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ABSTRACT

TGF-B-induced Pathogenic Changes

iIn Mouse Podocytes

Ranjan Das
Dept. of Medicine
The Graduate School

Yonsei University

Injury to podocytes leads to the onset of chronic renal diseases characterized by
proteinuria. Elevated TGF-f in kidney tissue is associated with podocyte damage that
ultimately results in apoptosis and detachment. Proapoptotic mechanism of TGF-$ in
immortalized mouse podocytes was investigated. Exogenous TGF-B1-induced podocyte
apoptosis through caspase-3 activation which was related to elevated reactive oxygen
species (ROS) levels generated by selective upregulation of Nox4. In mouse podocytes,
Nox4 was predominantly localized to mitochondria and Nox4 upregulation by TGF-f1
markedly depolarized the mitochondrial membrane potential. TGF-B1-induced ROS
production and caspase activation was mitigated by an antioxidant, Nox inhibitor DPI, or
SiRNA for Nox4. A TGF-B receptor | blocker, SB431542, completely reversed the
changes triggered by TGF-B1. Knock-down of either Smad2 or Smad3 attenuated
increase of Nox4 expression, ROS generation, loss of mitochondrial membrane potential

and caspase-3 activation by TGF-B1l. TGF-B1 also phosphorylated mTOR and

Xiii



downstream target p70S6K. Rapamycin, an inhibitor of mTOR complex |, prevented
TGF-B1-induced ROS generation, total Nox activity, mitochondrial membrane potential
depolarization and caspase activation indicating the role of mTOR activation in TGF-1-
induced podocyte apoptosis. In addition, rapid phosphorylation of ERK1/2 by TGF-1
was observed. Pharmacological inhibition of ERK1/2 protected from TGF-B1-induced
MTOR and p70S6K phosphorylation, enhanced Nox activity, loss of mitochondrial
membrane potential, and casapase-3 activation. Taken together, these data suggest that
TGF-B1-induced oxidative stress and podocyte apoptosis are mediated by TGF-
receptor-Smad?2/3-mitochondrial Nox4 axis and/or activation of ERK1/2-mTORC1
cascade also co-operates to enhanced Nox activity which may contribute to the
development and progression of proteinuric glomerular diseases such as diabetic

nephropathy.

Keywords: Podocyte, Transforming growth factor-B, Apoptosis, NADPH oxidase 4,

Mitochondria, mMTOR, ERK1/2.

Xiv



|. INTRODUCTON

Kidney plays many essential roles in vertebrate animals such as urine formation
through glomerular filtration, regulation of electrolytes, maintenance of acid-base balance,
and regulation of blood pressure. Urine is produced in the Bowman space through
filtration of approximately 20% of plasma volume present in the blood. Though blood is
enriched with albumin and other protein components, urine contains very low
concentration of proteins. This ultrafiltration is achieved by three components in the
kidney, i.e. fenestrated endothelium together with its glycocalyx, glomerular basement
membrane (GBM), and the slit diaphragm formed by special type of epithelial cells known
as podocytess‘:’. Nowadays it is well established that diabetic and non-diabetic glomerular
diseases lead to chronic and end-stage renal diseases. In kidney glomerulus, mesangial
cells, endothelial cells, parietal epithelial cells and podocytes are major targets in different
types of nephrotic and non-nephrotic syndromes. Injuries to podocytes are mainly
associated with proteinuria, with or without nephritic syndrome'®. Podocytes are
postmitotic cells which do not proliferate anymore throughout our life after its maturation
during embryonic stage. No evidence suggests the replacement of lost podocytes by
replication and glomerular diseases dramatically accelerate the loss of podocytes. During
the last two decades, efforts have taken to address different types and mechanisms of
podocyte injury. Many pathogenic factors inducing high glucose, transforming growth
factor B (TGF-B), angiotensin Il (ANG ll), etc have been identified which have been
proved to be involved in podocyte apoptosis, epithelial mesenchymal transition (EMT),
fibrosis, hypertrophy, etc. TGF-B1 is upregulated in glomerular diseases and experimental

79, 128

and human nephropathy . Elevated expressions of TGF-B1 and TGF-f3 receptors are



the hallmark of virtually all human and experimental chronic kidney diseases®. In addition,
broad range of products of metabolism including glucose, advanced glycation end
products (AGE), reactive oxygen species (ROS), and free fatty acids can induce TGF-f3

secretion™* which may further deteriorate renal function through podocyte damage.

1.1. Structure of podocytes

Podocytes are terminally differentiated cells present on the glomerular basement
membrane and possesses a quiescent phenotype®. These cells are originally derived
from embryonic mesenchymal cells®*. Podocytes are highly specialized cells with distinct
anatomical features. It has a large cell body at the center of the cell where reside the
nucleus, endoplasmic reticulum (ER), mitochondria, golgi apparatus. Primary processes
are produced from the main cell body and the end of which forms the characteristic foot
processes. Foot processes are attached to GBM mainly through integrins and
dystroglycans. Thus podocytes are anchored to the glomerular tuft. Foot processes of the
neighboring podocytes interdigitate to form slit diaphragm which plays the important role
in filtration.

Podocytes are polarized cells - apical domain faces towards the urinary space in the
Bowman’s space, and the basal domain is attached to the GBM and the junctional cell
membrane domain is composed of proteins associated with slit diaphragm formation®.
The unique structure of podocytes is due to rich actin cytoskeleton serving as the
backbone of podocytes and regulating dramatic change of podocyte shapes’.
Microfilaments are the main cytoskeletal component of the foot process, containing a
dense network of F-actin and myosin. One of most important slit diaphragm proteins is
nephrin. Nephrin interacts with podocings' 9 and CD2-associated protein (CD2AP)104.

