mutations identified in telomere maintenance genes, TERT, TERC,
DKC1, TINF2, RTEL1, and PARN, all contribute to the shortening of telomeres® "+ 18,
Similarly, patients with dyskeratosis congenita, a premature aging disease, also develop
pulmonary fibrosis suggesting mutations in age-related genes may predispose persons to

IPFS.

Aging also increases susceptibility to and accumulation of endoplasmic reticulum
(ER) stress®®. Mutations in SFTPA1, SFTPA2, SFTPC, SFTPD, and ABCA3 genes, which
all disrupt surfactant processing & trafficking have also been shown to induce
endoplasmic reticulum (ER) stress in the lung® . In response to ER stress, the cell

initiates the process of the unfolded protein response (UPR) to reduce the imbalance



between cellular demand and protein synthesis. Alveolar type Il cells from IPF patients
have been reported to have elevated levels of UPR markers. Additionally, activation of
the UPR may drive cells to undergo epithelial-to-mesenchymal transition (EMT)
furthering pro-fibrotic cellular mechanisms. This finding correlates with mouse models of
fibrosis which found that chronic activation of the UPR promotes the epithelium to

respond to injury in a pro-fibrotic phenotype®.

Other risk factors such as smoking and environmental exposures may be linked
with IPF due to their chronic irritation over time2. A history of cigarette smoking is a
strongly correlated factor for patients who may develop pulmonary fibrosis, with an even
higher risk associated for smokers with a history of 21-40 pack-years® . In terms of
environmental or occupational agents, epidemiologic studies have found exposures to
metal and wood dust particularly associated with IPF> . Cigarette smoke and other
exogenous factors have been proven to increase MUC5B expression, a gel-forming
mucin associated with clearance in the lung and improved macrophage function?’.
Similarly, genome-wide studies identified a minor allele in the promoter of MUC5B
associated with increased expression correlated with incidence of IPF, although carriage
is correlated with slower progression and better prognosis® 8. Indeed, IPF patients have
greatly increased expression of MUC5B compared to controls assumed as an attempt to
improve mucociliary transport!’. However, it has been hypothesized that the abundance
of MUCS5B levels may lead to impaired clearance of inhaled particles or micro-organisms
over time resulting in an overall deficient mucosal host defense®® 2% 21, During aging, this

susceptibility of an impaired immune response may be exploited upon injury.



Lastly, viral infections have been identified as a risk factor for the development of
pulmonary fibrosis. IPF, in particular, been linked to the infection of human herpes
viruses (HHV) including cytomegalovirus (CMV), herpes simplex virus type 1 (HSV-1)
and most notably Epstein-Barr virus (EBV)? ¢ 2223, A recent study found evidence of a
previous infection with at least one HHV in 32 of 33 patients with IPF compared to
previous infection in only 9 of 25 controls?*. Recent studies have shown HHV infection
to induce ER stress and increase the expression of transforming growth factor beta 1
(TGFp1) in alveolar cells potentially prompting epithelial injury and myofibroblast
differentiation?® 2°. Additionally, chronic reactivation of HHV in elderly patients has
been detected suggesting that viral control by aged immune systems is lacking at best?®.
Still, mechanisms for how viruses contribute to the development of fibrosis are only just
becoming understood and require further investigation. Overall, it is likely that the
decline of an individual’s immune system during aging leaves the lung particularly

susceptible to viral-induced fibrosis.

1.3 Animal Models of Pulmonary Fibrosis

In order to understand molecular mechanisms involved in the pathogenesis of
pulmonary fibrosis, a number of experimental rodent models have been employed in the
literature. Commonly used models include exposures to asbestos, silica, irradiation,
bleomycin and viral vector expression of TGFp1 to induce lung injury?” 2, Here we will

discuss the use of bleomycin and adenovirus-TGFB1 overexpression in more detail.



Bleomycin is a chemotherapeutic agent widely used for experimentally induced
pulmonary fibrosis models?”?°. To induce pulmonary fibrosis, bleomycin has been
delivered either directly into the airway by intranasal, intratracheal or oropharyngeal
aspiration routes or systemically by intravenous, subcutaneous or intraperitoneal
injection?” 28, Regardless the route of administration, bleomycin results in direct DNA
strand breakage as well as oxidative stress to cause lung damage. Additionally, the lung is
more prone to bleomycin-induced toxicity due to naturally low expression of its
inactivating enzyme bleomycin hydrolase?” 26, Most frequently, a single instillation of
bleomycin in the U/kg range is given directly into the airway before sacrificing animals
two or four weeks following the exposure. Recently, detailed time-course studies of
bleomycin-induced lung fibrosis have shown an inflammatory phase (< 7 days) after
administration followed by an active fibrotic phase (7-14 days) and a late fibrosis phase
(21-35 days) post exposure?® %, Previous studies have shown the most suitable time point
for assessing lung fibrosis was 14 days after bleomycin exposure. This time point ensures
diffuse fibrosis with less variability or mortality when compared to a time point at 21
days after exposure?. Coinciding with this time point, peak gene expression changes
were detected in response to bleomycin during the active fibrosis phase (14 days). These
changes were also significantly induced in expression profiles from patients with
aggressive IPF demonstrating the relevance of this model*°. Additionally,
histopathological changes that occur in response to bleomycin are similar to those in
patients with IPF?. Still, bleomycin-induced lung fibrosis resolves in mice by six weeks,
limiting the usefulness of this model?®. However, recent studies have shown that older

mice had higher levels of TGFB1 pathway activation and show worse fibrosis after



bleomycin-induced lung injury®. Older mice also had increased recruitment and retention
of fibrocytes which may prohibit the resolution of fibrosis suggesting that aging mice
display a pathology more representative of the human disease3! %2, Overall, the use of the
bleomycin-induced lung injury model has been essential in elucidating molecular

mechanisms in pulmonary fibrosis.

Another method for the study of fibrosis is the use of adenovirus vectors to
express inflammatory or fibrotic cytokines. Previous studies have employed adenoviral
vectors expressing tumor necrosis factor alpha (TNFa), interleukin-1 beta (IL-1p), or
TGFB12" 2833, Although, the most commonly studied model is overexpression of pro-
fibrotic cytokine TGFB1 by non-replicating adenovirus vector, which is typically
administered in a single instillation directly to the airways to ensure damage to the lung.
Assessment of the adenovirus-TGFB1 (AdTGFp1)-induced damage proved that infection
with 108 & 10° plaque-forming units (PFU) was effective in causing severe fibrosis for
studies, although this fibrosis mostly resolved by 28 days. Histochemical analysis found
expression of AdTGFp1 to be localized predominantly along the epithelium of both the
bronchiolar and alveolar regions of the lung with elevated levels of active TGFB1
between 3 and 10 days, ultimately peaking 7 days after administration?” 3. Time-course
studies have also shown an initial inflammatory phase (up to 7 days) followed by a
fibrotic phase with maximal collagen concentrations at 14 days post infection in response
to AdTGFB1-induced lung injury?” 2833, Changes in soluble mediators and epithelial cell
senescence that occurs in response to AdTGFp1 are consistent with those which occur in
IPF patients?’. Overall, use of this model has been effective in elucidating downstream

signaling pathways involved in pulmonary fibrosis.



1.4 TGFp1 Signaling and Propagation of Pulmonary Fibrosis

A key pathological feature of IPF is the formation of fibroblastic foci formed by
local TGFB1 expression that drives resident fibroblasts to undergo fibroblast-to-
myofibroblast differentiation (FMD)* 3L 32 34 35 yUnder normal tissue healing
circumstances, activation of myofibroblasts initiates the synthesis of extracellular matrix
(ECM) proteins such as collagen and alpha-smooth muscle actin (a-SMA) resulting in
increased contractibility necessary for wound closure. However, failure of these responses
to terminate results in excessive connective tissue deposition, proliferation of

myofibroblasts, and stiff scar tissue which fails to function like normal organ tissue¢-%,

Although three isoforms of TGFB (TGFB1, TGFB2, and TGFp3) exist in mammals,
TGFpB1 is most frequently associated with pulmonary fibrosis. In the lung, TGFI is
produced by a variety of cell types including fibroblasts, neutrophils, alveolar
macrophages, and myofibroblasts®®. During normal homeostatic conditions, secreted
TGFp1 is kept in an inactivated form by latency-associated peptides (LAPs) and latent
TGFp-binding proteins (LTBPs) in the ECM?*® 4, However, during wound healing TGFp1
is activated by proteolytic cleavage and released from LAPs permitting engagement with
its receptors. Importantly, release of TGFB1 from its large latent complex can occur by a
myriad of mediators including changes in pH, reactive oxygen species (ROS), matrix
metalloproteinases MMP9 or MMP2, and binding of integrins under mechanical stress>*
0. Once freed, TGFB1 signaling proceeds through the interaction of a TGFB1 homodimer

with pairs of type I and type Il receptors resulting in phosphorylation of the type I receptor.



In canonical TGFpB1 signaling, this activated receptor complex then phosphorylates
regulatory Smads, Smad2 or Smad3, which then interact and complex with co-activator
Smad4 in order to enter the nucleus and initiate gene transcription via interaction with p300
and Creb-binding-protein (CBP)*" 3% 40, These genes targeted by TGFB1 signaling include
connective tissue growth factor (CTGF), fibronectin EDA (FNEDA), a-SMA and collagen
type | (Coll) as well as other pro-fibrotic cytokines such as platelet-derived growth factor

(PDGF) and epidermal growth factor (EGF) furthering the fibrotic response®® *°.

TGFpB1 signaling can also proceed via non-cononical pathways including various
branches of MAP kinases, Rho-like GTPase signaling and phosphatidylinositol-3-kinase
(PI3K)/AKT pathways*. Focusing on the role of the PIBK/AKT pathway, TGFB1 can
activate this pathway through its phosphorylation of Akt independent of Smad2/3
activation. The activated PI3K/Akt can then initiate multiple downstream effectors
including mammalian target of rapamycin (mTOR) which acts as a nutrient sensor and is
a key regulator of protein synthesis through phosphorylation of S6 kinase (S6K)*.
Interestingly, activation of the PI3SK/AKT pathway has also been implicated in the
induction of EMT and FMD contributing to excessive myofibroblast formation*:.
However, PIBK/AKT signaling can also modulate and antagonize TGFB1 signaling
through the sequestration of Smad3 by Akt in the cytoplasm demonstrating the complex

intertwining of these two pathways in mediating myofibroblast activation.

Similarly, it is important to note that TGFp1-mediated myofibroblast differentiation
lays the foundation for the formation of stiff scar tissue and that this increased matrix
stiffening induces the activation of latent TGFB1 thus initiating a pro-fibrotic feedback

loop. Indeed, fibroblasts cultured on stiff ECM matrices produce more a-SMA suggesting
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a phenotypic shift to a more myofibroblast-like cell type typical of IPF fibroblasts> .
Interestingly, in the model organism, Caenorhabditis elegans (C. elegans), the TGFp
pathway has been shown to reduce longevity by its upregulation of insulin/IGF1 signaling
(11S) pathway highlighting its role in accelerated aging diseases*?. Lastly, it is highly
significant that the expression of TGFp1 is known to increase with aging which may drive
fibrotic mechanisms in the lung as well as further explain the susceptibility of older

individuals to the development of IPF.

1.5 Autophagy

Autophagy is an intracellular degradation and recycling process that is
evolutionarily conserved. The process of autophagy is activated in response to nutrient
deprivation, ER stress, and cellular damage and has been shown to be essential for

cellular stress recognition, survival and longevity**.

Autophagy generally refers to three pathways of lysosomal degradation:
macroautophagy, microautophagy and chaperone-mediated autophagy. Our focus is
primarily on macroautophagy so we will quickly discuss the two other pathways. Briefly,
microautophagy occurs in a typically non-selective process through random invagination
of the lysosomal membrane. Cytoplasmic material enclosed is then degraded by the
resident hydrolases in the vesicle*®. Chaperone-mediated autophagy (CMA) occurs
independent of vesicles via direct delivery of single proteins to the lysosome for
degradation. In the cytosol, proteins containing a KFERQ motif are recognized by

chaperones, most often heat shock cognate protein of 70 kDa (hsc70), and delivered to
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the lysosome. The protein-chaperone complex then binds to the specific lysosomal
receptor LAMP-2A whereupon the protein is unfolded and translocated into the lysosome

for subsequent degradation?®.

Macroautophagy (from here on simply referred to as autophagy) is the process in
which cargo, that can be made up of damaged proteins, aggregates or organelles, is
isolated in double membrane vesicles known as autophagosomes prior to fusion of these
vesicles with lysosomes. More than 30 genes have been identified that participate in
autophagy which is typically described in four steps: initiation, elongation, completion
and cargo degradation. Autophagy is executed during initiation with the formation of the
nucleation complex which gives rise to the limiting membrane of the autophagosome.
The limiting membrane may come from a variety of sources including the plasma
membrane, ER, Golgi or mitochondria. Elongation of the membrane proceeds through
two ubiquitin-like conjugation systems, both regulated by autophagy related 7 (Atg7), in
order to develop the autophagosome: formation of the Atg5-12 complex and conversion
of microtubule-associated protein 1 light chain 3 (LC3) to phosphotidylethanolamine.
LC3 acts as a site to which selective adaptor proteins, such as sequestosome 1
(p62/SQSTM1), can bind for specific cargo degradation. Additionally, the lipidation of
LC3 contributes to the completion of the autophagosome. The sealed autophagosome
then fuses with a lysosome whereupon acidification of the vesicle take place via the
infusion of hydrolases resulting in complete cargo degradation® 47, Multiple signaling
mechanisms keep autophagy in check, of which the best characterized is mTOR, the

nutrient sensor complex which negatively regulates autophagy at the initiation step.
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Due to the fact that autophagy is a dynamic process, multiple markers or methods
are required to properly monitor autophagic progress*’. Here we will discuss some
commonly employed approaches including immunoblotting for autophagy markers,
electron microscopy and fluorescence microscopy to measure autophagy or autophagic
flux (actual degradation activity). Firstly, the most frequently studied marker for
autophagy is LC3. The lipidation of LC3-I to LC3-11 is easily measured by western
blotting (WB) and trends in autophagy can be observed, such as a lack of LC3-I1
suggesting inhibition of complete autophagosome formation. However, in order to
measure autophagy flux, an inhibitor of autophagosome-lysosome fusion such as
chloroquine (CQ) must be employed to properly assess the degradation of
autophagosomes*’. Similarly, the accumulation of the marker p62/SQSTM1 by WB
analysis must be observed in the presence of lysosome inhibitors to conclusively indicate
reduced autophagy. Electron microscopy, the method by which autophagy was first
detected, can also be used to identify autophagosomes by their unique double membraned
appearance®’. Lastly, immunofluorescence microscopy for the detection of LC3 may be
used to monitor autophagy by the quantification of punctae staining. Additionally,
detection of other proteins of interest may be used in conjunction to determine whether or

not they can be targeted by autophagy observed by colocalization with LC3 punctae®’.

Within the lung, autophagy may be useful in combating ROS, epithelium ER
stress and microbial infection thereby regulating the pathogenic processes that drive
pulmonary disease*®. However, recent studies have observed an age-related decline in
autophagic flux and clearance leading to increased levels of damaged organelles and

misfolded proteins in various tissues*> *°. As such, impaired autophagy has been
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implicated in the progression of multiple chronic and age-related human diseases,
suggesting deficient autophagy may contribute to IPF®*53, In contrast, activation of
autophagy by inhibition of mMTOR has been shown to delay aging mechanisms and extend
lifespan; a beneficial course which may be applicable to slowing the progression of

pulmonary fibrosis®*®,

1.6 Selective Degradation of Mitochondria

Mitochondria are dynamic organelles involved in various cellular functions
including calcium regulation, metabolite synthesis, and cell fate decisions, in addition to
the production of adenosine triphosphate (ATP)>" %8, Due to their participation in
oxidative phosphorylation and ensuing ROS production, mitochondria are constantly
under stress to preserve cellular energy homeostasis making selective autophagic
degradation of mitochondria (mitophagy) critical to maintaining a proper pool of the

organelle and avoid cell death®® ©°,

The process of targeting specific mitochondria for autophagy typically proceeds
via two sensors of mitochondrial dysfunction: PTEN-induced putative kinase 1 (PINK1),
a serine/threonine kinase, and Parkin RBR E3 ubiquitin protein ligase (PARK2/Parkin)°"
59,60 Upon depolarization of the mitochondrial membrane potential (A¥m), PINK1 is
translocated to the outer mitochondrial membrane whereupon its accumulation leads to
the recruitment and activation of Parkin. Once phosphorylated, Parkin is converted into
an activated phospho-Ub-dependent E3 ligase resulting in the ubiquitinylation of multiple

substrates, including mitofusin 2 (Mfn2), located on the outer mitochondrial membrane®”
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59.60 PINK1 can also phosphorylate the ubiquitin tagged proteins initiating further cycles
of Parkin recruitment and activation resulting in a positive feedback loop controlling
mitophagy®®. Autophagy receptors, such as p62/SQSTM1 and gamma-aminobutyric acid
receptor-associated protein (GABARAP), are thereby recruited by ubiquitinated
organelle allowing the damaged mitochondria to be sequestered within an
autophagosome via interaction with LC3°"°% 60, Mitophagy can also occur independent
of PINKZ1 through outer mitochondrial membrane-localized mediators such as
BCL2/Adenovirus E1B 19kDa Interacting protein 3-like (Bnip3L/Nix). Under stress
conditions, Bnip3L phosphorylation promotes binding to LC3 thereby inducing

mitophagic activity®’.