2



Other important slit diaphragm proteins are densin, zonula occludens (ZO-1), nephrin-like
protein 2 (Neph-2) and nephrin-like protein 3 (Neph-3). The apical domain is negatively
charged due to the presence of proteins podocalyxin and podoplanin. Negative charges
of these proteins do not allow the passage of albumin which is also negatively charged
and keep separating adjacent podocytes. Integrins a3B1 and a,B-dystroglycans anchor

podocytes to the matrix proteins of GBM on the basal domain®%.

1.2. Functions of podocytes

Podocytes play an important role to maintain proper renal function. It counteracts the
intraglomerular pressure, thus maintenance of the glomerular capillary loop shape.
Podocytes act as a size barrier to plasma protein. The negative charge of podocalyxin in
apical surface limits the leakage of negatively charged proteins. Podocytes produce and
secrete vascular endothelial growth factor (VEGF) which is an important requirement for
glomerular endothelial cell activity. Podocytes also produce collagen and fibronectin

which are main component of GBM.



Podocalyxin
NHERF-2

Fig. 1. Structure of podocytes.

a-act4, a-actinin-4; a3p1, a3p1 integrin; a-DG, a-dystroglycan; B-DG, B-dystroglycan;
NHERF2, Na'/H" exchanger regulatory factor 2; P, paxillin; P-cad, P-cadherin; Synpo,

synaptopodin; T, talin; V, vinculin. Adopted from Mundel and Shankland, 2002%.



1.3. Diseases of podocytes

In clinical point of view, predominant causes of nephrotic range proteinuria as a result
of podocyte damage or malfunction include diabetic nephropathy, focal segmental
glomerulosclerosis (FSGS), minimal change disease, membranoproliferative
glomerulonephritis and amyloid nephropathy. Podocyte diseases can also be classified
into congenital, hereditary, and acquired (immune and non-immune) based on the origin
of disease'’®. Congenital nephritic syndrome of Finnish type is a classical example of
congenital podocyte disorder caused by abnormalities in structural proteins in slit

49, 113

diaphragm (e.g. nephrin) . Membranous nephropathy is also resulted from congenital

2292 Mutations in podocinll, a-actinin®’, and TRPC6"*" are the hereditary cause of

defects
podocyte damage. Minimal change and membranous nephropathy are acquired diseases.
Minimal change disease is immune-mediated and likely due to abnormalities in T cell,
though the mechanism is not well understood. A causative antibody responsible for
idiopathic membranous nephropathy in man remains unknown. Human immunodeficiency
virus (HIV) associated nephropathy and diabetic nephropathy are non-immune causes of
acquired podocyte damage. HIV associated nephropathy is resulted from HIV viral

124

infection™". Diabetic nephropathy is mainly caused by metabolic disorders. Large number

of evidences shows that tension and stress resulted in increased glomerular pressure

cause podocyte injury®” .

1.4. Mediators of podocyte injuries

The major culprits of podocyte injuries are TGF-f1, ANG II, high glucose,

prostaglandins, excess mechanical stretch, VEGF, advanced glycation end products,

100

reactive oxygen species etc TGF-B1 mediates podocyte apoptosis, EMT and

5



42, 64, 94

accelerates GBM thickening by matrix protein synthesis . ANG Il accounts for

24, 100

podocyte apoptosis, hypertrophy and synthesis of TGF-f and VEGF . Mechanical

stretch increases accumulation of ANG Il resulting in reduction of nephrin expression in
human podocytes and also causes podocyte detachment, apoptosis, and hypertrophy23' e
8, Endoplasmic reticulum stress is induced by prostaglandins and saturated free fatty

55, 109
d

aci . VEGF mediates over production of collagen Va3 and TGF- level in mouse

podocytes®’.

1.5. Responses to injuries by podocytes

Accumulating evidences suggest that podocytes respond to different noxious stimulus
in different ways including apoptosis, foot process effacement (FPE), hypertrophy,
detachment from GBM, etc. Recently, podocyte proliferation has been reported as a
response to injury in collapsing FSGS.

Recent clinical findings suggest that glomerular podocyte numbers are reduced in
membranous nephropathy, diabetic nephropathy, classic FSGS and amyloid aging*®
resulting in proteinuria and glomerulosclerosis. Proteinuria occurs due to lack of charge
and size selectivity in areas of podocyte loss. In excellent reviews, Lamley and coworkers
explain the mechanism of glomerulosclerosis resulted from reduction in podocyte

number®® % &

. In short, loss of podocytes produces ‘bare and denuded GBM'. As
podocytes maintain capillary loop shape by opposing the outward pressure raised by
blood flow, the denuded GBM is bulged out and contact to parietal epithelial cells and
Bowman’s capsule, the process denoted as first ‘committed step’ for formation of FSGS.

Apoptosis and detachment of viable podocytes are considered as two major mechanisms

responsible for reduction in glomerular podocyte number.

6



1.5.1. Podocyte apoptosis

Emerging literatures reflect that programmed cell death or apoptosis is the critical
factor for reduction of podocyte number. For the first time in 2001, Schiffer et al. reported
pro-apoptotic role of TGF-B1 in podocyte apoptosisg4. Using albumin/TGF-B1 transgenic
mice (TG) mice (characterized by progressive renal failure due to glomerular sclerosis by
high expression of TGF-f1), they showed that TUNEL positive apoptotic nuclei of
podocytes increased compared to wild type mice and 2 week old TG mice showed
significantly higher rate of apoptosis compared to 5 week old TG mice. In this experiment,
they also observed podocyte apoptosis occurred earlier than other glomerular cells. Kim
et al. showed podocyte apoptosis in puromycin aminonucleoside nephrosis (PAN) model
of podocyte injury in which glomerulosclerosis was detected following a 20% reduction in
podocyte number®. Accumulating clinical observations indicate protective role of
angiotensin-converting enzyme inhibitors and ANG Il receptor blockers over proteinuria
irrespective of their role in lowering blood pressure identifying deleterious effect of ANG Il
in reduction of podocyte number. ANG Il mediated podocyte apoptosis occurs through
AT1 receptor activation and pharmacological inhibition of AT1 receptor significantly

recovers stress-tension induced podocyte apoptosis®* ',

Simultaneously, it was also
found that ANG Il induced podocyte apoptosis was blocked by pre-treatment with TGF-1
antibody, indicating the role of TGF-B1 in angiotensin Il mediated podocyte apoptosis.
Role of hyperglycemia in podocyte apoptosis has been described in both in vitro cultured

cells as well as in vivo rat and mouse model of diabetic nephropathyzg' %0,

1.5.2. Podocyte detachment from GBM

Podocytes are normally ‘floating cells’ in the urinary space with their basal side



attached to GBM with help of integrins and dystroglycans. The presence of viable
podocytes and podocyte specific proteins in the urine from patients with proteinuric renal
diseases, but not in healthy subjects and non-podocyte glomerular diseases, raises the

concept of podocyte detachment before apoptosis38' 74,86, 115

. Studies by Pichler showed
that high glucose treatment can potentially detach cultured podocytesloo. The
mechanisms of podocyte detachment are not well established and it is considered that

loss of anchoring proteins integrins and dystroglycans can accelerate podocyte

detachment.

1.5.3. Podocyte hypertrophy

Podocyte hypertrophy is an adaptive response to stress and an attempt to cover the
denuded GBM owing to detachment or apoptosis of neighboring cell to reduce proteinuria.
It is believed that this phenomenon appears as podocytes are incapable of proliferation.
Clinical studies have already demonstrated podocyte hypertrophy in diabetic nephropathy
and FSGS®. In mechanistic studies, high glucose and angiotensin Il are proven to
mediate hypertrophy in vitro'*’. Experiments shows that increased expression of specific
cyclin dependent kinase (CDK) inhibitors (p21 and p27) are responsible for podocyte

hypertrophy*°.

1.5.4. Foot process effacement

Foot process effacement (FPE) is referred to stereotypical changes due to fusion,
retraction or simplification of foot processes. Scanning electron microscopy revealed that
FPE consists of gradual simplification of interdigitating foot processes giving rise to flat

and elongated podocytes. The process does not involve fusion of neighboring podocytes,



rather due to retraction, widening, and shortening of foot processes of each podocytes.
As a result, frequency of filtration slits is reduced resulting in the appearance of a
continuous cytoplasmic sheet covering the GBM'®,

Studies have shown that FPE is not a passive process, rather an energy dependent
active process which involves rearrangement of podocyte cytoskeletonloo. FPE is known
to occur owing to abnormal expression of actin-associated proteins and slit diaphragm
proteins, changes in podocyte-GBM interaction, changes in apical membrane proteins,
etc. a-actinin-4 is an actin filament cross linking proteins and its expression is increased
in experimental proteinuric disease'®. Its mutations also cause proteinuria and
effacement in human®’. Mutations in slit diaphragm protein nephrin encoded by gene

NPHS1 result in proteinuria112

. Podocin which binds to nephrin is encoded by gene
NPHS2 and mutation of this gene in human™ or podocin-null mice develop proteinuria®.
Null-mutation of multi-adapter protein CD2AP in mice develops massive proteinuria and
haplo-insufficiency in human leads to glomerular diseases™. Integrin a3B1 is the
abundant integrin in podocytes and binds to collagen, fibronectin, laminin and
entactin/nidogen in GBM. Knock out study with integrin B1-null mice or blocking integrin
B1 with specific antibody reveals its importance against foot process effacement®.
Integrin linked kinase is also an important cell signaling molecule and its abnormality
leads to FPE and proteinuria®®. Another GBM binding protein is dystroglycan which exists
as hetero-dimer of a and B-dystroglycan. a-dystroglycan has a polyanionic binding site for
laminin. In minimal change disease, dystroglycan level is reduced. Redistribution of
dystroglycan in clustered manner is observed in FSGS. Kerjaschki and co-workers

observed that reactive oxygen species and protamine sulfate directly splits dystroglycan—

GBM interaction leading to podocyte effacement™. Reduction of apical membrane protein



podocalyxin and podoplanin also result in EPF. Reduced expression of podocalyxin is
reported by high glucose treatment and in streptozotocin-induced diabetic nephropathy

model in rat®®. Podoplanin reduction is observed in PAN nephrosis model”.