Most recently, mitochondrial dysfunction has been implicated in the pathogenesis
of nearly all chronic and age-related diseases® °’. The decline in mitophagy during aging
may leave the lung particularly susceptible to the development of pulmonary fibrosis. It
has therefore been suggested that induction of mitophagy may reduce mitochondria-
related oxidative stress and provide a potential therapeutic target for opposing aging-

associated diseases.

1.7 Sirtuins

Silent information regulator (SIR) genes, also known as sirtuins, are a highly
conserved family of proteins identified in almost all species from bacteria to mammals.
Sirtuins belong to class 111 histone deacetylases are dependent upon oxidized

nicotinamide adenine dinucleotide (NAD+) for their enzymatic activity. Seven sirtuins
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genes (SIRT1 to SIRT7) are encoded by the mammalian genome®- %2, Considered to play
an important role in controlling other genes, sirtuins enact modifications in an organism’s
response to stress via posttranslational modifications (PTMs). Indeed, sirtuins have been
implicated in certain biological aspects of aging®®. The seven sirtuin isoforms vary in
their subcellular location, enzymatic activity and substrates. SIRT1, SIRT6 and SIRT7
primarily reside in the nucleus whereas SIRT3, SIRT4, and SIRTS5 are localized to

mitochondria and SIRT2 resides mostly within the cytoplasm®t: 62,

Sirtuin 3 (SIRT3) is the major mitochondrial deacetylase and particularly
involved in regulating mitochondrial functions including metabolism and cell fate
decisions®?. Lysine acetylation is the most abundant protein posttranslational
modification in the mitochondrion®. SIRT3 deacetylation regulates many cellular
functions including ATP synthesis, production of ROS, antioxidant mechanisms, and
apoptosis®. SIRT3 also controls the flow of the mitochondrial oxidative phosphorylation
(OXPHOS) pathway demonstrating its critical role regulating energy metabolism as mice
deficient in SIRT3 show reduced ATP levels in metabolically active tissues®.
Deacetylation of mitochondrial proteins induces mitophagy which allows SIRT3 to
control the switch between mitophagy or cell survival and cell death®. At this moment,
SIRT3 is the only sirtuin confirmed to be linked to human lifespan and longevity making
it a promising target for therapeutic compounds®” %8, Thus far, the most reliable
compound to influence the expression of sirtuins is resveratrol, a plant derivative
extracted from the skin of red wine grapes. Resveratrol has been shown to induce and

activate SIRT1 & SIRT3%,
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Two possible roles of SIRT3 that may be of particular importance to lung fibrosis
are its regulation of oxidative stress and regulation of Akt signaling® . Recent studies
have shown that overexpression of SIRT3 can prevent cardiac hypertrophy in mice via
inhibition of mitochondrial ROS and inactivation of the PI3K/Akt pathway®?. Since
TGFp1 signaling in the lung has been linked to activate both these pathways, it may be
that activation of SIRT3 can slow the differentiation of fibroblasts to myofibroblasts and

potentially delay the development of pulmonary fibrosis.
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CHAPTER 2. TGFp1 MODULATES AUTOPHAGY AND MITOCHONDRIAL

HOMEOQOSTASIS DURING MYOFIBROBLAST DIFFERENTIATION
2.1 Introduction

Although an age-related decline in autophagic flux and clearance has been
observed in various tissues, cigarette smoking (CS) has been reported to induce
autophagy in lung epithelial cells and fibroblasts*® %7972 |n recent years, although
smoking is a risk factor for IPF, CS-induced autophagy has been associated more closely
with the pathogenesis of chronic obstructive pulmonary disease (COPD), another aging-
related lung disease, since COPD patients are reported to have higher levels of autophagy
markers’. In contrast, patients with IPF display low levels of autophagy markers, despite
high levels of ER stress previously shown to induce autophagy*® ™ 74, To further
understand this apparent ambiguity in pulmonary fibrosis, we investigated the
mechanisms by which TGFB1 may alter autophagy. We hypothesized that non-canonical
activation of the mTOR pathway by TGFf1 inhibits autophagy in fibroblasts driving the

process of myofibroblast differentiation.

Defects in mitochondrial homeostasis and turnover are associated with late-onset
pathologies, the accumulation of defective mitochondria in aging tissues, and advanced
oxidative stress’ ’®. As such, induction of mitochondrial turnover and recycling through
autophagy is thus a legitimate pharmacological target in age-related lung diseases. In

recent years, evidence has been accumulating implicating TGF1 in the regulation of
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mitochondrial bioenergetics and oxidative stress responses characteristic of chronic aging
diseases’" '8, In spite of this recognition, little research has been done to explore TGFp1
effects on mitochondrial dynamics including mitochondrial biogenesis and fusion/fission
events in fibroblasts. We hypothesized that TGFB1 may alter mitochondrial homeostasis
via inhibition of mitophagy and mitochondrial biogenesis inducing oxidative stress and

mitochondrial dysfunction promoting myofibroblast differentiation.
2.2 Results

TGFp1 inhibits autophagy during myofibroblast differentiation in a time-dependent

manner

To investigate the role of autophagy in pulmonary fibrosis, we tested the effect of
TGFB1 in normal human lung fibroblasts (NHLF) and examined autophagic markers.
RNA transcripts from NHLF untreated and treated with TGFB1 for 24 h were first
screened using a gene expression array for 84 key genes involved in autophagy as
components of the molecular machinery and regulators in order to determine if
autophagy-related genes are regulated at the mRNA level by TGFB1. The results showed
that 21 different autophagy-related mRNASs were significantly regulated by TGFB1 in
NHLF (Fig. 1.1A-B). These results were confirmed by quantitative real-time polymerase
chain reaction (QRT-PCR) with an independent set of primers (Fig. 1.1B). The complete
list of gene expression changes is shown in Table 1.1. Interestingly, TGFpB1 repressed
genes involved in the processes of autophagosome formation and maturation as well as
co-regulators of autophagy/apoptosis and regulators of autophagy in response to

intracellular pathogens and other intracellular signals (Fig. 1.1B). Only one gene, IGF1,
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was significantly up-regulated (>30 fold change) by TGFp1 (Fig. 1.1B). Importantly,

TGFB1 repressed p62/SQSTM1 by 50% (Fig. 1.1B).

To determine the effect of TGFB1 upon autophagy flux in NHLF, cells were
treated for 12, 24, and 48 h with 1 ng/ml of TGFB1, alone or with 30 uM chloroquine
(CQ) treatment 4 h prior to collection. The purpose was to observe time dependent
differences in the autophagy flux during the process of myofibroblast differentiation.
Western blot (WB) analysis confirmed that TGFB1 reduced autophagy at 24 h
(determined as the increase in LC3-11 levels upon addition of CQ) but no significant
differences were noticed after 48 h (Fig. 1.1C). p62/SQSTML1 protein levels assessed by
western blot declined in TGFp1-treated fibroblasts which CQ treatment failed to increase
to the same levels observed in control fibroblasts (Fig. 1.1C). The measurement of
p62/SQSTM1 expression as a marker of autophagic flux is controversial and
misinterpreted; this protein is subject to regulation at both transcriptional and post-
translational levels. Analyses by gRT-PCR previously shown in Fig. 1.1B showed that
TGFpB1 inhibited p62/SQSTMI1 gene expression, which indicates that p62/SQSTM1
cannot be used as an autophagy flux marker in this context. We next evaluated the time-
dependent regulation of mTOR during the process of myofibroblast differentiation after
TGFp1 treatment. Western blots using antibodies specific for the active (phosphorylated)
forms of AKT and a downstream target of mTOR, p70 S6-Kinase 1, indicated that
TGFB1 induced the AKT/mTOR pathway in a time-dependent manner with an activation
peak at 24 h (Fig. 1.1D). The lysosome inhibitor CQ promoted accumulation of collagen
type I (Coll) but not a-smooth muscle actin (a-SMA), even in absence of TGFf1,

suggesting that in normal human lung fibroblasts Coll is targeted for lysosomal
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Figure 1.1. Repression of autophagy during FMD in lung fibroblasts by TGFp1. A) Gene expression
array for autophagy related genes comparing NHLF treated with or without TGFB1 for 24 h. B) Real time
RT-PCR analysis with independent primers for indicated genes to confirm significant fold changes detected
in expression. A base-10 log scale is used for the X-axis of graph. C) NHLF cultured for 12, 24, and 48 h
with and without TGFB1 and/or chloroquine (CQ) added 4 h prior to collection for western blot (WB)
analysis. Representative WB for autophagic markers with the indicated antibodies and B-actin loading
control. D) Representative WB for mTOR pathway activation with the indicated antibodies and B-actin
loading control. E) Representative WB for fibrotic markers collagen type I (Coll), a-smooth muscle actin
(a-SMA) and B-actin loading control. F) Representative immunofluorescence images for LC3 punctae in
NHLF treated for 12, 24, and 48 h with TGFp1 and 4 h with chloroquine (CQ) to investigate the autophagy
flux. G) Quantification of LC3 punctae immunofluorescence indicates differences in the autophagic flux after
24 h treatment with TGFB1. H) Quantification of autophagic vacuoles (AV) in electron microscopy images
in (I) performed on control (10 cells), TGFB1 treated (12 cells), and TGFB1 and RSV co-treatment (6 cells).
I) Confirmatory electron microscopy (TEM) for autophagosome analysis. Resveratrol (RSV) co-treatment is
used as a tool to induce autophagosome formation. Arrows show autophagic vacuoles or are labelled AV.
Arbitrary Units abbreviated as AU. *P<0.05, **P<0.01, ***P<0.005.

degradation, but not a-SMA (Fig. 1.1E).

Changes in the autophagy flux were confirmed by an increase in the
immunofluorescence of the LC3b punctae upon CQ treatment (Fig. 1.1F-G). Analysis of
the CQ treatment confirms that the maximum inhibition of the autophagy flux (CQ
treated/untreated) corresponds temporally with the peak in mTOR activity (Fig. 1.1D, G).
Finally, we confirmed the inhibitory effects of TGF1 on autophagy in human lung
fibroblasts by semi-quantitative analysis of number of autophagic vacuoles (AV) detected

by electron microcopy, as presented in Figure 1.1H-I.

TGFpB1 modulates PINK1 expression, mitophagy & mitochondrial homeostasis

during FMD

gRT-PCR analysis confirmed TGFB1-induced reduced mRNA levels for
p62/SQSTM1 and PINKZ1 in dose-dependent manner (Fig. 1.2A). These results suggest

that deficient mitochondrial targeting for degradation could occur during FMD through
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TGFp1-induced deregulation of the PINK1/PARKIN/p62 pathway. In order to determine
if the TGFB1-induced reduction in PINK1 expression altered the selective targeting of
mitochondria for autophagic degradation, NHLF were cultured with or without CQ after
TGFp1 treatment. CQ increased the accumulation of PINK1 and TOM20 as a result of
the active autophagy flux in NHLF, however this process was impaired in presence of
TGFp1. By contrast, resveratrol (RSV), a hormetic compound that promotes autophagy

promoted active mitophagy (Fig. 1.2B).

Mitochondria isolation was performed in NHLF treated with or without TGFB1
and/or RSV in order to determine if the reduction in PINK1 and p62/SQSTM1 expression
observed is reflected in the level of recruitment of mitochondria for degradation. Western
blot analysis demonstrated that the TGFf1-mediated decline in p62/SQSTML in total cell
protein was also observed in the isolated mitochondria (Fig. 1.2C). Similarly, the levels
of PINK1 and Bnip3L/Nix, a receptor for mitophagy, declined in the isolated
mitochondria from TGFp1-treated cells compared to controls as mitochondrial protein
levels were normalized with TOM20 (Fig. 1.2C). In contrast, co-treatment with RSV
maintained the expression levels of PINK1, p62/SQSTM1 and Bnip3L in mitochondria

(Fig. 1.2C).

Due to reduced degradation of mitochondria, which has been associated with
increased mitochondrial dysfunction, superoxide levels were measured. Assessment of
ROS levels using the DCFH-DA assay demonstrated an increase in ROS consequent to
TGFp1 that was ameliorated by RSV treatment (Fig. 1.2D). To demonstrate the
functional relevance of these results, we performed western blot analyses of the relative

levels of the oxidative phosphorylation (OXPHOS) complexes in mitochondrial
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Figure 1.2. Deregulated mitochondrial homeostasis and PINK1 expression in FMD. A) qRT-PCR
analysis for TGFB1 dose dependent changes in the transcriptional levels of PINK1 and p62/SQSTMI in
NHLF after 24 h. B) NHLF control or treatment with TGFB1 and/or resveratrol (RSV) for 24 h. Chloroquine
(CQ) added 4 h prior to collection for autophagic flux analysis. Representative western blots (WB) for PINK1
and TOM20 expression. B-actin used as a loading control. C) Representative WB of mitochondria isolated
from NHLF treated or untreated with TGFB1 and/or resveratrol (RSV) probed for indicated antibodies.
TOM20 used as loading control. D) Quantification of reactive oxygen species from NHLF treated with or
without TGFf1 and/or RSV. E) Representative WB for OXPHOS complexes from NHLF treated or untreated
with TGFB1 and/or RSV. TOM20 used as loading control. F) qRT-PCR analysis for TGFB1 changes in the
transcriptional levels of PGC-1a, NRF-1, NRF-2, and TFAM in NHLF after 24 h. G) Representative WB for
PGC-la from NHLF treated or untreated with TGFBl and/or RSV. H) qRT-PCR analysis for mRNA
expression levels of PGC-1a, at 7 and 14 days post oropharyngeal aspiration of control Adenovirus-GFP
(AdGFP) or Adenovirus-TGFB1 (AdTGFB1) in mice (n=5 per treatment). I) Representative WB for
mitochondrial dynamics markers Opal, Mfn2, and Fisl from NHLF treated or untreated with TGFB1 and/or
RSV at 24 and 48 h. B-actin used as loading control. *P<0.05, **P<0.01, ***P<0.005.
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preparations from these cells. Levels of complex 111 and IV declined in mitochondria

from TGFp1-treated cells, which were reversed by co-treatment with RSV (Fig. 1.2E).

With the knowledge that TGFB1 altered mitochondrial degradation, we aimed to
study overall effects on mitochondrial homeostasis via mitochondrial biogenesis and
dynamics factors. gRT-PCR analysis showed TGFp1 significantly downregulated the
expression of several mitochondrial biogenesis factors peroxisome proliferator-activated
receptor gamma co-activator 1-alpha (PGC-1a), nuclear respiratory factor-1 (NRF-1),
nuclear respiratory factor-2 (NRF-2/GABP), and transcription factor A, mitochondrial
(TFAM) at 24 h (Fig. 1.2F). This downregulation was confirmed at the protein level for
PGC-1a by WB, which was improved upon co-treatment with RSV (Fig. 1.2G). We
further confirmed the deregulation of PGC-1a by TGFB1 in vivo using a non-replicating
adenovirus transducing either GFP (AdGFP) or active TGFB1 (AdTGFf1) to model
pulmonary injury in mice. Real-time RT-PCR analyses from whole lung extracts were
performed at 7 and 14 days post-infection. The results demonstrated a TGFB1-associated
reduction in PGC-1a in the lung at both time-points post-infection (Fig. 1.2H). Lastly, we
explored possible effects of TGFB1 in mitochondrial fusion & fission dynamics. In
NHLF treated with TGFB1 and/or RSV for 24 or 48 h, WB analysis showed an
upregulation of mitochondrial fusion factors, optic atrophy 1 (Opal) and mitofusin 2
(Mfn2) without changes in the expression of mitochondrial fission 1 protein (Fisl) (Fig.
1.21). These changes, which were detectable at 24 h, were even more evident at 48 h (Fig.
1.21) suggesting TGFp1 treatment induces mitochondrial elongation and morphological

changes contributing to overall mitochondrial dysfunction.
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Fibroblasts undergoing active autophagy resist the remodeling effects of TGFf1

Since myofibroblasts are key players in pulmonary fibrosis and the major source
of interstitial collagen deposition, we explored possible therapeutic implications of
autophagy induction relative to FMD in cell culture. NHLF were treated with mTOR-
dependent and —independent inducers of autophagy in the presence or absence of TGFp1
and the FMD response was evaluated by western blot for Coll and a-SMA. Selective
inhibition of mMTOR with Torin 1 repressed TGFB1-mediated induction of Coll and a-
SMA, while increasing the LC3b-11/LC3b-I ratio (Fig. 1.3A-D). Calorie-restriction
decelerates mTOR-driven aging in cells as well as in organisms. NHLF were pretreated
with complete media or HBSS media to induce nutrient restriction for 24 h followed by
treatment with TGFB1 for an additional 24 h. The results from western blots (and qRT-
PCR, data not shown) demonstrated that preconditioning with nutrient restriction
promoted resistance to induction of fibrotic markers, Coll and a-SMA expression shown
here, by TGFp1 (Fig. 1.3E-G). Non-specific hormetic compounds such as RSV promoted
autophagy and also prevented FMD in a dose-dependent manner (Fig. 1.3H-J). To more
directly implicate autophagy in repression of TGFf1-mediated FMD we used Tat-beclin
1, a membrane permeable peptide that selectively induces autophagy. Treatment with
Tat-beclin 1 peptide reduced the expression of fibrotic markers in a dose-dependent
manner (Fig. 1.3K-M). Finally, to determine if autophagy induction after myofibroblast
formation can still be beneficial, we differentiated NHLF into myofibroblasts by treating
cells with TGFp1 for 48 h before treating cells with or without RSV for an additional 24
h. WB analysis showed that RSV treated differentiated myofibroblasts had lower levels

of Coll which were able to be restored in the presence of CQ suggesting Coll
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Figure 1.3. Fibroblasts undergoing active autophagy resist remodeling effects of TGF@1. Inhibition of
FMD is demonstrated by western blot from total extracts derived from NHLF treated with TGFB1 and
autophagy inducers. Densitometry analysis for representative WBs shown probed with antibodies to fibrotic
markers collagen type I (Coll) and a-Smooth Muscle Actin (a-SMA) using B-actin as protein loading control.
A-D) NHLF cultured in the presence of TGFf1 and Torin 1 for 24 h. E-G) NHLF pre-cultured in nutrient-
restricted conditions (HBSS) or complete media (M) then co-treated with TGFB1 for an additional 24 h. H-
J) TGFpI alone or co-treatment with TGFB1 plus resveratrol (RSV) at multiple doses for 24 h. K-M) NHLF
were cultured in presence of TGFB1 and doses of Tat-beclin 1 peptide for 24 h. N-P) Differentiated
myofibroblasts from culturing NHLF in TGFp1 for 48 h prior to co-treatment with TGFB1 plus RSV for an
additional 24 h in the presence or absence of chloroquine (CQ) for 4 h. Arbitrary Units abbreviated as AU.

*P<0.05, **P<0.01, ***P<0.005.
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degradation is targeted by autophagy in differentiated myofibroblasts (Fig. 1.3N-O).
However, again the levels of a-SMA remained unchanged in the presence or absence of
RSV, signifying autophagic degradation of fibrotic markers in myofibroblasts is specific

to collagen type I (Fig. 1.3N-P).

Moreover, using a genetic approach, we confirmed that inhibition of autophagy
by knockdown of ATG5 and ATG7 in NHLF promoted expression of a-SMA and Coll
(Fig. 1.4A-B). Taken together, these results indicate that active autophagy prevents FMD
and that promotion of autophagy may be necessary and sufficient to maintain normal

lung fibroblasts.
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Figure 1.4. Autophagy inhibition induces expression of fibrotic markers. A) gRT-PCR analysis from
NHLF transfected with siRNA for ATG5 and ATG?7 to evaluate transcriptional changes in ATG5, ATG?7,
and fibrotic markers collagen type | (Coll) and a-SMA expression. B) Representative western blots for Col1,
a-SMA, ATG5, ATG7, and LC3 in NHLF deficient in ATG5 and ATG7. **P<0.01, ***P<0.005.
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2.3 Discussion

Our data support the role of autophagy and mitophagy, as protective mechanisms,
against fibrogenesis. We found that TGF1 represses autophagy, mitochondrial recycling
and homeostasis, and inhibits PINK1 expression in normal human lung fibroblasts during
FMD. Autophagy is a stress response and a quality control mechanism that protects
against cellular stress and injury” 8. Thus, impaired autophagic activity and mitophagy

in response to injury may contribute to the onset of age-related lung diseases.

Previous studies using lung biopsies from IPF patients reported a diminution in
autophagy*® *. Herein, we impart an appreciation for TGFB1-mediated regulation of the
autophagic response during lung aging as part of the normal and pathological response to
injury and fibrogenesis. Our findings demonstrate that autophagy may restrain trans-
differentiation of normal human lung fibroblasts. A proposed model of these events is
shown in Figure 1.5A. TGFp1 reduces autophagy, in part, by selectively repressing
expression of autophagy mediators in normal lung fibroblasts. As shown in our studies,
TGFB1 reduces the expression of p62/SQSTML1. p62/SQSTM1 serves as multifunctional
regulator of cell signaling involved in selective autophagy, intracellular trafficking and
the nuclear factor erythroid 2-related factor 2 (NFE2L2/Nrf2) antioxidant response8?- 82,
Relative to the latter activity, defects in p62/SQSTM1 may contribute to the deregulation
in NFE2L2/Nrf2 activity seen in myofibroblasts and pulmonary fibrosis® 8. Thus,
p62/SQSTML1 could provide dual protection to stressed cells by facilitating both
autophagy and the NFE2L2/Nrf2-mediated antioxidant response. The relevance of
p62/SQSTML1 function to pulmonary fibrosis is further supported by studies describing

accelerated aging and age-related pathologies associated with loss of p62/SQSTM18,
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Figure 1.5. Proposed model for TGFf1 repression of autophagy during myofibroblast differentiation.
A) TGFBI1 activates the PI3K/AKT/mTOR pathway which inhibits the initiation of the autophagosome
formation. TGFB1 will impart, directly or indirectly, deregulation of autophagy related genes that will inhibit
autophagy at different levels of the process, including autophagosome formation, selectivity and degradation.
Furthermore, TGFp1 inhibits the expression and recruitment of PINK1/PARKIN/p62 to the mitochondria,
promoting accumulation of dysfunctional mitochondria. Fibroblasts, as well as myofibroblasts, use
autophagy as a means to control the levels of intracellular Coll. Deficient autophagy promotes Coll and
Hsp47 accumulation. Induction of autophagy in an mTOR-dependent (Rapamycin, Torin 1, caloric restriction
or RSV) or mTOR-independent manner (LiCl, Tat-beclin 1), inhibits FMD. Contrary, inhibition of
autophagy promotes myofibroblast differentiation independently of TGFp1.

Our research demonstrates a clear role for TGFB1 in altering mitochondrial
homeostasis at multiple levels. Firstly, it was observed here that TGFB1 induced the

fusion and elongation of mitochondria contributing to the increased production of ROS

observed in TGFB1-treated cells. Mitochondrial specific ROS has recently been shown to
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be necessary for TGFf1 signaling and that inhibition of complex III generated ROS can
prevent fibrotic marker induction®. TGFp1 also reduced PINK1/p62 dependent
mitochondrial recycling as well as mitochondrial oxidative phosphorylation. Finally,
TGFB1 inhibited mitochondrial biogenesis in NHLF by reducing PGC-1a expression in
fibroblasts and murine models of pulmonary fibrosis. Interestingly, PGC-1a is a known
controller of the main mitochondrial deacetylase, sirtuin 3 (SIRT3), suggesting TGFp1

may also play a role in altering mitochondrial protein acetylation status.

We found that TGFf1 stimulates the expression of the cytokine IGF1, an inhibitor
of autophagy and a marker of aging in healthy adults®. In some organisms, mutations
that reduce the activity of the IGF1/AKT pathway increase longevity®’. Like TGFp1,
IGF1 is elevated in the lungs of patients with IPF as well as in animal models of
pulmonary fibrosis. IGF1 and TGFf1 can act synergistically to promote changes in cell

metabolism, survival, and cytoskeletal reorganization®.

Overall, our studies connect autophagy and mitochondrial homeostasis to cell fate
during fibrogenesis. Nevertheless, a cell-type specific genetic approach and the
redundancy of mechanisms that regulate mitochondrial homeostasis need to be
investigated, as pulmonary fibrosis is a complex disease that involves multiple interacting

signaling pathways®3.

2.4 Materials & Methods

Cell culture & Reagents. Normal Human Lung Fibroblasts (NHLF) were

obtained from ATCC and maintained in Fibroblast Growth Medium-2 (FGM-2, Lonza,
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Walkersville, MD, USA) before serum starving cells in Fibroblast Basal Medium (FBM,
Lonza) supplemented with 0.2% bovine serum albumin (BSA, Gemini Bio-Products Inc.,
Woodland, CA, USA). During treatments NHLF were cultured in FBM plus 0.2% BSA.
For experiments, recombinant TGFB1 (R&D Systems, Minneapolis, MN, USA) was used
at a concentration of 1 ng/ml. For autophagy flux experiments, chloroquine (CQ) (Sigma,
St. Louis, MO, USA) was added at least 4 h prior to harvesting at a concentration of 30
uM. Resveratrol (Sigma) was used at concentrations of 50 and 100 uM, the latter
concentration being used for most experiments. Torin 1 obtained from Selleck Chemicals
(Houston, TX, USA) was used at a concentration of 250 nM. Hank’s Balanced Salt
Solution (HBSS, Life Technologies, Grand Island, NY, USA) was used for nutrient
restriction experiments. Tat-beclin 1 peptide was obtained from Phoenix
Pharmaceuticals, Inc. (Burlingame, CA, USA) and used at concentrations of 3 and 10

puM.

RNA isolation & gRT-PCR & Gene Expression Array. Total RNA was
isolated using Trizol® Reagent (Invitrogen, Carlsbad, CA, USA) according to
manufacturer’s instructions. RNA concentration was measured using a NanoDrop
spectrophotometer (Thermo Scientific Nanodrop, Nanodrop Technologies, Wilmington,
DE, USA). The gene expression profile was evaluated using RT? Profiler™ PCR array
for autophagy (PAHS-084A, SABIosciences, Frederick, MD, USA) according to standard
protocol. For gene expression array studies, 1 pg of total RNA was reverse transcribed
using the RT? First Strand Kit (SABiosciences) and resulting cDNA was added to
RT2gPCR Mastermix (SABiosciences) at correct dilutions and aliquoted to PCR array.

The real-time PCR reaction was performed using the MyiQ iCycler (Bio-Rad). Analysis



32

of the PCR array profile was performed using web-based software RT? Profiler PCR
Array Data Analysis version 3.5 provided at the SABiosciences website

(http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). Genes that

demonstrated a fold change >3 were selected for further study.

For guantitative real-time PCR (QRT-PCR) analysis, 1 pg of total RNA was
reverse transcribed using iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) according to manufacturer’s protocol. Quantitative real-time PCR
reactions were performed using iQ™SYBR® Green Supermix (Bio-Rad) in the Bio-Rad
MyiQ iCycler (Hercules, CA). Relative expression levels were calculated using the 2
AAC(M method and normalized to 36b4 expression. All primer information given in Table

1.1.

Western blots. Cells were harvested in 1x RIPA Buffer (Cell Signaling, Danvers,
MA, USA), sonicated, and quantified using the Bradford Method (Bio-Rad). Protein
samples combined with 4x NUPAGE LDS Sample Buffer and 10x NUPAGE Sample
Reducing Agent (Invitrogen) for a final concentration of 1x for both buffers and boiled
for 5 minutes. 20-25 micrograms of each protein sample was separated on NuPage SDS
4-12% Bis-Tris gradient gels (Invitrogen) and transferred onto PVVDF membranes
(Invitrogen). For time-dependent cell lysates, protein samples were separated on 15%
Acrylamide 1.5M Tris/10% SDS gel. Membranes were blocked in 5% BSA in TBST or
5% nonfat dry milk (Blotting-Grade Blocker, Bio-Rad) in TBST for 1 h at RT then

probed with primary antibody overnight at 4°C while shaking.


http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
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For immunoblot detection, antibodies to Collagen-1, BNIP3L, PGC-1a, PINK1
and p62/SQSTM1 were purchased from Abcam (Western blot, 1:1000; Cambridge, MA,
USA). Antibodies to ATG7, Phospho-AKT (S473), AKT, Phospho-p70 S6 Kinase
(T389), p70 S6 Kinase, Phospho-Smad2 (S465/467), Smad2, Phospho-Smad3
(S423/425), Smad3 and B-actin were purchased from Cell Signaling (1:1000; Danvers,
MA, USA). Antibodies to Fisl, Mfn2, Opal and TOM20 were purchased from Santa
Cruz Biotechnology (1:500; Dallas, TX, USA). Antibody to a-Smooth Muscle Actin
(SMA) was purchased from Sigma (1:10,000). Antibodies to ATG5 and LC3 were

purchased from MBL International (1:500; Woburn, MA, USA).

Western blots were imaged using ImageQuant LAS 4000 (GE Healthcare,
Pittsburgh, PA, USA) or LiCor imaging systems. Anti-mouse IgG, HRP-linked, anti-
rabbit 1gG, HRP-linked (1:15,000; Cell Signaling) for chemiluminescent detection and
IRDye 800CW goat anti-rabbit 1gG or IRDye 680 goat anti-mouse 1gG (1:15,000; LiCor,
Lincoln, NE, USA) for fluorescent detection. Densitometry analysis was performed using
National Institutes of Health (NIH) ImageJ 1.48d (Wayne Rasband NIH, USA,

http:imagej.nih.gov/ij) software.

Immunofluorescence & Image Analysis. For immunofluorescence samples,
slides were permeabilized in 0.2% Trition-X in TBS buffer for 45 m at RT and washed in
TBS after blocking with 10% BSA in TBS (blocking serum) for 1 h, the primary antibody
was added. Antibody to LC3 (rabbit) was used at a dilution of 1:200 and incubated
overnight at 4°C in a humidified chamber. Secondary antibodies AlexaFluor 594 goat
anti-rabbit IgG (Invitrogen) and AlexaFluor 488 goat anti-mouse IgG (Invitrogen) were

employed for immunofluorescence detection at a dilution of 1:1000. Nuclei were
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counterstained using DAPI (Invitrogen) before mounting in Prolong Gold antifade media
(Invitrogen). For quantification of LC3 punctae, images were captured with an Olympus
BX60 microscope equipped with epifluorescence optics (Olympus, Melville, NY) and
coupled device camera Magnafire (MagnaFire 2.6; Olympus) with a barrier filter
equipped for simultaneous detection of FITC, Texas red and DAPI. TIFF files were
normalized, merged and analyzed with Image J. The number of LC3 dots was counted in
at least five independent visual fields at 100x oil objective of magnification. The results

were expressed as puncta per cell.

Electron microscopy. NHLF cultured on 10 cm2 plates were fixed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 for 1 h at room temperature.
Samples were washed three times for 5 m in 0.1 M sodium cacodylate buffer and sent to
the Electron Microscopy Core Facility of the Department of Cell Biology at Yale
University School of Medicine (New Haven, CT). The Yale core facility provides
images and grids for subsequent analysis with the Tecnai G2 F30 TWIN 300 kV/FEG
Transmission Electron Microscope (FEI, Hillsboro, OR, USA) at Tulane University. For
electron microscopy analysis, the number of autophagic vacuoles (AV) per cell body
were counted using EM images at direct magnification of 4500x and 12,000x for the
various treatment conditions. Electron micrographs (control n=10, TGFp1=12,
TGFB1+RSV=6) were examined, and values are expressed as AVs per field. All

numerical values are expressed as mean £ SEM.