1.6. TGF-B signaling pathways

TGF- is an multifunctional cytokine regulating proliferation, apoptosis, differentiation,
embryogenesis, etc in species ranging from flies and worms to mammals®. TGF-B family
consists of 30 known family members including three different isoforms of TGF-f (TGF-
B1, TGF-B2 and TGF-B3), activins and bone morphogenesis proteins (BMPs). TGF-f
ligand binds to TGF-B receptor Il (TGF-BRII) and brings together type Il and type |
receptors (serine/threonine kinases) on the cell surface. This induces receptor Il to
phosphorylate the receptor | kinase domain allowing propagation of signals from cell
membrane to nucleus.

Two distinct signaling pathways are known to be activated by TGF-B1. Smad proteins
mediate the canonical TGF-B signaling, while mitogen-activated protein kinase (MAPK)
and phosphatidylinositol 3-kinase (PI3K) signaling cascades are activated in non-
canonical pathway. There are eight different Smad proteins constituting three functional
classes: receptor regulated Smad (R-Smad: Smad1l,2,3,5 and 8), co-mediator Smad (Co-
Smad: Smad4), and inhibitory Smad (I-Smad: Smad6 and Smad7). R-Smads are directly
phosphorylated by TGF-BRI kinases, undergo homotrimerization, form heteromeric
complexes with Co-Smad (Smad4) and translocated to the nucleus where they regulate
the transcription of target genes. Smad signaling is negatively regulated by I-Smad either
by competing with R-Smad for receptor/Co-Smad or targeting the receptors for
degradation.
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In non-canonical pathways, TGF-B receptors directly phosphorylate or interact with
non-Smad proteins, thereby initiating parallel signaling that cooperates with the Smad
pathwayloz' %0 TGF-B-activated kinase 1 (TAK1) activation by TGF-BRI leads to
activation of mitogen-activated protein kinase kinase 3 (MKK3) or mitogen-activated
protein kinase kinase 4 (MKK4) which are upstream regulators of p38 MAPK and JNK,

respectively’” ®

. Activation of Extracellular signal-regulated kinases 1/2 (ERK1/2) MAPK
is reported by TGF-B'®. TGF-B also activates AKT signaling through PI3K which is known
to be the survival signal for podocytes. The adaptor molecule CD2AP bridges between
PI3K regulatory subunit (p85) and TGF-BRs'?. Several studies have reported that tight
balance between anti-apoptotic and proapoptotic signaling by direct activation of MAPK

pathways and PI3K/AKT is important for podocyte survival'®.

1.7. Roles of TGF-B in podocyte pathophysiology

1.7.1. Apoptosis

Pro-apoptotic effect of TGF- on mouse glomerular epithelial cells was first reported by
Schiffer and co-workers in 2001%, They showed that TGF-B1 is a strong inducer of
caspase-3 via p38 MAPK which mediates translocation of Bax, one of the Bcl family
members, to mitochondria where oligomerization of Bax releases cytochrome c from
mitochondria and eventually activation of executioner caspase (caspase-3) to mediate
podocyte cell death. In the same time, they observed that TGF-B1 rapidly accelerates
expression of Smad7, a negative regulator of Smad signaling, which inhibits nuclear
translocation of NF-kB, a survival factor for podocytes, resulting in caspase independent

apoptosis. The same group reported that Smad7 is significantly upregulated in injured

11



podocytes of FSGS and MCD (minimal change disease) patients®™. Interestingly they
found that TGF-B1 stimulation increases expression of only Smad7, and not that of
Smad6 in podocytes. Wu et al. showed that pro-apoptotic effect of TGF-B1 is
concentration dependent as high dose of TGF-81 (>4ng/ml) induces apoptosis whereas
lesser dose favors differentiation as shown by synaptopodin expressionlzz. Recent
studies showed that cytoplasmic-extracellular matrix interaction is critical for podocyte
survival. TGF-B1 treatment inhibited PINCH1-integrin linked kinase and a-parvin complex
(PIP-complex) integrity by dissociating a-parvin from the complex resulting in activation of
p38 MAPK and caspase-mediated podocyte apoptosis46. Activation of Notch pathway
also causes podocyte apoptosis. High expression of intracellular domain of Notchl is

75, 76

reported in diabetic nephropathy and FSGS . Moreover, they observed that Notchl
ligand Jaggedl, which leads to cleavage and activation of Notchl, is a direct
transcriptional target of TGF-B1 in podocytes. Notchl-induced apoptosis, which is
mediated by activation of p53 and caspase-3, is independent of p38 MAPK and Smad3
activation. It has been also reported that TGF-f1 mediates ca” overload through
ERK1/2-NF-kB pathway and Fyn-dependent TRPC6 phosphorylation, which activates

proapoptotic signaling in podocytes'®. Activation of protein kinase C-a (PKC-a)-p38

MAPK pathway by TGF-B1 has also been reported to activate podocyte apoptosis™.

1.7.2. Epithelial mesenchymal transitions

In response to injury, podocytes resort to adaptive changes like hypertrophy,
dedifferentiation, and detachment from GBM or apoptosis depending on duration and
severity of injury. If the injury persists, podocytes undergo EMT to escape from apoptosis

resulting in loss of highly specialized podocyte phenotype. Li and co-workers (2008)
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showed that podocytes undergo EMT in presence of TGF-p1*. TGF-B1 stimulates
expression of key transcription factor, Snail which is implicated in EMT. In vivo results
showed that nephrin and ZO-1 are reduced, whereas expressions of mesenchymal
markers (matrix metalloproteinase-9 (MMP-9), desmin) are increased in animal model of
diabetic nephropathy®®. Wang et al. showed that TGF-B1 induces Wnt1 expression and B-

catenin activation in podocytes™®

. B-catenin activation leads to EMT and albuminuria by
augmenting the expression of MMP-9, MMP-7, desmin, plasminogen activator inhibitor-1

(PAI-1) both in vivo and in vitro.