Mitochondria Isolation & OXPHOS Screen. Mitochondria were isolated from
NHLF post-treatment using the Thermo Scientific (Rockford, IL, USA) Mitochondrial

Isolation Kit for Cultured Cells according to the manufacturer's protocol. Mitochondria
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samples were combined for a final concentration of 1x LDS sample buffer and separated
on aforementioned gels without boiling to prevent reduced expression levels due to
protein aggregation. Rat heart mitochondria provided with OXPHQOS antibody
(MitoSciences, Abcam, Cambridge, MA, USA) was used as a positive control.
MitoProfile total OXPHOS rodent WB antibody cocktail (MitoSciences) was used for

immunodetection of the 5 OXPHOS complexes at a dilution of 1:250.

Oxidative Stress Assay. ROS levels were measured in cells by detection of DCF,
the fluorescent product formed from the oxidation of 2,7-dichlorodihydrofluorescein

diacetate (DCFH-DA, Sigma, St. Louis, MO, USA).

Mice & Tissue Samples. All animal protocols were performed as approved by
the Tulane University Institutional Animal Care and Use Committee. C57BL/6 male mice
were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Animals were
anesthetized with 2% isoflurane vapor (VetOne, Meridian, ID, USA) in oxygen.
Treatments were administered in 50 pl of sterile PBS by oropharyngeal aspiration.
C57BI/6 mice aged 6-8 weeks were treated with 3 x 108 PFU of replication-deficient
adenovirus encoding either GFP (control group, AdGFP, n=5) or active TGF-f1
(ADTGF-B1, n=5). Animals were anesthetized with 80 mg/kg ketamine plus 8 mg/kg
xylazine and euthanized by exsanguination 14 or 7 days after adenovirus treatments
respectively. The right lungs were snap-frozen in liquid nitrogen and stored at -80°C for

RNA or protein isolation.

Transfections. For siRNA knockdown experiments, NHLF were transfected

using the Neon Transfection System (Invitrogen). 1x10° cells per transfection were
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harvested and washed once in PBS (Invitrogen) then resuspended in 100 pl of
resuspension buffer R with 5 uM siGENOME SMARTpool ATG5 (M-004374-04) &
ATG7 (M-020112-01) targeted siRNA (Dharmacon RNAI Technologies Inc., Lafayette,
CO, USA), 5 uM control non-silencing siRNA (D-001210-01) or sterile water for mock
transfection. This mix was transfected in 100 ul using two pulses of 1400 V input pulse
voltage and 20ms input pulse width. Transfected NHLF were plated on 60 mm tissue

culture dishes in 5 ml of FGM-2 medium for 48 h.

Statistical analysis. All data is expressed as mean values £ SEM. Comparisons
between two groups were made using unpaired, two-tailed Student's t test. Analysis of
variance (ANOVA) followed by Bonferroni's multiple comparison test was used for
multiple groups. Statistical significance was assigned at a value of p < 0.05. All

experiments were repeated at least twice.
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CHAPTER 3: DEFICIENCY OF AUTOPHAGIC AND MITOPHAGIC

RESPONSES IN THE AGING LUNG
3.1 Introduction

The predisposition for disrepair during aging coincides with increases in TGFp1
signaling®" %2, Here, we sought to explore whether changes that have heretofore been
considered age-related in response to bleomycin can be detected or promoted in fibrotic
lungs of young and late middle-aged, as well as old mice, and whether these changes
were progressive. Age-related changes in mitochondria are associated with increased
production of reactive oxygen species, reduced ATP production and decreased
functionality®. Thus, sufficient mitophagic processes are essential to aging-associated
diseases such as IPF. We hypothesized that a decline in efficient autophagy and selective
autophagic degradation of mitochondria during aging is implicated in the pathogenesis of

fibrosis.

3.2 Results

Deficient autophagic response and increase in lipofuscin deposits are concomitant

with disrepair in the aging lung

The autophagic response in vivo was evaluated by microtubule-associated protein

1 light chain 3 § (LC3B) punctae, the lipidated form of LC3, immunostaining in
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bleomycin-exposed lungs from young (2-month-old), middle-aged (14-month-old) and
old (22-month-old) mice. The analysis revealed more punctae in younger mice (2-month-
old) when compared to older mice (14- and 22-month-old) exposed to bleomycin (Fig.
2.1A-C). Additionally, young mice had higher levels of LC3b punctae in both the
interstitium and the respiratory epithelium (Fig. 2.1C). The deficient autophagic response
in older mice exposed to bleomycin compared to young mice was also confirmed by
autophagosome detection in electron microscopy (Fig. 2.1D). Compared to 2-month-old
mice, the lungs of the older mice also exhibited severe interstitial and intra-alveolar
pneumonia and fibrosis with the presence of myofibroblasts, as well as an increase in
collagen fibers (Fig. 2.1D). No significant differences were detected between 14- and 22-

month-old mice after lung injury.

After bleomycin exposure, an age-dependent increase in the expression of fibrotic
markers, Coll, connective tissue growth factor (CTGF/CCN2) and plasminogen activator
inhibitor-1 (PAIL1) were confirmed by qRT-PCR (Fig. 2.1E). Interestingly, untreated 22-
month-old mice had enlarged alveolar spaces compared to 2-month-old mice with higher
levels of MMP9 expression (Fig. 2.1E). Collagen deposition was detected by Masson’s
trichrome staining analysis. An increase in collagen deposition in the 14- and 22-month-
old mice compared to young mice was observed (Fig. 2.1F-G). Tissues were
immunostained for heat shock protein 47 (Hsp47), a collagen-binding glycoprotein
localized in the endoplasmic reticulum and a biomarker of early stages of fibrogenesis.
Higher levels of Hsp47-positive cells (myofibroblast-type cells) appeared in 22- and 14-

month-old mice compared to 2-month-old mice subjected to bleomycin (Fig. 2.1H-1).

We studied bleomycin-exposed lungs from young mice (2-month-old) and older
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Figure 2.1. Bleomycin exposure exacerbates age-dependent differences in lipofuscin content, collagen
deposition, Hsp47 and the autophagic marker LC3. A-B) Representative images and quantification of
LC3b staining show the autophagic response to injury in 2-, 14- and 22-month-old mouse lung. Positive
LC3b appears as red punctae. Nuclei counterstained with DAPI (blue). C) Quantification of LC3 punctae in
2-month-old and 14-month-old mice in different sections of the lung tissue, including airways, alveolar
epithelium, and fibrotic tissue. D) Representative electron microscopy images in 2-month-old and 22-month-
old mice post Bleo exposure showing collagen fibrils. Collagen fibrils labeled as cf, blood vessels as bv,
myofibroblasts as MF, red blood cells as RBC, capillaries as ¢ and autophagic vesicles as AV. E) gRT-PCR
analysis for fibrotic markers COL1, PAI1, CTGF and MMP9 expression in 2-month-old (n=5) and 22-month-
old mice (n=4) after Bleo exposure. F-G) Representative images and quantification of Masson’s trichrome
staining to evaluate collagen deposition in 2- and 22-month-old lung. Positive collagen deposition appears
blue. H-1) Representative images and quantification of Hsp47 staining/cell demonstrate fibrogenesis in
middle-aged lung. Positive cells stain red (NovaRed stain). Nuclei counterstained with haematoxylin. J)
Representative images of Sudan Black B (SBB) staining for lipofuscin during fibrogenesis in 2- and 14-
month-old lung. Positive SBB appears dark brown-black. Nuclei counterstained with methyl green (blue-
green). Arrows show SBB positive lipofuscin. K) Quantification of SBB staining in 2-, 14- and 22-month-
old mouse lung sections. L) Quantification of accumulated oxidized proteins in 2- and 14-month-old lung
after oropharyngeal aspiration of Bleo or PBS vehicle only, at 14 days post exposure. *P<0.05, **P<0.01,
***P<0.005.

mice, including 14-month-old and 22-month-old, for lipofuscin content, a non-degradable
intralysosomal polymeric substance that accumulates during aging. This was in order to
determine whether what have heretofore been considered age-related changes in
lipofuscin can be detected in fibrotic lungs of young and late middle-aged mice.
Assessment of Sudan Black B (SBB) staining and quantification by ImageJ revealed
more lipofuscin aggregates in the lungs of 14-month-old mice versus 2-month-old mice
after oropharyngeal aspiration of bleomycin indicative of lysosome damage and reduced
lysosomal degradation (Fig. 2.1J-K). No significant differences were detected between
14-month-old and 22-month-old mice. Additionally, the OxyI[HC™ Oxidative Stress
system for protein oxidation showed increased levels of oxidized proteins suggesting age-
related changes in degradation processes result in higher levels of fibrosis and damaged

proteins (Fig. 2.1L).
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Age-related changes in the mitophagic response to bleomycin

In accordance with the increase in collagen deposition in aging lung (Fig. 2.1F-G)
and mitochondrial dysfunction observed in age-related diseases®! ", we chose to further
evaluate changes in mitophagy in old mice (22-month-old) and young mice (2-month-
old) treated with bleomycin. gRT-PCR analysis demonstrated PINK1 expression was
reduced in 22-month-old compared to 2-month-old mice (Fig. 2.2A). Sequestration of
mitochondria inside autophagic vacuoles was determined by colocalization of TOM20
(mitochondria) and LC3B (autophagosome) by immunofluorescence in lung tissue from
control (PBS) and bleomycin-exposed young and old mice (Fig. 2.2B-C). Quantification
of mitophagy events demonstrated that higher levels of mitochondria inside autophagic
vacuoles were induced in the young mice as compared to older mice after bleomycin
exposure suggesting a deficient mitophagic response after lung injury in aging mice (Fig.

2.2B-C).

To demonstrate if the reduced PINK1 expression by TGFB1 in normal human
lung fibroblasts is recapitulated in animal models of pulmonary fibrosis, we exposed
mice to 3 x 108 PFU of replication-deficient adenovirus encoding either GFP (AdGFP) or
active TGFB1 (AdTGFp1). Real-time RT-PCR and western blot analyses from whole
lung extracts were performed 7 days post-infection. The results demonstrated a TGFp1-
associated reduction in PINK1 in the lung 7 days post-infection (Fig. 2.2D). A
corresponding reduction in PINK1 protein levels was confirmed by western blots and

densitometry (Fig. 2.2E-F). Finally, immunohistochemistry performed on human IPF
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Figure 2.2
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Figure 2.2. Deregulated mitophagy and PINK1 expression in pulmonary fibrosis. A) gRT-PCR analysis
for PINK1 expression in 2-month-old (n=5) and 22-month-old mice (n=5) after oropharyngeal aspiration of
bleomycin (Bleo) or PBS vehicle only, at 14 days post exposure. B) Quantification of number of
mitochondria inside autophagic compartments in young and old mice exposed with vehicle (PBS) or
bleomycin. C) Representative images of the basal level of colocalization of LC3 punctae and TOM20, a
mitochondria marker, in young (2-month-old) and old (22-month-old) mouse lung tissue. Yellow points
indicate mitochondria inside autophagosomes in merged color images as positive LC3 staining appears as
red punctae and TOM20 green. Colocalization points appear pink in black and white image. Nuclei
counterstained with DAPI appears blue. Row 1: Highlighted green square focuses on bronchiolar region of
lung in PBS exposed (control) mouse. Row 2: Colocalization points in PBS exposed (control) mouse lung.
Row 3: Highlighted red square focuses on alveolar region of lung in PBS exposed (control) mouse. Row 4:
IgG-only controls in lung tissues used as negative controls. Kidney stained for LC3 and TOM20 used as
positive control. Row 5: Highlighted blue square focuses on fibrotic region of lung in bleomycin (Bleo)
exposed mouse lung. Row 6: Colocalization points in Bleo exposed mouse lung. D) gRT-PCR analysis for
mMRNA expression levels of PINK1, at 7 days post oropharyngeal aspiration of control Adenovirus-GFP
(AdGFP) or Adenovirus-TGFB1 (AdTGFp1) in mice (n=5 per treatment). E) Representative western blot
(WB) for collagen type | (Col1) and PINK1 expression from AdTGFB1 or AAJGFP control infection in mouse
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lung, at 7 days post infection. B-actin used as loading control. F) Densitometry analysis of PINK1 expression
shown in Figure 3.2E. G) IHC in lung tissue samples from an IPF patient and a control patient show
differential expression of PINK1. Positive cells appear red (NovaRed stain). Nuclei counterstained with
haematoxylin appear blue. Arrow shows fibrotic lesion. IgG only used as negative control. Arbitrary Units
abbreviated as AU. *P<0.05, ***P<0.005.

lung and control lung samples confirmed low levels of PINKL1 in the IPF tissue and non-

detectable PINK1 staining in the fibrotic foci (Fig. 2.2G).

3.3 Discussion

In accord, our studies in animal models of pulmonary fibrosis demonstrated that
susceptibility to pulmonary fibrosis during aging correlates with reduced autophagy,
measured by the number of autophagosomes and mitochondria associated with
autophagosomes, an increase in lipofuscin deposits and age-dependent decline in PINK1
expression. Also, lung tissues from IPF patients express reduced levels of PINK1. Our
research identified an inverse correlation between the number of autophagosomes and the
accumulation of lipofuscin and collagen deposits in bleomycin-treated mice. We propose
that deficient autophagy can exacerbate lung injury by promoting oxidative stress,
dysfunctional mitochondria and lipofuscin deposits. The accumulation of lipofuscin
further limits autophagic turnover, exacerbating fibrosis. Interestingly, neutralization of
IL-17A by autophagy was able to protect against bleomycin-induced pulmonary fibrosis
in mice®. Here, we propose a model for how insufficient responses of autophagic and
mitophagic processes after lung injury may contribute to the development of pulmonary

fibrosis (Fig. 2.3A).
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Our finding that repressed autophagic responses during aging contributes to lung
fibrosis contrasts with the excessive autophagy that underlies the pathogenesis of
emphysema®?. Our results support the possibility that autophagy may be a critical
determinant of the response to lung injury by settling the development of fibrosis or

emphysema.

Our findings indicate PINK1 is another target repressed by TGFB1. Studies
demonstrating that TGFB1 regulates phosphatase and tensin homolog (PTEN), a driver of
PINK1 expression, are consistent with this finding®. PTEN deficiency promotes
fibrogenesis® °*. The relevance of our findings was further confirmed by our recent
observation that PINK1 knock-out mice have a pro-inflammatory environment
characterized by increased levels of IL-6 (data not shown). In fact, recent studies in
PINK1 null mice demonstrated high levels of TGFB1 and susceptibility to pulmonary
fibrosis® %, The TGFB1-PINK1 interaction could constitute a feed forward cycle that
favors the perpetuation of fibrosis that is characteristic of the IPF lung. Further analyses
of PINK1 knock-out mice will better define the role of PINK1 in lung aging and

pulmonary fibrosis.

It is still unclear if or how TGFp1 influences human aging. In C. elegans, the
TGF signaling pathway represses lifespan®’. In humans, a correlation between a
polymorphism in the TGFB1 gene and longevity suggests a similar function®. The aging
lung displays a profibrotic phenotype characterized by enhanced TGFB1 expression and
signaling®" %1% Qur data describe the influence of TGFB1 upon aging through changes
in autophagy, mitochondrial homeostasis and promotion of aberrant responses to lung

injury.
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At the cellular level, reduction of autophagy and mitophagy could abet
myofibroblast differentiation and assist adaptation to metabolic changes and thereby
prevent apoptosis. However, deregulated cellular proteostasis and mitochondria recycling
may contribute to other features of interstitial lung diseases, such as disrupted cellular
redox, chronic inflammation, and increased vulnerability of the lung epithelia to second
hit injury® 11, Conversely, moderate induction of autophagy promotes resistance to
oxidative stress and extension of lifespan®®. In fact, we and others have found that
hormetic compounds like resveratrol promote autophagy and mitochondrial homeostasis,
while inhibiting FMD and pulmonary fibrosis in animal models'®? 1%, Finally, we
propose promoting autophagy and mitochondrial homeostasis to intervene against age-

related lung diseases like pulmonary fibrosis.
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Figure 2.3. Schematic representation of a proposed model for fibrosis. During aging, TGFB1 expression
increases in the lung. Upon injury in an aging lung, autophagy is induced to cope with the elevated cellular
stress. Lysosomal degradation of large amounts of damaged or oxidized proteins results in accumulation of
lipofuscin promoting lysosome dysfunction. In consequence, autophagic and thereby mitophagic turnover is
delayed exacerbating oxidative stress and mitochondrial homeostasis in cells. Induced levels of oxidative
stress and mitochondrial dysfunction initiates further tissue damage inducing a positive feedback loop
ultimately promoting myofibroblast differentiation and epithelial cell death driving the development of

fibrosis.