1.8. NADPH oxidases and ROS generation

NADPH oxidases (Nox) are a class of enzymes which produces reactive oxygen
species using NADPH. The prototype Nox is Nox2, also known as gp91phox, and was
discovered first time in phagocytes. Nox family consists of seven members — Nox1, Nox2,
Nox3, Nox4, Nox5, dual oxidase 1 (DUOX1) and dual oxidase 2 (DUOX2) consisting the
catalytic core of the enzyme complex. All Nox enzymes require their membrane bound
and/or regulatory subunits to execute functions. Cytosolic organizing subunits for Nox
enzymes are p40phox, p47phox and NOX organizer 1 (NOXO1). NOX activator 1
(NOXAL), p67phox and small GTPases (Racl and Rac?2) are cytosolic activators and the
membrane bound stabilization partners are p22phox, DUOX activator 1 (DUOXA1) and
DUOX activator 2 (DUOXA2)*®. Recent studies also show that polymerase 3-interacting
protein 2 (Poldip2) regulates Nox4 activity and generates ROS to remodel cytoskeleton

arrangement67.
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1.9. Role of NADPH oxidases in podocyte injuries

1.9.1. NADPH oxidases and podocyte apoptosis

In diabetic nephropathy, increased expression of NADPH oxidases leads to proteinuria
and podocyte apoptosis. In OVE26 type 1 diabetic mice model, Nox1 and Nox4 protein
expressions are elevated in glomerulus resulting in podocyte apoptosis, albuminuria and

29,30, Prolong exposure to high glucose is accounted for

loss of podocyte foot processes
oxidative stress through Nox4 in cultured mouse podocytes and increased ROS by Nox4
mediates podocyte apoptosis®®. Report also suggests that hyperglycemia-induced
oxidative damage is mediated by inactivation of AMP-activated protein kinase (AMPK)
which negatively regulates Nox4 upregulation in podocytes. In this signaling cascade,
p53 and p53-upregulated-modulator-of-apoptosis (PUMA) are downstream players of
Nox4-induced apoptotic cell death in podocytesso. It is also reported that a tight oxidant-
antioxidant balance is important to maintain the normal podocyte metabolism which is
impaired by high glucose concentration through overproduction of ROS®.
Hyperglycemia-induced ROS is generated through Nox4 upregulation and reduction of
the activity of key antioxidant enzymes glutathione peroxidase (GPx) and catalase®. A
recent study also describes the significance of mammalian target of rapamycin (mTOR)
activation in podocyte loss and proteinuria®’. In cultured mouse podocytes and OVE26

type 1 diabetic mouse model, high glucose stimulates Nox4 upregulation through

activation of mTOR signaling cascades®.
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1.9.2. Activation of renin-angiotensin-aldosterone system (RAAS) through NADPH
oxidases

Renin-angiotensin-aldosterone system regulates blood pressure and water balance in
the body. Podocytes express functional components of RAAS including neprilysin,
aminopeptidase A, angiotensin converting enzyme (ACE), prorenin receptor (PRR), renin,
and mineralocorticoid receptor (MR), indicating presence of a local RAAS in the

glomerulus'®® ***

. Accumulating evidence indicates that Nox is associated with RAAS-
induced podocyte injury and filtration dysfunction. Experiment with transgenic rat models
[TGR(MRen2)27 and Ren2] over-expressing renin gene, exhibit elevated RAAS activity,

ANG I levels, and oxidative stress'® %

. Hsu et al. showed that angiotensin type 1
receptor (AT1R) over- expression in podocytes increases ROS-mediated reorganization
of podocyte cytoskeleton®. Whaley and co-workers examined components of RAAS and
NADPH oxidase systems in Ren2 rats. In kidney cortical tissues from Ren2 rats show
elevation of ANG Il, AT1R, and total Nox activity subunits (NOX2, p67phox, p47phox, and
Racl) expression, ROS production, podocyte effacement, and loss of the slit-pore
diaphragm integrity in comparison with that of age-matched Sprague-Dawley rats'’. The
same group also reported that rennin inhibition, AT1R blockade, and MR antagonism can
attenuate elevated Nox activity and subunit expression, followed by restoring podocyte

slit diaphragm protein nephrin and ultrastructural changes in Ren2 rats™*® **°

. Fujita and
colleagues first time reported the existence of MR in podocytes in vivo and in vitro and
discovered the role of aldosterone in podocyte damage73. In aldosterone-induced
podocyte injury model, augmentation of p67phox, Racl, NOX2, p47phox, p22phox gene

expressions, ROS overproduction, decreased nephrin and podocin expressions and

enhanced expression of aldosterone effector kinase, serum and glucocorticoid-regulated
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103
da.

kinase 1 (Sgkl), have been observe These observations indicate the

pathophysiologic roles of Nox enzymes in RAAS-mediated podocyte damage.

1.9.3. Nox-derived ROS and EMT

Hallmark of podocyte EMT is marked reduction of epithelial markers P-cadherin and
Z0O-1 and high increase of mesenchymal markers like fibronectin and a-smooth muscle
actin (a-SMA). Evidences show that ROS generated by NADPH oxidases mediates EMT
to podocytes. Nox1%®, Nox2?°, Nox4'® and Rac1b® mediates EMT in various types of
epithelial cells, indicating that Nox-derived ROS promotes activation of EMT program. In
hyperhomocystemia, homocysteine (Hcys)-induced EMT of podocytes is mediated by
enhanced superoxide production, which was substantially suppressed by inhibition of Nox
enzymes. Mice lacking NOX2 (gp91~") are resistant to Hcys-induced podocyte EMT*.

Recent studies by Li et al. showed that growth hormone can protect podocytes from

Hcys-induced EMT via upregulation of NADPH oxidase®.
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II. PURPOSES

Chronic kidney diseases (CKD) are one of major causes of increased mortality around
the world. It is characterized by extensive damage of functional kidney tissues and the
survival of affected individuals relies on life-long treatments with dialysis or renal allograft
transplantation. The main causes of CKD are diabetes, hypertension and aging. TGF-$
and its downstream signaling pathways play a central role in activation of kidney
pathogenesis in human patients and experimental animal models®. One of the first target
cells for proteinuric CKD is glomerular epithelial cells, also known as podocytes. These
are terminally differentiated, actin-rich epithelial cells present on the glomerular basement
membrane and critical for glomerular filtration process. Enhanced TGF- signaling

induces apoptosis, EMT, and fibrosis in podocytes® ** **

. TGF-B superfamily consists of
secreted peptides exhibiting pleiotropic functions in cell proliferation, differentiation,
immune response, apoptosis and matrix remodeling, depending on physiological context.
Increased level of TGF-B in diabetic nephropathy is known to be associated with
podocyte damage ultimately resulting in apoptosis and detachment®. Increased ROS is

responsible for podocyte apoptosis in diabetic nephropathyzg' %0

. However, the sources of
ROS and pathways to damage podocytes are largely unknown. The specific aims of this
study were i) investigation of pathogenic changes by TGF-B, ii) identification of signaling
pathways downstream of TGF-B, and iii) molecular mechanism of TGF-B1l-induced
injuries in mouse podocytes. ldentification of causative signaling molecules in TGF-f1-

induced podocyte damages could be prospective candidates for therapeutic and

preventive targets in diabetic nephropathy and other type of CKD.
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[ll. MATERIALS AND METHODS

3.1. Cell culture

An immortalized mouse podocyte cell line, mouse podocyte clone-5 (MPC-5), was a
kind gift from Prof. Peter Mundel (Harvard Medical School, Charlestown, MA, USA), and
this line was cultured as described previouslyzg. Dishes coated with rat tail type | collagen
were used to grow cells as a monolayer. Cells were cultured in low glucose Dulbecco's
Modified Eagles Medium (catalog no. 11885-084, Gibco, Carlsbad, CA, USA)
supplemented with 5% fetal bovine serum (FBS), 100 U/ml penicillin and 100 ug/ml
streptomycin at two different temperatures that either promoted proliferation or
differentiation. At 33°C, cells are allowed to proliferate (permissive condition) in the
presence of 20 U/ml mouse recombinant interferon-y. In order to induce differentiation
(non-permissive condition), the podocytes were thermo-shifted to 37°C in the absence of
interferon-y for 14 days. Before application of TGF-1, cells were maintained in a serum-

deprived condition (0.25% FBS) for 24hr.

3.2. Chemicals

N-acetylcysteine (NAC) (catalog no. A9165), diphenyleneiodonium (DPI) (catalog no.
D2926), SB431542 (catalog no. S4317), rapamycin (catalog no. R8781), lucigenin
(catalog no. M8010), NADPH (catalog no. N5130), and 4',6’-diamidino-2-phenylindole
(DAPI) (catalog no. D9542) were purchased from Sigma (St. Louis, MO, USA). Mouse
recombinant interferon-y (catalog no. 485-MI) and recombinant human TGF-31 (catalog

no. 240-B) were purchased from R & D Systems (Minneapolis, MN, USA). 5-(and-6)-
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chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,DCFDA)
(catalog no. C6827), 5,5',6,6'-tetrachloro-1,19,3,39-tetraethylbenzimidazolyl-
carbocyanine iodide (JC-1) (catalog no. T3168) were purchased from Molecular Probes
(Grand Island, NY, USA). U0126 (catalog no. 9903) was purchased from Cell Signaling
Technology (Danvers, MA, USA). Rat tail type | collagen (catalog no. A10483-01) was
purchased from Life Technologies Corporation (Grand Island, NY, USA). SB202190
(catalog no. 559388) was purchased from Millipore Corporation (Billerica, MA, USA).
Protease inhibitor cocktail (catalog no. 11836153001) was purchased from Roche

Diagnostics (GmbH, Mannheim, Germany).

3.3. Preparation of TGF-p1

TGF-B1 was prepared as manufacturer’s instruction. Purified recombinant TGF-B1 is
an extremely hydrophobic protein that adheres strongly to the surfaces of the container. It
is reconstituted as follows to ensure maximum recovery.