3.4 Materials & Methods

Mice & Tissue Samples. All animal protocols were performed as approved by

the Tulane University Institutional Animal Care and Use Committee. C57BL/6 male mice
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were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Animals were
anesthetized with 2% isoflurane vapor (VetOne, Meridian, ID, USA) in oxygen.
Treatments were administered in 50 pl of sterile PBS by oropharyngeal aspiration.
C57BI/6 mice aged young (2-month-old, n=5 per treatment), middle-aged (14-month-old,
n=5) and old (22-month-old, n=5 per treatment) received 2 U/kg Bleomycin (Teva
Parenteral Medicines, Irvine, CA, USA) or vehicle only (PBS) for control. C57BI/6 mice
aged 6-8 weeks were treated with 3 x 108 PFU of replication-deficient adenovirus
encoding either GFP (control group, AdGFP, n=5) or active TGF-B1 (AdTGF-B1, n=5).
Animals were anesthetized with 80 mg/kg ketamine plus 8 mg/kg xylazine and
euthanized by exsanguination 14 or 7 days after bleomycin or adenovirus treatments
respectively. The right lungs were snap-frozen in liquid nitrogen and stored at -80°C for
RNA or protein isolation. The left lungs were inflation-fixed with 10% neutral buffered
formalin (Sigma-Aldrich, Sigma-Aldrich Corp., St. Louis, MO, USA) through the trachea
at 25 cm H20 pressure for 15 min, excised from the mice, and stored in fresh 10%
neutral buffered formalin at 4°C for histology. At least two independent experiments
were performed and analyzed. Sections from Human IPF and control lung specimens

were obtained from the NIH Lung Tissue Research Consortium (LTRC).

RNA Isolation & gRT-PCR. Total RNA was isolated using Trizol® Reagent
(Invitrogen, Carlsbad, CA, USA) according to manufacturer’s instructions. RNA
concentration was measured using a NanoDrop spectrophotometer (Thermo Scientific
Nanodrop, Nanodrop Technologies, Wilmington, DE, USA). For quantitative real-time
PCR (qRT-PCR) analysis, 1 ug of total RNA was reverse transcribed using iScript™

cDNA Synthesis Kit (Bio-Rad Laboratories Inc., Hercules, CA, USA) according to
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manufacturer’s protocol. Quantitative real-time PCR reactions were performed using
iIQ™SYBR® Green Supermix (Bio-Rad) in the Bio-Rad MyiQ iCycler (Hercules, CA).
Relative expression levels were calculated using the 224D method and normalized to

36b4 expression. All primer information given in Table 1.1.

Histology, Immunohistochemistry & Immunofluoresence. Histologic sections
of lung tissue (4 um) were deparaffinized and rehydrated according to the standard
protocol. Masson’s trichrome staining was performed as previously described®!. For
immunohistochemical samples, slides were incubated in BLOXALL™ Blocking solution
(Vector Laboratories, Burlingame, CA, USA) for 10 m before proceeding with antigen
retrieval. Slides were then incubated for 20 m in 0.5% Ammonium chloride and rinsed in
PBS then incubated in 0.3M Glycine for 10 m. Slides were blocked in HEPES NaCl
buffer (20 mM HEPES, 1% BSA, 135 mM NacCl) for 5 min then incubated for 30 m with
blocking serum. The primary antibody of Hsp47 (H300) was used at a dilution of 1:50
was incubated for 30 m followed by diluted biotinylated secondary antibody for 30 m.
Slides were then incubated with NovaRed Vectastain® ABC Reagent (VVector
Laboratories) for 30 m then nuclei counterstained with haematoxylin and mounted. For
immunofluorescence samples, slides were permeabilized in 0.2% Trition-X in TBS buffer
for 45 m at RT and washed in TBS after blocking with 10% BSA in TBS (blocking
serum) for 1 h, the primary antibody was added. Antibodies to LC3 (rabbit) and TOM20
(mouse) were used at a dilution of 1:200 and incubated overnight at 4°C in a humidified
chamber. Secondary antibodies AlexaFluor 594 goat anti-rabbit IgG (Invitrogen) and

AlexaFluor 488 goat anti-mouse 1gG (Invitrogen) were employed for
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immunofluorescence detection at a dilution of 1:1000. Nuclei were counterstained using

DAPI (Invitrogen) before mounting in Prolong Gold antifade media (Invitrogen).

Sudan Black B Staining. Tissue slides were deparaffinized and rehydrated to
70% ethanol. Freshly prepared Sudan Black B (SBB; Fisher Scientific, Pittsburgh, PA,
USA) stain was prepared as previously described!** and slides incubated in SBB for 20

min. Nuclei were counterstained with methyl green.

Electron Microscopy. NHLF cultured on 10 cm2 plates were fixed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 for 1 h at room temperature.
Samples were washed three times for 5 m in 0.1 M sodium cacodylate buffer and sent to
the Electron Microscopy Core Facility of the Department of Cell Biology at Yale
University School of Medicine (New Haven, CT). The Yale core facility provides
images and grids for subsequent analysis with the Tecnai G2 F30 TWIN 300 kV/FEG

Transmission Electron Microscope (FEI, Hillsboro, OR, USA) at Tulane University.

Imaging & Quantitative Analysis. For histology and immunohistochemistry
analysis, images were captured with a Scan Scope Aperio, version 10.2.0.0 Aperio
Technologies (Leica Biosystems, Buffalo Grove, IL, USA) at the same magnification
with similar contrast. TIFF file images were then exported and analyzed using ImageJ
(imagej.nih.gov). For quantification of Sudan Black B staining, images were inverted,
applied threshold and positive areas measured. For quantification of Hsp47 staining,
color images were deconvoluted, and positive red color areas measured with the result
expressed as the fraction of positive-stained pixels over total area analyzed. For

immunofluorescence, images were captured in Z-stacks using Nikon Al+ Inverted
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Confocal microscope (Nikon Instruments Inc., Melville, NY, USA). Three-dimensional
reconstruction and volume rendering of Z-stacks were carried out with appropriate
ImageJ plug-in and NIS element AR 4.30 (Nikon) software. For quantification of LC3
punctae, images were captured with an Olympus BX60 microscope equipped with
epifluorescence optics (Olympus, Melville, NY) and coupled device camera Magnafire
(MagnaFire 2.6; Olympus) with a barrier filter equipped for simultaneous detection of
FITC, Texas red and DAPI. TIFF files were normalized, merged and analyzed with
Image J. The number of LC3 dots was counted in at least five independent visual fields at
100x oil objective of magnification. The results were expressed as puncta per cell. For
quantification of mitochondria within autophagosomes, the colocalization of
autophagosomes (LC3 punctae) and mitochondria (TOMZ20) was detected using the

Colocalization Finder plug-in in Image J.

Statistical analysis. All data is expressed as mean values £ SEM. Comparisons
between two groups were made using unpaired, two-tailed Student's t test. Analysis of
variance (ANOVA) followed by Bonferroni's multiple comparison test was used for
multiple groups. Statistical significance was assigned at a value of p < 0.05. All

experiments were repeated at least twice.
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CHAPTER 4. DOWN-REGULATION OF SIRT3 BY TGFp1 PROMOTES

MYOFIBROBLAST DIFFERENTIATION
4.1 Introduction

Sirtuins, NAD+-dependent protein deacetylases, can modulate the oxidative stress
response, metabolism, and lifespan'®-1%7. Due to its preferential mitochondrial
localization and association with extended lifespan in humans, Sirtuin 3 (SIRT3) emerged
in the last few years as a protein of particular interest in aging studies and age-related

diseasesi®8-112,

Promotion of oxidative stress and myofibroblast differentiation by TGFp1
signaling across tissues is recognized as a critical factor in the pathogenesis of systemic
scleroderma (Ssc) and IPF. However, it is unclear whether or how TGFB1 influences
tissue aging or how biological aging promotes the fibrotic response. New evidence
demonstrates that impairment of mitochondrial homeostasis and recycling, mediated in
part by TGFB1, may contribute to age-related lung diseases such as IPF. Nevertheless, the
cell type-dependent molecular mechanisms of aging that promote fibrogenesis remain

unknown.

SIRT3 participates in regulating multiple processes through its effects on the
acetylation status of proteins involved in the oxidative stress response, mitochondrial
dynamics, and metabolism. Such mechanisms have been shown to be altered in

pulmonary fibrosis. For example, SIRT3 promotes deacetylation of forkhead box O3a
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(FoxO3a) leading to FoxO3a-dependent gene expression!3. SIRT3 also deacetylates
several components of the mitochondrial antioxidant response and respiratory chain,
including the mitochondrial matrix protein isocitrate dehydrogenase 2 (IDH2), a major
source of reduced nicotinamide adenine dinucleotide phosphate (NADPH). Additionally,
SIRT3 regulates SOD2, glutathione peroxidase-1 (GPX1), adenosine triphosphate (ATP)
synthase, and cytochrome ¢'!4118, SIRT3 also deacetylates and destabilizes hypoxia-
inducible factor-1a (HIF-1a) which is involved in the metabolic reprogramming of
mitochondria®!®. Finally, SIRT3 regulates mitochondrial dynamics during stress by
activating optic atrophy 1 (OPAL), a dynamin-related guanosine triphosphatase required
for the fusion of mitochondria'?°. Therefore, due to the myriad of roles SIRT3 plays in
the regulation of mitochondrial function, metabolism, and dynamics, it is expected that
changes in SIRT3 expression within the aging lung will result in an altered, and possibly
compromised, response to injury. We hypothesized SIRT3 may play a role in preventing
TGFB1-induced myofibroblast differentiation by activation of SOD2 and other

antioxidant response substrates.

4.2 Results

Down-regulation of SIRT3 by TGFB1 promotes acetylation of major oxidative stress

response regulators SOD2 and IDH2

We first endeavored to determine if TGFB1 can regulate SIRT3 expression. At the
protein level, WB analysis showed that TGFB1 reduced the expression of SIRT3 and

SOD2 in NHLF at 24 h, which was restored to normal levels in the presence of



53

resveratrol (RSV), a polyphenol compound that inhibits myofibroblast differentiation and
induces SIRT3 RNA expression*?12 (Fig. 3.1A-D). Analysis of qRT-PCR for NHLF
treated with increasing doses of TGFB1 for 24 h demonstrated a decline in SIRT3 and

SOD2 transcript levels in a dose-dependent manner (Fig. 3.1E).

Since SIRT3 is a mitochondrial deacetylase for IDH2 and SOD2, two major
components of the mitochondrial antioxidant pathway, we examined their acetylation
status in the presence of TGFB1. We observed an increase in the acetylated form of IDH2
(K413) in NHLF at 24 h with TGFB1 treatment (Fig. 3.1F-G). Due to decreased SOD2
levels in total cell lysate, the acetylation status of SOD2 in the mitochondria was
interrogated to provide a better understanding of SIRT3-mediated deacetylase activity
and the type of oxidative stress response during FMD. The WB analysis revealed an
increase in acetylated SOD2 (K68) in mitochondria, suggesting that TGF1-induced
repression of SIRT3 results in less SIRT3-dependent deacetylase activity and antioxidant
response mediated by IDH2 and SOD2 (Fig. 3.1H-1). Immunofluorescence and
subsequent quantification confirmed the reduction in SIRT3 and SOD?2 levels post-
TGFpB1 treatment (Fig. 3.1J-M). Our findings correlate with the increase in ROS during

FMD, previously reported*?,
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Figure 3.1. TGFp1 down-regulates SIRT3 concomitant with acetylation of major oxidative stress
response regulators. A) Representative WB for SIRT3 and SOD2 expression from NHLF-treated or
untreated, with TGFB1 and/or resveratrol. $-actin was used as a loading control. B-C) Densitometry analysis
of WB for SIRT3 and SOD2 expression shown in (A). D) Real-time RT-PCR (qRT-PCR) analysis for SIRT3
MRNA expression in NHLF-treated, with or without TGFB1 and/or resveratrol, at 24 h. E) qRT-PCR analysis
for TGFB1 dose-dependent changes in the transcriptional levels of SIRT3 and SOD2 mRNA expression in
NHLF after 24 h. F) Representative WB for acetylated IDH2 expression from NHLF-treated or untreated,
with TGFB1 and/or resveratrol. -actin was used as a loading control. G) Densitometry analysis of WB for
acetylated IDH2 expression is shown in (F). H) Representative WB of mitochondria isolated from NHLF-
treated or untreated, with TGFB1 and/or resveratrol probed for acetylated SOD2 (Ac-SOD2). TOM20 was
used as a loading control. 1) Densitometry analysis of WB for acetylated SOD2 expression is shown in (H).
J-K) Quantification and representative immunofluorescence (IF) images for SIRT3 in NHLF-treated, with
TGFp1 and/or RSV at 24 h. L-M) Quantification and representative immunofluorescence images for SOD2

in NHLF-treated, with TGFB1 and/or resveratrol at 24 h. Resveratrol abbreviated as RSV. Arbitrary Units
abbreviated as AU. *p < 0.05, **p < 0.01, ***p < 0.005.
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Down-regulation of SIRT3 promotes myofibroblast differentiation mediated by

TGFp1

To determine the relevance of the repression of SIRT3 during fibroblast-
myofibroblast differentiation (FMD) mediated by TGFB1, we transfected NHLF with
SiRNA targeting SIRT3 and evaluated the expression of fibrotic markers. gRT-PCR
analyses demonstrated that repression of SIRT3 promoted expression of collagen type |
and PAI1 which was significant compared to the non-targeting siRNA control after
TGFpB1 treatment (Fig. 3.2A-C). WB analyses confirmed the induction of Coll and Pail
expression at the protein level (Fig. 3.2D-G). These results indicate that inhibition of

SIRT3 may promote TGF1-dependent myofibroblast differentiation.



Figure 3.2

-
=Y

I

Relative SIRT3
mRNA Fold Change

1.0
) I
0.0

Control siRNA -
SIRT3 siRNA -
TGFR1 -

C

» *

Relative PAI1

mRNA Fold Change

0
Control siRNA -
SIRT3 siRNA -
TGFp1 -

400

Relative Col1
Density, A.U.

2
i

ol
Control siRNA -
SIRT3 siRNA -
TGFp1 -

G 150+

*x

iii

[
+ 1
+

+
+
]
]

[
+ 1+
Lo
+ o4

x

¢ 100

50

Relative SIRT3
Density, A.U

ol
Control siRNA -
SIRT3 sIRNA -
TGFpR1

+
+
]

56

B 20
[1h]
o Wk
58 s
35
% E 10
=<
[F) = 5
Ex
= 0
Control siRNA - + + - -
SIRT3 siRNA - - - + +
TGFBR1 - - + - +
Control siRNA -+ + - -
SIRT3 siRNA - - - + +
TGFB1 - -+ -+
o BT TR~ &% (ol

e D S S e 5-cctin

1000 .
800
600-

400-

Relative Pai1
Density, A.U.

200

0-
Control siRNA - + + - -
SIRT3 siRNA - - - + +
TGFp1 - - + - +

Figure 3.2. Down-regulation of SIRT3 promotes myofibroblast differentiation mediated by TGFf1. A-
C) Real-time gRT-PCR analysis from NHLF, transfected with siRNA targeting SIRT3, treated with or
without TGFf1, to evaluate transcriptional changes in SIRT3 and fibrotic markers collagen type I (COL1)
and plasminogen activator inhibitor-1 (PAI1). D) Representative WB for Coll, PAI1 and SIRT3 expression
in NHLF-deficient in SIRT3. B-actin was used as a loading control. E-G) Densitometry analysis of WB for

fibrotic markers and SIRT3 expression is shown in (D). Arbitrary units are abbreviated as AU. *p < 0.05,
**p < 0.01, ***p < 0.005.
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Over-expression of SIRT3 decreases myofibroblast differentiation potential

mediated by TGFp1

Since we demonstrated that down-regulation of SIRT3 promotes myofibroblast
differentiation mediated by TGFp1, we further interrogated the possible inhibitory effect
of SIRT3 on TGFB1-induced myofibroblast differentiation. For this experiment,
expression of fibrotic markers was analyzed in NHLF transfected with an adenovirus
encoding either GFP (AdGFP, control) or SIRT3 (AdSIRT3) in the presence or absence
of TGFB1 and cofactor NAD™. Analyses by gRT-PCR showed a significant reduction in
COLI, a-SMA, and PAI1 expression post-TGFpB1 treatment when SIRT3 was over-
expressed (AdSIRT3) compared to control treatment (AdGFP) (Fig. 3.3A-D). We
confirmed the statistically significant decrease in the expression of fibrotic markers a-
SMA and Pail by WB as presented by densitometry analysis (Fig. 3.3E-H). Taken

together, these data support the role of SIRT3 in modulating TGFB1-mediated FMD.
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Figure 3.3. Over-expression of SIRT3 decreases myofibroblast differentiation potential mediated by
TGFp1. A-D) Real-time gRT-PCR analysis from NHLF, transfected with adenovirus over-expressing
SIRTS3, treated with or without TGFp1, to evaluate transcriptional changes in SIRT3 and fibrotic markers
collagen type I (COL1), a-smooth muscle actin (a-SMA), and plasminogen activator inhibitor-1 (PAI1). E)
Representative WB for PAIl, a-SMA and SIRT3 expression in NHLF over-expressing SIRT3. B-actin was
used as a loading control. F-H) Densitometry analysis of WB for fibrotic markers and SIRT3 expression
shown in (E). Arbitrary units are abbreviated as AU. *p < 0.05, **p < 0.01, ***p < 0.005.

4.3 Discussion

Mitochondria play a central role in energy metabolism and age-related diseases.
SIRT3, an NAD+-dependent histone deacetylase with preferential localization to the

mitochondria, has previously been associated with lifespan®’. We demonstrated that
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TGFB1 reduces the expression of SIRT3, promoting changes in oxidative stress, and
favoring myofibroblast differentiation and the exacerbation of fibrotic tissue. This
downregulation by TGFp1 is presumably Smad3-dependent, although further
experiments are necessary to confirm this hypothesis. Our study indicates that SIRT3
deficiency promotes the fibrotic effects of TGFB1 and over-expression of SIRT3 can
diminish the effects of TGFB1 in FMD, probably through maintenance of an efficient
oxidative stress response and promotion of mitochondrial integrity and metabolism

during stress.

Several studies previously reported that myofibroblast differentiation, driven by
TGFp1, is characterized by an increase in ROS due in part to unbalanced mitochondria
homeostasis, deficient recycling, and deficient oxidative stress responses*?**2’, This
process can be inhibited by restoring redox homeostasis using antioxidants or NADPH
oxidase 4 (NOX4) inactivation'?® 12°, Other studies have shown that increased cellular
superoxide levels are characteristic of stressed SIRT3-deficient mouse embryonic
fibroblasts (MEF)'®. By contrast, promotion of SIRT3 reduces reactive oxygen species
in other tissues by deacetylating and activating IDH2, a major source of NADPH, as well
as deacetylating and activating SOD2%L. Thus the ability of SIRT3 to protect cells from
oxidative stress has been shown to be dependent on SOD2- and IDH2-induced activity*®
131,132 Qur studies indicate that acetylation (deactivation) of SOD2 and IDH2 are
characteristic of FMD. We demonstrated that resveratrol promotes SIRT3 expression and
SOD2 and IDH2 deacetylation, thereby promoting cellular homeostasis and inhibition of
myofibroblast differentiation'?: 124, Taken together, our studies suggest that the

TGFB1/SIRT3 pathway is responsible for altered SOD2 and IDH2 acetylation, the post-
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translational modification known to contribute to the promotion of oxidative stress and
consequent myofibroblast differentiation in the aging lung. Interestingly, deficiency in
SOD?2 expression has been associated with premature aging*®® 34, It is then possible that
the deregulation of SOD2 activity by SIRT3 may contribute to accelerated biological
aging and progression of age-related lung diseases like IPF and pulmonary fibrosis in

SSC135, 136

SIRT3 also regulates OPAL, a dynamin-related guanosine triphosphatase required
for fusion of mitochondria, thereby altering mitochondrial dynamics during stress?°.
SIRT3 has been shown to interact and deacetylate FoxO3a within mitochondria as well as
increase FoxO3a-dependent gene expression*'®, FoxO3a modulates mitochondrial mass,
ATP production, oxidative stress response, and clearance of defective mitochondria
through transcriptional regulation of autophagy-related genes*3’-1*°, FoxO3a has been
shown to be inactive (phosphorylated) in the fibrotic lungs of IPF patients!4® and
deficiency of FoxO3a protects myofibroblasts from undergoing apoptosis**!. In fact,
induction of SIRT3 has been shown to inhibit cardiac hypertrophic response by
increasing FoxO3a-dependent antioxidant defense mechanisms in mice®®. We previously
demonstrated that fibrotic lung is characterized by a deficient autophagic response which
others have shown is probably due to low FoxO3a expression in lung fibroblasts*?* 142, In
all, our studies support the role of the TGFB1/SIRT3/Fox0O3a axis as a major regulator of

autophagy and mitochondria dynamics in pulmonary fibrosis.
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4.4 Materials & Methods

Cell Culture and Reagents. Normal human lung fibroblasts (NHLF) from the
American Type Culture Collection (ATCC, Manassas, VA, USA) were maintained in
Fibroblast Growth Medium-2 (FGM-2, Lonza, Walkersville, MD, USA) before serum
starving cells in Fibroblast Basal Medium (FBM, Lonza) supplemented with 0.2% bovine
serum albumin (BSA, Gemini Bio-Products Inc., Woodland, CA, USA). NHLF were then
cultured in FBM plus 0.2% BSA for various treatments. Recombinant human TGFf1
(R&D Systems, Minneapolis, MN, USA) was used at various concentrations from 1-3
nanogram per milliliter (ng/ml). Resveratrol and NAD+ from Sigma (St. Louis, MO,

USA) were used at concentrations of 100 uM and 500 uM respectively.

Western Blots. Cells were harvested in 1x radioimmunoprecipitation assay
(RIPA) buffer purchased from Cell Signaling (Danvers, MA, USA), sonicated, and
quantified using the Bradford Method (Bio-Rad Laboratories Inc., Hercules, CA, USA).
Protein samples combined with 4x NUPAGE LDS Sample Buffer and 10x NuPAGE
Sample Reducing Agent (Invitrogen) for a final concentration of 1x for both buffers and
boiled for 5 minutes. 20-25 micrograms of each protein sample was separated on NuPage
SDS 4-12% Bis-Tris gradient gels (Invitrogen) and transferred onto PVDF membranes
(Invitrogen). For time-dependent cell lysates, protein samples were separated on 15%
Acrylamide 1.5M Tris/10% SDS gel. Membranes were blocked in 5% BSA in TBST or
5% nonfat dry milk (Blotting-Grade Blocker, Bio-Rad) in TBST for 1 h at RT then

probed with primary antibody overnight at 4°C while shaking.
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Antibodies were used at 1:1000 to probe for Collagen type | (Coll) and acetylated
K68 SOD2 (Ac-SOD2) and were purchased from Abcam (Cambridge, MA, USA).
Antibody to acetylated K413 IDH2 (Ac-IDH2) was purchased from GeneTel
Laboratories LLC (1:1000, Madison, WI, USA). Antibodies to SIRT3 and p-actin were
purchased from Cell Signaling (1:1000; Danvers, MA, USA). The antibody to translocase
of outer mitochondrial membranes 20 kDa (TOM20) was purchased from Santa Cruz
Biotechnology (1:500; Dallas, TX, USA). Antibody to SOD2 was purchased from EMD
Millipore (1:1000; Billerica, MA, USA). Antibody to plasminogen activator inhibitor
type 1 (Pail) was purchased from PeproTech (1:10,000; Rocky Hill, NJ, USA). Antibody
to alpha-smooth muscle actin (a-SMA) was purchased from Sigma-Aldrich (1:10,000; St.
Louis, MO, USA). Anti-mouse immunoglobulin G (1gG), horseradish peroxidase (HRP)-
linked and anti-rabbit 1gG, HRP-linked (1:15,000; Cell Signaling) for chemiluminescence
detection; and near-infrared dye 800CW (IRDye 800CW)-labeled goat anti-rabbit 1gG or
IRDye 680-labeled goat anti-mouse IgG (1:15,000) were purchased from LiCor, Lincoln,

NE, USA) for fluorescence detection.

RNA Isolation & gRT-PCR. Isolation of total RNA was performed using
Trizol® Reagent (Invitrogen) according to manufacturer's instructions. RNA
concentration was measured using a NanoDrop spectrophotometer (Thermo Scientific
NanoDrop, NanoDrop Technologies, Wilmington, DE, USA). For gRT-PCR analysis, 1
ug of total RNA was reverse transcribed using an iScriptTM cDNA Synthesis Kit (Bio-
Rad) according to the manufacturer’s protocol. Reactions were performed using

iIQ™SYBR® Green Supermix (Bio-Rad) and a Bio-Rad MyiQ iCycler. Relative
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expression levels were calculated using the 222D method and normalized to 36b4

expression. All primer information given in Table 1.1.

Mitochondria Isolation. Mitochondria were isolated from NHLF post-treatment
using the Thermo Scientific (Rockford, IL, USA) Mitochondrial Isolation Kit for

Cultured Cells according to the manufacturer's protocol.

Immunofluorescence Microscopy. NHLF were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA, USA), permeabilized in 0.1% TX-100,
0.001% Tween-20, 0.3M Glycine, 0.2% BSA in TBS buffer for 5 min at RT, and washed
in TBS after blocking with blocking serum (2.5% BSA, 5% normal goat serum, 0.05%
TX-100, 0.0025% Tween-20 in TBS) for 30 min. Antibodies to SOD2 and SIRT3 were
used at a dilution of 1:50 and incubated overnight at 4°C in a humidified chamber.
AlexaFluor 594-conjugated goat anti-rabbit IgG (Invitrogen) was employed as secondary
antibody at a dilution of 1:1000 for immunofluorescence detection. Nuclei were
counterstained using 4’°,6-diamidino-2-phenylindole (DAPI, Invitrogen) before mounting

in Prolong Gold Antifade reagent (Invitrogen).

For image analysis of IF for SOD2 images were captured using an Olympus
BX60 microscope equipped with epifluorescence optics (Olympus, Melville, NY) and a
charge-coupled device camera (MagnaFire 2.6, Olympus). IF for SIRT3 images were
captured using a Nikon Al+ Inverted Confocal microscope (Nikon Instruments Inc.,
Melville, NY, USA). All captured images were saved as 8-bit files and analyzed using

Image J 1.48d (Wayne Rasband, NIH, Bethesda, MD, USA; http:imagei.nih.gov/ij).
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Transfections. For small interfering ribonucleic acid (siRNA) knockdown
experiments, NHLF were transfected using the Neon Transfection System (Invitrogen,
Carlsbad, CA, USA) with siGENOME SMARTpool SIRT3-targeted siRNA (Dharmacon
RNAI Technologies Inc., Lafayette, CO, USA), control non-silencing siRNA (Qiagen,
Valencia, CA, USA), or sterile water (mock transfection) for a final concentration of 50
nM siRNA. Cells were plated on 60-mm tissue culture dishes in FGM-2 medium for 48 h
after electroporation, as previously described*?*, For SIRT3 over-expression experiments,
adenoviruses encoding GFP (control virus, Cat. No. 1060) or human SIRT3 (Cat. No.
1499) were purchased from Vector Biolabs (Malvern, PA, USA). NHLF were transfected
with 3 x 106 PFU/ml and cultured for 72 h with co-factor NAD+ to assure that

transfected SIRT3 would be functional and/or 1 ng/ml TGFp1.

Statistical Analysis. All data are expressed as mean values + standard error of the
mean (SEM). Comparisons between two groups were made using the unpaired, two-
tailed Student's t test. Analysis of variance (ANOVA) and Bonferroni's multiple
comparison test were used for multiple groups. Statistical significance was assigned at a

value of p < 0.05. All experiments were repeated at least twice.
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CHAPTER 5. SIRTUIN 3 DEFICIENCY PROMOTES PULMONARY FIBROSIS
5.1 Introduction

At the cellular level, aging begins with the accumulation of molecular damage
progressing to tissue and organ dysfunction. This molecular damage is theorized to arise
from oxidative stress leading to mitochondrial DNA (mtDNA) mutations and organelle
dysfunction*. Sirtuin 3 prevents oxidative stress-induced apoptosis through its
deacetylation and activation of antioxidant responses. SIRT3 also plays a critical role in
regulating mitochondrial functions and overall cell energy metabolism. SIRT3
deacetylates and activates various enzymes involved in the electron transport chain, fatty
acid oxidation (FAO), and amino acid metabolism and therefore acts as a mediator in the
shift from excess nutrient states to nutrient restriction'°. This metabolic regulation by
SIRT3 thus allows cells to meet energy demands and escape cell death. As such, SIRT3
is considered to be a protector against aging-associated diseases as evidenced by multiple
age-related disease models®® 1'%, We hypothesized that inhibition of SIRT3 by TGFB1

may potentiate lung fibrosis.

Accelerated biological aging as well as increases in TGFf1 activity are common
features of fibrosis in IPF and systemic scleroderma (SSc)*4147. Nevertheless, it is
unclear if, and how, TGFB1 influences biological aging. We propose that SIRT3
constitutes a new link between TGFp1 activity and aging in the progression of pulmonary

fibrosis.
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5.2 Results

Down-regulation of SIRT3 expression in lung aging and pulmonary fibrosis

Mice lacking SIRT3 develop several diseases related to aging at an accelerated
pace™®®. While it is known that the molecular mechanisms of lung aging and fibrosis are
related, few studies have been undertaken to show the role of SIRT3 in age-related lung
diseases. Here, we aimed to determine the changes in SIRT3 expression during lung
aging and pulmonary fibrosis. Young (2-month-old) and old (22-month-old) mice were
exposed to bleomycin by oropharyngeal aspiration to induce lung injury leading to the
development of fibrosis. gRT-PCR analysis demonstrated a reduction in SIRT3 mRNA
levels with age. The group of old mice showed a significant reduction in SIRT3
expression compared to young mice (Fig. 4.1A). Bleomycin treatment also resulted in
lower levels of SIRT3 transcripts in young mice, although differences were not
statistically significant between age-matched PBS-treated controls (Fig. 4.1A).

Next, we evaluated the expression of SIRT3 in another model of pulmonary
fibrosis that is TGFB1-dependent. C57BL/6 young mice were exposed to a replication-
deficient adenovirus encoding active TGFB1 (AdTGFp1). The results of qRT-PCR
analyses showed a significant reduction in SIRT3 expression in the lung at 14 days post-
infection compared to GFP (AdGFP) control infection (Fig. 4.1B). The down-regulation
of SIRT3 in aging and the two models of pulmonary fibrosis suggest that SIRT3 plays a
role in lung fibrogenesis during aging.

We also evaluated the expression of SIRT3 in primary human lung fibroblasts

extracted from the fibrotic lung of SSc patients. We chose SSc lung fibroblasts because
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Figure 4.1. Down-regulation of Sirtuin 3 (SIRT3) expression in aging and pulmonary fibrosis. A) Real-
time quantitative reverse-transcriptase polymerase chain reaction (QRT-PCR) analysis for SIRT3 mRNA
expression in aging (22-month-old) and young (2-month old) mice at 14 days after oropharyngeal aspiration
of phosphate buffered saline (PBS) or bleomycin (Bleo) (n = 5 per treatment). B) qRT-PCR analysis for
SIRT3 mRNA expression in young mice at 14 days post oropharyngeal aspiration of control Adenovirus-
GFP (AdGFP) or Adenovirus-TGFB1 (AdTGFp1) (n = 5 per treatment). C) qRT-PCR analysis for SIRT3
mRNA expression in TGFB1-treated fibroblasts from normal (control) and systemic scleroderma (SSc)
patients at 24 h. D) Immunohistochemistry (IHC) in lung tissue samples from control, systemic scleroderma
(SSc) and idiopathic pulmonary fibrosis (IPF) patients show differential expression of SIRT3. Positive cells
appear brown (DAB Stain). Nuclei counterstained with hematoxylin appear blue. Arrow shows fibrotic
lesion. Liver tissue was used as a positive control. IgG only was used as negative control. *p < 0.05, **p <
0.01.
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they have been shown to express high levels of TGFp receptors and be highly responsive
to the effects of TGFB1%®. As expected, lung fibroblasts from SSc patients exhibited
decreased levels of SIRT3 expression upon treatment with TGF1 as compared to
control donors (Fig. 4.1C). Similarly, IHC performed on SSc and IPF specimens display

low levels of SIRT3 staining within fibrotic areas (Fig. 4.1D).