At first, 0.01 g fatty acid free BSA was dissolved into 10 ml of double distilled H,O (1
mg/ml) by heating at 37°C to reduce foaming. BSA solution was divided into two haves
each containing 5 ml. 20 yl of 1 N HCI was added to 5 ml BSA solution to prepare 1
mg/ml BSA containing 4 mM HCI. Next, 100 ul from that solution (HCI containing BSA)
was mixed with solid TGF-B1 powder (TGF-B1 of 2 pg/vial). 900 pl BSA solution (no HCI)
was added to reconstitute 1 ml solution of TGF-B1 (final conc. = 2 pg/ml). TGFB1, thus
prepared, was aliquot into several tubes (50 pl/tube) and stored at -80°C for 6 months. All

the solutions were filtered through 0.2 um syringe filter inside a laminar flow clean bench.
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3.4. Immunocytochemistry

Experiments were performed with differentiating podocytes on 18 mm coverslips for
14 days at 37°C without interferon-y. Cells were washed twice with phosphate-buffered
saline (PBS) and fixed with 4% paraformaldehyde in PBS for 15 min at 37°C. Next, cells
were permeabilized with 0.25% Triton X-100 in PBS for 5 min and blocked with 1% BSA
in PBS for 30 min. Incubation with specific antibodies for Nox4 (5 pg/ml), mitochondrial
Cox | (5 pg/ml), and synaptopodin (1:100 dilution) was performed overnight at 4°C
followed by incubation with secondary antibody, Alexa fluor 594 goat anti-rabbit IgG
(1:200 dilution) for 1 hr at room temperature in a dark room. The cells were washed and
counterstained with 1 ug/ml DAPI for 5 min and mounted on a glass slide. Fluorescence
images were obtained using a confocal laser scanning microscope (TCS SPE, Leica

Microsystems GmbH, Wetzlar, Germany).

3.5. cDNA preparation

Total RNA was isolated from cultured podocytes using the RNeasy kit (catalog no.
74134, Qiagen GmbH, Hilden, Germany). First strand cDNA was synthesized from 1 ug
of total RNA with a reverse transcription kit (Applied Bioscience, Foster City, CA, USA) in
a reaction volume of 20 pl. The reaction mixture contains 2 pl of 10x PCR buffer (final
conc. = 1 x), 4 pl of 25 mM MgCl, (final conc. = 5 mM), 2 pul of 40 mM dNTPs mixture
(final conc. = 1 mM), 1 ul of oligo d(T) (final conc. = 2.5 uM), 1 ul of RNase inhibitor
(final conc. = 1 U/ul), 1 ul of reverse transcriptase enzyme (final conc. = 2.5 U/ul) and 9 ul

of RNA (1 pg). PCR program used for cDNA synthesis was 42°C for 1 hr, 94°C for 10 min

and 4°C for infinity.
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3.6. Quantitative real-time polymerase chain reaction

Quantitative polymerase chain reaction or real-time PCR is the technique to amplify and
simultaneously quantify the gene of our interest. The procedure follows the general
principle of polymerase chain reaction with detection of amplified product in “real time”
using a specific DNA intercalating fluorescence dye such as SYBR green.

Real-time PCR was performed to measure the mRNA levels of candidate genes using
sequence-specific primers (Table 1). B-actin was used as the reference control. For the
analysis of each gene expression, experiments were conducted in triplicate in a real time
PCR system (7900HT, Applied Bioscience) using SYBR Green PCR Master Mix (catalog
no. 204143, Qiagen). Data was analyzed following 222 method®®.

The PCR reaction was performed with 10 pl total reaction volume containing 5 pl of 2x
SYBR green PCR master mix (final conc. = 1 x), 1 pl of 10 uM forward primer (final conc.
=1 uM), 1 pl of 10 uM reverse primer (final conc. = 1 uM), 1 ul of template cDNA (50
ng/ul) (final conc. = 5 ng/ul) and 2 pl of DNase-RNase free H,O. PCR was started with
two holding temperatures at 50°C for 2 min and 95°C for 15 min as per manufacture’s
instruction. In each PCR experiment, 40 cycles were considered including denaturation at
95°C for 15 s, annealing at 58°C for 30 s and extension at 72°C for 30 s. Data was

collected after each PCR cycle.

3.7. Detection of condensed and apoptotic nuclei

Podocyte apoptosis were detected by nuclear staining using DAPI. Apoptotic cells
display features like cell shrinkage, membrane blebbing, chromatin condensation and

nuclear fragmentation resulting from activation of endogenous nuclease(s) which cleaves
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DNA into oligonucleosomal fragments. This leads to appearance of dense and crescent-
shaped chromatin aggregates. DAPI is a minor groove binder intercalating the A-T
regions of DNA helices. Once it enters into cell and binds to DNA, the blue fluorescence
will be easily visualized by fluorescent microscopy. During apoptosis, the ability of
permeability for DAPI is improved and the apoptotic cells will produce higher fluorescence.
Normal cells stains uniformly with a blue, round nucleus and its margin is clear. On the
other hand, for apoptotic cells, the margin of nucleus is abnormal and the condensed
chromosome is easily detectable.

Podocytes were grown on collagen coated coverslips and maintained for 14 days in
non-permissive condition. Before fixation, media was discarded and cells were carefully
washed for three times with PBS. The cells were fixed using 4% paraformaldehyde in
PBS for 15 min at 37°C followed by washing with PBS for three times (5 min each). Cells
were stained with DAPI (1 pg/ml, 5 min) for nuclear staining. Excess stain was washed
out by PBS for three times. Cells on coverslips were mounted on a glass slide with the
help of Vectashield mounting solution (Vector Laboratories Inc., Burlingame, CA, USA)
and sealed the edge of the coverslips to protect it from air. Condensed and apoptotic
nuclei were counted under an epifluorescence microscope (excitation at 358 nm and

emission at 461 nm).