SIRT3 deficiency promotes pulmonary fibrosis

To confirm the role for SIRT3 in pulmonary fibrosis, SIRT3-deficient (Sirt3”") and wild-
type (WT) control mice were exposed to bleomycin. At 14 days post-bleomycin exposure
lungs were analyzed for markers of fibrosis. Histological analysis of WT and Sirt3™
lungs using Masson’s trichrome staining showed increased collagen deposition in Sirt3”-
mice compared to control after bleomycin exposure (Fig. 4.2A-B). gRT-PCR analyses
confirmed the lack of SIRT3 transcripts in knockout mice as well as an increase in
SMADS transcript levels, possibly indicating an activation of the canonical TGF1
signaling pathway (Fig. 4.2C-D). Additionally, Sirt3” mice displayed high levels of 1L-6
MRNA transcripts, suggesting an escalation of the inflammatory response post-lung
injury (Fig. 4.2E). An increase in transcript levels for the fibrotic marker PAIL1
subsequent to injury (Fig. 4.2F). This increase in PAIL expression was also evident at the
protein level by WB analysis as demonstrated by densitometry analysis (Fig. 4.2F-G).
Similarly, although little change was detected in a-SMA expression, additional fibrotic
markers, such as type V collagen, alpha chain 1 (Col5A1), heat shock protein 47 (Hsp47)
and connective tissue growth factor (CTGF/CCN2), also showed increased protein

expression in Sirt3”- mice as compared to controls following bleomycin-induced injury
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(Fig. 4.2G-L). Taken together, these data suggest that SIRT3 deficiency may contribute

to the development of pulmonary fibrosis.
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Figure 4.2. SIRT3 deficiency promotes pulmonary fibrosis. A-B) Representative images and
quantification of Masson’s trichrome staining to evaluate collagen deposition in SIRT3-deficient (Sirt3”, n
=7 per treatment) and wild-type (WT, n = 5 per treatment) control mice after bleomycin (Bleo) or PBS
vehicle, at 14 days post exposure. Positive collagen deposition appears blue. C-F) Real-time gRT-PCR for
SIRT3, SMAD3, IL-6 and PAIL expression. G) Representative WB for fibrotic markers type V collagen,
alpha chain 1 (Col5A1), Hsp47, PAIl, a-SMA, and connective tissue growth factor (CTGF) expression in
lung tissue extracted from SIRT3-deficient mice. B-actin used as loading control. H-L) Densitometry
analysis of WB from SIRT3-deficient or wild-type (WT) control mice exposed to bleomycin (Bleo) or PBS
only by oropharyngeal aspiration after 14 days for fibrotic markers, Col5A1, Hsp47, PAIl, a-SMA and
CTGF, expression shown in (G). Arbitrary units are abbreviated as AU. *p < 0.05, **p < 0.01, ***p <
0.005.

Glycolytic reprogramming of fibroblasts by TGFp1

Due to the known role SIRT3 plays in mitochondrial metabolism, we aimed to
determine if TGFB1 treatment may cause an increase in glycolysis due in part to its
down-regulation of SIRT3 expression. We first confirmed that TGFB1 induces glycolysis
by gRT-PCR analysis, lactate production assays and glycolytic function tests. In NHLF,
expression of three glycolytic enzymes, hypoxia inducible factor 1 alpha (HIF-1a),
hexokinase 1l (HXK2) and lactate dehydrogenase A (LDHA), was found to be induced by
TGFpB1 treatment (Fig. 4.3A). The induction of LDHA corresponded to an increase in the
production of lactate following TGFB1, which was ameliorated upon co-treatment with
RSV (Fig. 4.3B). We next evaluated the effect of TGFB1 on metabolism by measuring
the extracellular acidification rate (ECAR) using the Seahorse Glycolytic stress test
(Seahorse Bioscience). NHLF treated with TGFB1 exhibited an elevated glycolytic
capacity as determined by the extracellular acidification rate (ECAR) upon the addition
of oligomycin which was significantly reduced upon RSV co-treatment (Fig. 4.3C).
Additionally, TGFB1 treatment resulted in an increase in the glycolytic reserve

percentage which was restored to normal levels upon co-treatment with RSV (Fig. 4.3D).
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In order to determine if this induction is dependent upon the down-regulation of SIRT3,
we transfected NHLF with siRNA targeting SIRT3 and measured ECAR using the
Seahorse Bioscience analyzer. The extracellular acidification rate was not induced by the
absence of SIRT3, suggesting this effect is not due to reduced SIRT3 levels only (Fig.
4.3E-F). Instead, inhibition of SIRT3 seems to have diminished any response to
glycolytic mediators, either glucose or oligomycin, possibly demonstrating its role in
regulating metabolic flexibility. Similarly, overexpression of SIRT3 did not affect
glycolysis in NHLF (Fig. 4.3G-H). Overall, our results indicate TGFB1 increases the

glycolytic capacity of cells in a SIRT3-independent manner.
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Figure 4.3
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Figure 4.3. Glycolytic reprogramming of fibroblasts by TGFg1. A) Real-time quantitative reverse-
transcriptase polymerase chain reaction (QRT-PCR) analysis for HIF-1o, HXK2, and LDHA mRNA
expression in TGF1 treated NHLF, 24 h. B) Lactate dehydrogenase activity as measure by lactate production
in NHLF treated with TGFB1 and/or resveratrol (RSV), 24 h. C-D) Measurements of the extracellular
acidification rate (ECAR) and glycolytic reserve as a percentage using the Glycolytic Stress Test on Seahorse
Bioscience XF®24 analyzer in NHLF treated with TGFB1 and/or RSV, 24 h. (n =5 per treatment, mean +/-
SEM). E-F) Measurements of ECAR and glycolytic reserve as a percentage using the Glycolytic Stress Test
on Seahorse Bioscience XF¢24 analyzer in SIRT3 deficient (SIRT3 KD) NHLF treated with or without
TGFp1 for 24 h. (n= 4 per treatment, mean +/- SEM). G-H) Measurements of ECAR and glycolytic reserve
as a percentage using the Glycolytic Stress Test on Seahorse Bioscience XF®24 analyzer in SIRT3
overexpressing (AdSIRT3) NHLF treated with or without TGFB1 for 24 h. (n = 5 per treatment, mean +/-
SEM).

5.3 Discussion

Mice lacking SIRT3 (Sirt3”") develop several aging-associated diseases at an

accelerated pace, such as cancer, metabolic syndrome, cardiovascular disease, and



74

neurodegenerative diseases and provide a valuable model of accelerated aging®? 136 14%
10 For example, in hematopoietic stem cells (HSCs), SIRT3 was shown to be suppressed
with aging and upregulation of SIRT3 in aged HSCs improved their regenerative

capacity®®

. Other studies show that SIRT3 prevents aging in the heart and tissue
remodeling and implicate SIRT3 deficiency in cardiac hypertrophy®% 63 151152 Here, we
demonstrated that the fibrotic lungs from IPF and SSc patients, as well as lungs from
animal models of pulmonary fibrosis, are characterized by deficient SIRT3 expression.
Finally, we established that SIRT3 expression declines in the aging lung, a tissue

previously shown to be pro-fibrotic, characterized by increased TGFp1 signaling and

collagen deposition3? 153,

Considering the diverse nature of SIRT3 substrates, deficiency in SIRT3 may
favor metabolic changes characteristic of myofibroblasts. In fact, recent studies
demonstrated TGFB1 promotes a metabolic switch that is critical for the maintenance of
its pro-survival propertiest® 1%, SIRT3 targets many key metabolic enzymes, including
acetyl-CoA synthase 2 (ACSS2), ornithine transcarbamylase, and acyl-CoA long-chain
dehydrogenase 2 (ACADL). Furthermore, SIRT3 destabilizes hypoxia-inducible factor 1-
alpha (HIF-1a), a major player in Warburg reprogramming of cellular metabolism?®% %7
Consequentially, it will be critical in the near future to truly investigate the role of

TGFB1/SIRT3 in metabolism and its contribution to the establishment and perpetuation

of fibrotic tissue during aging.

A loss-of-function SIRT3 single nucleotide polymorphism (SNP) is prevalent in
pulmonary arterial hypertension (PAH) and suggests that loss of SIRT3 activity may

predispose humans to pulmonary hypertension®>®, PAH in IPF and SSc has been
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increasingly acknowledged and contributes to morbidity in these diseases'®®. SIRT3
knockout (Sirt3”) mice develop spontaneous pulmonary hypertension®®, Resveratrol can
prevent the development of PAH and inhibit the development of pulmonary fibrosis in
animal models® 160164 Our studies revealed that SIRT3-deficient mice are more
susceptible to the development of pulmonary fibrosis than wild-type (WT) controls. Even
though pulmonary hypertension was not evaluated in this study, SIRT3-deficient mice are
a good model for future studies aimed to better understand the interplay between

pulmonary hypertension in pulmonary fibrosis during aging.

It is highly important to identify the limiting factors that define the persistence of
the fibrotic lung and the promotion of biological aging. Our study demonstrated that
SIRT3 is a limiting factor in the fibrotic response in aging and that reduced expression of
SIRT3 promotes a fibrotic response mediated by TGFB1. In the future, dissection of the
role of mitochondrial post-translational modifications and metabolism during lung aging,
as well as during the process of myofibroblast differentiation, needs to be undertaken.
Future studies on SIRT3 and the SIRT3-related acetylome could provide a pool of
biomarkers and therapeutic discovery program targets in tissue remodeling. The
identification of specific SIRT3 modulators is a strong area of research. We expect that
small molecules, as specific SIRT3 activators, will be developed soon as therapeutic
approaches to promote inhibition and/or resolution of lung fibrosis, through the
regulation of mitochondria quality control machinery, the antioxidant response, and
metabolism. Overall, we propose that SIRT3 constitutes a new link between TGFf1

activity and aging in the progression of pulmonary fibrosis.
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5.4 Materials & Methods

Mice & Tissue Samples. All mice were obtained from the Jackson Laboratory
(Bar Harbor, ME, USA). C57BI/6 male mice, aged 6-8 weeks, were treated with 3 x 108
plaque-forming units (PFU) of replication-deficient adenovirus encoding either green
fluorescent protein (GFP) (control group, AAGFP; n = 5) or active TGFB1 (AdTGFp1, n
=5). For age-dependent studies, C57BI/6 male mice, aged young (2 months old, n =5 per
treatment) and old (22 months old, n = 5 per treatment), received 2 U/kg bleomycin
(Teva Parenteral Medicines, Irvine, CA, USA) by oropharyngeal aspiration or vehicle
only (phosphate buffered saline, PBS) for controls. 129S1/SvimJ (wild-type control) and
129-Sirt3™-1Fwald (knockout) male mice (4 months old) received 2 U/kg bleomycin (n =7
per bleomycin treatment per knockout group, n = 5 per wild-type group) or PBS (n=7
per PBS treatment per knockout group, n =5 per wild-type group) as controls. Animals
were anesthetized with 2% isoflurane vapor (VetOne, Meridian, 1D, USA) in oxygen and
all treatments were administered in 50 pl of sterile PBS by oropharyngeal aspiration.
Upon completion of experiments, animals were anesthetized with an intraperitoneal
injection of ketamine and xylazine, and lung tissue was collected as previously
described?*. All animal protocols were performed as approved by the Tulane University

Institutional Animal Care and Use Committee.

Tissue microarray from patients with scleroderma and pulmonary fibrosis (SSc-
PF) or IPF, and normal donor lung tissues as well as lung fibroblasts isolated from SSc
patients and controls were provided by the National Scleroderma Core Center in
collaboration with Dr. Carol Feghali-Bostwick at the Medical University of South

Carolina. Isolated fibroblasts were cultured in high glucose DMEM (Mediatech, Inc.,
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Manassas, VA, USA), supplemented with 10% fetal bovine serum (FBS, Gibco, Thermo

Fisher Scientific, Waltham, MA, USA) and Penicillin-Streptomycin (Pen Strep, Gibco).

RNA Isolation & gRT-PCR. Isolation of total RNA was performed using
Trizol® Reagent (Invitrogen) according to manufacturer's instructions. RNA
concentration was measured using a NanoDrop spectrophotometer (Thermo Scientific
NanoDrop, NanoDrop Technologies, Wilmington, DE, USA). For gRT-PCR analysis, 1
ug of total RNA was reverse transcribed using an iScript™ cDNA Synthesis Kit (Bio-
Rad) according to the manufacturer’s protocol. Reactions were performed using
iIQ™SYBR® Green Supermix (Bio-Rad) and a Bio-Rad MyiQ iCycler. Relative
expression levels were calculated using the 222D method and normalized to 36b4
expression. All primer information given in Table 1.1.

Western Blots. Mouse lung tissue was flash-frozen, then homogenized in 1x
radioimmunoprecipitation assay (RIPA) buffer purchased from Cell Signaling (Danvers,
MA, USA) with an EDTA-free protease inhibitor cocktail (Roche Applied Science,
Indianapolis, IN, USA), sonicated and quantified using the Bradford Method (Bio-Rad
Laboratories Inc., Hercules, CA, USA). Protein samples combined with 4x NUPAGE
LDS Sample Buffer and 10x NuPAGE Sample Reducing Agent (Invitrogen) for a final
concentration of 1x for both buffers and boiled for 5 minutes. 20-25 micrograms of each
protein sample was separated on NuPage SDS 4-12% Bis-Tris gradient gels (Invitrogen)
and transferred onto PVDF membranes (Invitrogen). For time-dependent cell lysates,
protein samples were separated on 15% Acrylamide 1.5M Tris/10% SDS gel. Membranes

were blocked in 5% BSA in TBST or 5% nonfat dry milk (Blotting-Grade Blocker, Bio-
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Rad) in TBST for 1 h at RT then probed with primary antibody overnight at 4°C while
shaking.

Connective tissue growth factor (CTGF) antibody was purchased from Abcam
(Cambridge, MA, USA) and used at a 1:1000 dilution. Antibodies to SIRT3 and B-actin
were purchased from Cell Signaling (1:1000; Danvers, MA, USA). Antibody to heat
shock protein 47 (Hsp47) (H300) was purchased from Santa Cruz Biotechnology (1:500;
Dallas, TX, USA). Antibody to plasminogen activator inhibitor type 1 (Pail) was
purchased from PeproTech (1:10,000; Rocky Hill, NJ, USA). Antibody to alpha-smooth
muscle actin (a-SMA) was purchased from Sigma-Aldrich (1:10,000; St. Louis, MO,
USA). Antibody to type V collagen, alpha chain 1 (Col5A1) was purchased from Thermo
Fisher Scientific (1:1000; Rockford, IL, USA). Anti-mouse immunoglobulin G (IgG),
horseradish peroxidase (HRP)-linked and anti-rabbit 1gG, HRP-linked (1:15,000; Cell
Signaling) for chemiluminescence detection; and near-infrared dye 800CW (IRDye
800CW)-labeled goat anti-rabbit IgG or IRDye 680-labeled goat anti-mouse 1gG
(1:15,000) were purchased from LiCor, Lincoln, NE, USA) for fluorescence detection.

Histology and Immunostaining. Masson’s trichrome staining and analysis was
performed as previously described®'. Hematoxylin and eosin (H&E) staining and analysis
was performed as previously described'®. VECTASTAIN Elite ABC Kit, Bloxal,
Avidin/Biotin Blocking Kit, DAB Peroxidase Substrate Kit, and Vector Hematoxylin
were obtained from Vector Laboratories (Burlingame, CA, USA). Buffer components
Triton X-100 (TX-100) and Tween-20 were purchased from Sigma and glycine was

purchased from Fisher Scientific (Pittsburgh, PA, USA).



79

For immunohistochemistry (IHC), tissue sections were deparaffinized, rehydrated,
and stained using the VECTASTAIN Elite ABC Kit (VECTASTAIN). Antigen retrieval
was performed using citrate buffer, pH 6.0 for 20 minutes in a microwave oven. Slides
were permeabilized in 0.1% TX-100, 0.001% Tween-20, 0.3M Glycine, and 0.2% BSA
in Tris-buffered saline (TBS) buffer. Endogenous peroxidase and biotin were blocked
with the Bloxal and Avidin/Biotin Blocking Kit, respectively. Slides were washed and
incubated with blocking buffer (5% normal goat serum plus 2% BSA, 0.1% TX-100 in
TBS) for 30 min. Primary antibody for SIRT3 (1:100; Abgent, San Diego, CA, USA) was
applied for 60 min at room temperature (RT) followed by staining with the
VECTASTAIN Kit. Slides were washed in wash buffer, incubated with 3,3’-
diaminobenzidine (DAB) Peroxidase Substrate Kit for 2 min then rinsed with water.
Slides were counterstained for 2 min with hematoxylin (blue), rinsed with water,

dehydrated, and cleared before applying coverslips.

For image analysis of IHC, images were captured using an Olympus BX60
microscope equipped with epifluorescence optics (Olympus, Melville, NY) and a charge-
coupled device camera (MagnaFire 2.6, Olympus). All captured images were saved as 8-
bit files and analyzed using Image J 1.48d (Wayne Rasband, NIH, Bethesda, MD, USA;
http:imagei.nih.gov/ij). For histology analysis of Masson’s trichrome staining, images
were captured with a Scan Scope, Aperio version 10.2.0.0, Aperio Technologies (Leica
Biosystems, Buffalo Grove, IL, USA) at the same magnification with similar contrast.
Entire lung sections were analyzed using the Positive Pixel Algorithm, Aperio Image
Scope (Aperio Technologies, Toronto, ON, Canada) to quantify the proportion of

collagen (blue color) within the area analyzed. The amount of specific stain present in
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each scanned slide image was assessed by the number of positive pixels per total number
of positive and negative pixels x 100 (% positivity). One section from each mouse was

analyzed.

Cell Culture and Reagents. Normal human lung fibroblasts (NHLF) from the
American Type Culture Collection (ATCC, Manassas, VA, USA) were maintained in
Fibroblast Growth Medium-2 (FGM-2, Lonza, Walkersville, MD, USA) before serum
starving cells in Fibroblast Basal Medium (FBM, Lonza) supplemented with 0.2% bovine
serum albumin (BSA, Gemini Bio-Products Inc., Woodland, CA, USA). NHLF were then
cultured in FBM plus 0.2% BSA for various treatments. Recombinant human TGFf1
(R&D Systems, Minneapolis, MN, USA) was used at various concentrations from 1-3
nanogram per milliliter (ng/ml). Resveratrol and NAD+ from Sigma (St. Louis, MO,

USA) were used at concentrations of 100 uM and 500 uM respectively.

Transfections. For small interfering ribonucleic acid (SiRNA) knockdown
experiments, NHLF were transfected using the Neon Transfection System (Invitrogen,
Carlsbad, CA, USA) with siGENOME SMARTpool SIRT3-targeted siRNA (Dharmacon
RNAI Technologies Inc., Lafayette, CO, USA), control non-silencing siRNA (Qiagen,
Valencia, CA, USA), or sterile water (mock transfection) for a final concentration of 50
nM siRNA. Cells were plated on 60-mm tissue culture dishes in FGM-2 medium for 48 h
after electroporation, as previously described!?*, For SIRT3 over-expression experiments,
adenoviruses encoding GFP (control virus, Cat. No. 1060) or human SIRT3 (Cat. No.
1499) were purchased from Vector Biolabs (Malvern, PA, USA). NHLF were transfected
with 3 x 10° PFU/mI (MOI: 6) and cultured for 48 h with co-factor NAD+ to assure that

transfected SIRT3 would be functional and/or 1 ng/ml TGFB1.
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Lactate Dehydrogenase Activity Assay. To measure lactate production in cells,
the Lactate Dehydrogenase Activity Assay Kit (Sigma, St. Louis, MO, USA) was

purchased and performed according to manufacturer’s instructions.

Cellular Bioenergetics by Seahorse Analyzer. Extracellular acidification rate
measurements were performed using the Seahorse XF°24 instrument (Seahorse
Biosciences, North Billerica, MA, USA). Cells were seeded into a XF¢24 cell culture
microplate at a density of 20,000 cells per well and allowed to adhere overnight before
treatment with TGFB1 or resveratrol the next day. After 24 h, cells were washed and
incubated in 525ul/well XF Glycolysis Stress Test Assay Medium (XF Base Medium
supplemented with 2 mM L-Glutamine, pH 7.4) at 37°C in a non-CO; incubator for 2 h
prior to bioenergetics assessment. Three basal extracellular acidification rate (ECAR)
measurements were performed using the Seahorse analyzer prior to triplicate
measurements following injection of each chemical modifier. The first injection added
glucose (10 mM), followed by oligomycin (1uM) and lastly 2-deoxyglucose (2-DG,
50mM) was added and last measurements were performed. For SIRT3 transfection
experiments, ECAR was measured 48 h post transfections and 24 h post TGFp1
treatment. To normalize data, immediately following assay completion cells were
harvested in 20ul/well 1x RIPA buffer and protein quantified using the Bradford Method
(Bio-Rad). Bioenergetic parameters were calculated and analyzed using Wave Software

& Glycolytic Stress Test Report Generators provided by Seahorse Bioscience.

Statistical Analysis. All data are expressed as mean values + standard error of the
mean (SEM). Comparisons between two groups were made using the unpaired, two-

tailed Student's t test. Analysis of variance (ANOVA) and Bonferroni's multiple
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comparison test were used for multiple groups. Statistical significance was assigned at a

value of p < 0.05. All experiments were repeated at least twice.
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CONCLUSION

We demonstrated that the pro-fibrotic cytokine TGFB1 represses autophagy and
mitochondrial homeostasis in lung fibroblasts during the process of myofibroblast
differentiation. We found that TGFB1 inhibited PINK1 expression and the targeting of
mitochondrial to autophagosomes for degradation. Additionally, mitochondrial
metabolism and fusion/fission dynamics were altered by TGF1 resulting in increased
reactive oxygen species. In our studies we have shown TGF1 represses mitochondrial
biogenesis factors via downregulation of PGC-1a in vitro and in vivo which may also
potentiate mitochondrial dyfunction. We found that the promotion of autophagy can
reduce TGFB1-induced fibrotic marker expression. Indeed, inhibition of autophagy alone
resulted in increased fibrotic marker expression. In the future, stimulation of autophagy

may offer therapeutic target against age-related fibrotic diseases.

We demonstrated for the first time an age-related decline in autophagy,
mitophagy, and an increase in lipofuscin deposits correlate with susceptibility to
pulmonary fibrosis. Our studies in an aging murine model confirmed older mice exposed
to bleomycin expressed increased levels of fibrotic markers compared to young controls.
Additionally, we found that PINK1 expression was reduced in two models of pulmonary
fibrosis. Fibrotic foci in lung tissues from IPF patients expressed reduced levels of
PINK1. An age-dependent decline in PINK1 expression was also noted in our murine
model. This result was consistent with reduced sequestration of mitochondria in aging
model after bleomycin-induced lung injury. Overall, this reduction in autophagy and the
selective autophagic degradation of mitochondria (mitophagy) responses to lung injury

may contribute to the promotion of pulmonary fibrosis.
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We demonstrated that TGFB1 reduced the expression of SIRT3. This
downregulation has been shown to result in increased acetylation of major oxidative
stress response regulators, including SOD2 and IDH2. Acetylation of antioxidant
response enzymes results in their reduced activity potentially increasing oxidative stress
and promoting myofibroblast differentiation. Indeed, we demonstrated that inhibition of
SIRT3 promoted myofibroblast differentiation induced by TGFB1 and that increased
expression of SIRT3 attenuated TGFp1 effects. Our studies illustrate a new protective

role for SIRT3 in TGFB1-induced myofibroblast differentiation.

We have shown an age-dependent decline in SIRT3 expression within the lung
which may contribute to its predisposition for fibrosis. We demonstrated that lung tissues
from patients with fibrotic diseases, systemic scleroderma and IPF, exhibited reduced
levels of SIRT3 expression in fibrotic regions. Our studies in a murine model confirmed
the role of SIRT3 in fibrosis, as SIRT3-deficient (Sirt3”") mice showed increased
expression of fibrotic markers and collagen deposition. We found that TGFp1 induced
the expression of glycolytic enzymes and overall glycolytic capacity of normal human
lung fibroblasts, although, this function was SIRT3-independent. Overall, we have
demonstrated that reduced SIRT3 expression during aging can promote the development

of pulmonary fibrosis.



APPENDIX

Table 1.1. List of all primers employed in this study.

Gene Species Company & Catalog Number
or Sequence
36B4 F 5’-CGACCTGGAAGTCCAACTAC -3’
R 5’- ATCTGCTGCATCTGCTTG-3’
ASMA Human F 5>-GAAGAAGAGGACAGCACTG-3’
R 5’-TCCCATTCCCACCATCAC-3’
ATG4AC Human Real Time Primers, LLC— HATPL-I
ATG5H Human F 5>-ATGCAGGGAACACTAAGCTG-3’
R 5’-TCTAGGGCATTGTAGGCTTG-3’
ATG7 Human F 5>-TTGAGCGGCGGCAAGAAATAATGG-3’
R 5’-AGCTTCATCCAGCCGATACTCGTT-3’
ATG16L1 Human Real Time Primers, LLC—HATPL-I
ATG16L2 Human Real Time Primers, LLC— HATPL-I
BAD Human Real Time Primers, LLC—VHPS-733
BCL2 Human F 5>-ATTTCCTGCATCTCATGCCAAGGG-3’
R 5’-TGTGCTTTGCATTCTTGGACGAGG-3’
CASP8 Human F 5>-ATTCCGCAAAGGAAGCAAGAACCC-3’
R 5’-TGCCTGGTGTCTGAAGTTCCCTTT-3’
COoL1 Human F 5’-CGGAGGAGAGTCAGGAACG-3’
R 5°-CACAAGGAACAGAACAGAACAG-3
COoL1 Mouse F 5>-GCCAAGAAGACATCCCTGAAG-3’
R 5>-TCATTGCATTGCACGTCATC-3’
CTGF Mouse Real Time Primers, LLC— VMPS-1447
CTSB Human F 5>-TATGCCACTGGTTTGCATTGCTGG-3’
R 5>-TGTACCTTGGCAGGACAGTGGAAT-3’
DAPK1 Human F 5>-AATGGAGTTGGCGATTTCAGCGTG-3’
R 5’-AAGGGACTTCAGGAAACTGAGCCA-3’
GABARAP Human Real Time Primers, LLC— HATPL-I
HIF1A Human F 5>-TTGGCAGCAACGACACAGAAACTG-3’
R 5>-TTGAGTGCAGGGTCAGCACTACTT-3’
HTT Human F 5’-CAGAACAGCACGGAAAAGTT-3’
R 5-AACAGTTGCCATCATTGGTT-3’
HXK?2 Human F 5>-TGCAGCGCATCAAGGAGAACAAAG-3’
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R 5’-ACGGTCTTATGTAGACGCTTGGCA-3’

IGF1 Human F 5>-TGAAGATGCACACCATGTCCTCCT-3’
R 5’-AACTGAAGAGCATCCACCAGCTCA-3’
IL6 Mouse Real Time Primers, LLC— VMPS-3096
LDHA Human F 5>-AATAGTTCTGCCACCTCTGACGCA-3’
R 5-ACGGTAAACATCCACCTGGCTCAA-3’
MMP9 Mouse F 5’-CCTGCAACTCACACGACATC-3’
R 5’-GGTGGTGGTGGTGGTCTC-3’
NRF1 Human F 5>~ ACGGAGTGACCCAAACCGAACATA-3’
R 5>-TCATCAGCTGTGGAGTTGAGT-3’
NRF2 Human F 5>~ AGCATGCCCTCACCTGCTACTTTA-3’
R 5’-ACTGAGTGTTCTGGTGATGCCACA-3’
PAIl Human F 5’-GGCTGGTGCTGGTGAATGC-3’
R 5’-AGTGCTGCCGTCTGATTTGTG-3’
PAIl Mouse Real Time Primers, LLC— VMPS-5797
PARK2 Human F 5>-CACTGACAGCAGGAAGGACT-3’
R 5’-TCATCCGGTTTGGAATTAAA-3’
PGC1A Human F 5>-CCCTAGCTGAGGATGACAGA-3’
R 5>-TTCAGCAGCTGTGTTCATGT-3’
PGC1A Mouse Real Time Primers, LLC— CMPS-1
PINK1 Human F 5>-AGAACATGGCATCTCTGTGTCGT-3’
R 5-ACTAGACCAGCTTGGCCATTCACT-3’
PINK1 Mouse Real Time Primers, LLC—VMPS-4763
SIRT3 Human Integrated DNA Technologies—
Hs.PT.58.40981592.9
SIRT3 Mouse Integrated DNA Technologies—
Mm.PT.58.6471148.9s
SMAD3 Human F 5>-CCAGAACCAAACCTCAACAC-3
R 5>-TCCTCTTGCGTACGTTTTTC-3’
SMAD3 Mouse F 5>-TTCTCTGAAAGGGCACAGAC-3’
R 5>-TGACATAAACCCCTGCTGAT-3’
SNCA Human F 5>-ACAAGTGCTCAGTTCCAATGTGCC-3
R 5’-GTGAAAGGGAAGCACCGAAATGCT-3’
SOD2 Human F 5’-GTTGCTGGAAGCCATCAAACGTGA-3’
R 5’-TAAGGCCTGTTGTTCCTTGCAGTG-3’
SQSTM1 Human F 5>-ATCGGAGGATCCGAGTGT-3’
R 5’-TGGCTGTGAGCTGCTCTT-3’
TFAM Human F 5>-AAGATTCCAAGAAGCTAAGGGTGA-3’
R 5’-CAGAGTCAGACAGATTTTTCCAGTTT-3’
TNF Human Real Time Primers, LLC— VHPS-9415
TNFSF10 Human Real Time Primers, LLC— VHPS-9439
TP73 Human Real Time Primers, LLC— VHPS-9506
ULK2 Human F 5’-AGATACGTGCCTTACGGTGCTTCA-3’

R 5’-AGATGGCGTAAGGTGTCTGTGTGT-3”

Table 1.1. List of all primers employed in this study.



Table 1.2

Gene Symbol Fold Regulation of 1 ng/ml
TGEFBI treatment versus
DMSO Control
AKT1 -1.5369
AMBRA1 -2.1735
APP -2.1735
ARSA -2.0279
ATG10 1.2142
ATG12 -1.0867
ATG16L1 -1.8921
ATG16L2 -2.6759
ATG3 1.1329
ATG4A -1.2483
ATG4B -2.0279
ATGAC -1.6472
ATG4D -1.1647
ATG5 -1.08867
ATG7 -3.2944
ATG9A -1.0867
ATG9B -2.1735
BAD -4.3469
BAK1 -1.014
BAX -2.0279
BCL2 -10.7034
BCL2L1 -6.1475
BECN1 -1.434
BID -3.2944
BNIP3 1.3947
CASP3 1.057
CASP8 -1.1647
CDKN1B -1.7654
CDKN2A -1.8921
CLN3 -2.8679
CTSB -4.0558
CTSS -3.7842
CXCR4 -2.1735
DAPK1 -9.9866
DRAM1 -3.2944
EIF2AK3 1.1329
EIF4G1 -1.3379
ESR1 -2.1735
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FADD -1.014
FAS -1.5369
GAA -3.5308
GABARAP -2.0279
GABARAPL1 -1.434
GABARAPL?2 1.3947
HDAC1 -2.0279
HGS -1.6472
HSP90AA1 -2.4967
HSPAS -1.2483
HTT -4.0558
IFNA2 -1.5369
IFNA4 -2.1735
IFNG -2.1735
IGF1 41.6429
INS -2.1735
IRGM -2.1735
MAPILC3A -3.2944
MAP1LC3B -1.0867
MAPK14 -1.6472
MAPKS8 1.057
NFKB1 -1.5369
PIK3C3 -1.2483
PIK3CG -2.1735
PIK3R4 -2.0279
PRKAA1 1.1329
PRKAA2 -1.5369
PTEN -1.1647
RAB24 -1.5369
RB1 1.1329
RGS19 -1.3379
RPS6KB1 -1.2483
SNCA -4.5489
SQSTM1 -4.0558
TGFB1 2.9897
TGM?2 -1.1647
FAM176A 2.6027
TMEM74 -2.1735
DRAM?2 -3.0738
TNF -5.7358
TNFSF10 -5.7358
TPS53 -1.8921
TP73 -2.1735
ULK1 -1.014
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ULK?2 -4.0558
UVRAG -1.5369

Table 1.2. Autophagy related genes deregulated in NHLF by TGFB1. The list of

genes fold changes between untreated and treated with 1 ng/ml TGFp1.
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