3.8. TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay is
performed to identify fragmented DNA due to induction of apoptosis. The principle of this
assay is to label the fragmented DNA enzymatically by terminal deoxynucleotidyl

transferase (TdT) at 3'-OH terminal with nucleotide triphosphates (dUTPs). TdT catalyzes
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a template independent addition of nucleotide triphosphates to the 3'-OH ends of double-
stranded or single-stranded DNA. DNA fragments which have been labeled with the
digoxigenin nucleotide are then allowed to bind an anti-digoxigenin antibody that is
conjugated to fluorescein. The cells are counter stained at the same time with a suitable
dye, DAPI that specifically binds to nucleus. Apoptosis is confirmed by colocalization of
fluorescein and DAPI using confocal microscopy.

To perform TUNEL assay, podocytes were seeded on 4-chambered glass slide (catalog
no. 354114, BD Falcon, Bedford, MA, USA) and allowed to differentiate for 14 days. Cells
were treated with 0.25% FBS containing media before application of TGF-f1 and
inhibitors. TUNEL was performed using ApopTag Fluorescein In Situ Apoptosis Detection
Kit (catalog no. S7110, Millipore Corporation, Billerica, MA, USA) according to
manufacturer’s instruction with minor modification. First, the cells were fixed with 4%
paraformaldehyde in PBS for 15 min followed by permeabilization with 0.25% Triton X-
100 at room temperature. Cells were washed thoroughly thrice with PBS and equilibrium
buffer (ready to use) was applied for 30 s. Next, cells were treated with TdT enzyme
(reaction buffer: TdT enzyme= 7:3) with 25 pl/chamber for overnight at 4°C in a
humidified chamber. Reaction was stopped using stop/wash buffer (buffer: H,O= 1:34) for
10 min inside a coupling jar with slow agitation for 15 s at the beginning. Anti-digoxigenin
conjugate (fluorescein incorporated) (blocking solution: anti-digoxigenin conjugate= 34:31)
was applied for 3 hr at room temperature inside a humidified chamber. Cells were
washed thrice with PBS to remove excess stains and counter stained with DAPI. Cells on
the glass-slide were mounted on a coverslip using Vectashield mounting solution and
sealed the edge of the coverslip to protect it from air. DAPI (excitation at 358 nm and

emission at 461 nm) and fluorescein (excitation at 494 nm and emission at 521 nm) were
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colocalized by confocal microscopy to identify the apoptotic cells.

3.9. Western blots

To extract total protein from cultured podocytes, cells were washed with ice cold PBS
and lysed with cold RIPA buffer (catalog no. NCI9900KR, Thermo Scientific, Rockford, IL,
USA) containing protease inhibitor cocktail. The lysates were centrifuged at 13,000 rpm
for 15 min at 4°C and supernatants were collected and used for Western blotting. Protein
concentration was determined using BCA protein assay kit (catalog no. 23227, Thermo
Scientific) and equal amount of proteins were loaded for SDS PAGE and then transferred
to polyvinylidene difluoride membrane (PVDF) (catalog no. IPVH00010, Millipore
Corporation). The membrane was blocked with 6% skim milk followed by primary
antibody incubation at 4°C overnight. Primary antibodies for Nox4 (1 pg/ml), cleaved
caspase-3 (1:1000 dilution), total and phospho p38 MAPK (1:2000 and 1:1000 dilution,
respectively), mitochondrial complex | (1:2000 dilution), total and phospho Smad2
(1:2000 dilution for each), and total and phospho Smad3 (1:1000 dilution for each) were
prepared with 0.1% Tris-buffered saline and Tween 20 (TBST) containing 5% BSA. B-
actin (1:5000 dilution) was used as a loading control. Horseradish peroxidase (HRP)-
conjugated secondary antibody against either mouse or rabbit IgG (catalog no. 31450
and 31460, respectively) was incubated for 1hr at room temperature. The bands were
visualized with a UVP Biospectrum-600 imaging system using Luminata Forte enhanced
chemiluminescence (ECL) solution (catalog no. WBLUF0100, Millipore Corporation).
Information about primary and secondary antibodies was given in Table 2 and Table 3,

respectively.
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3.10. Isolation of mitochondria

Mitochondria from mouse podocytes were isolated using a commercial mitochondria
isolation kit (catalog no. ab110171, Abcam, Cambridge, UK) according to manufacturer’s
instruction with minor modification.

The principle of mitochondria isolation is to rupture the cell using homogenizer and
remove debris and extremely large cellular organelles at low speed centrifugation
followed by centrifugation at a higher speed to precipitate down mitochondrial pellet.

Podocytes were grown on 100 mm dish containing 75,000cells/dish and allowed to
differentiate for 14 days at 37°C. For isolation of mitochondria from a single group, cells
were collected from 4 dishes and processed further.

Cells were centrifuged to collect pellet and was resuspended with 200 pl of reagent A.
After 10 min incubation on ice, cells were homogenized using a Dounce homogenizer
with 120 stokes (pestle B), followed by centrifugation at 1000 g for 10 min at 4°C.
Supernatant (No. #1) was saved and pellet was resuspended with 200 pl of reagent B.
Similar steps were followed to homogenize and centrifuge the pellet and supernatant (No.
#2) was collected. Next, supernatants (No. #1 and #2) were combined and centrifuged at
12,000 g for 15 min. The pellet were collected as isolated mitochondria and resuspended
into reagent C, supplemented with protease inhibitors and stored at -80°C for future

experiments. The supernatant was collected as cytosolic fraction and frozen at -80°C.

3.11. Measurement of reactive oxygen species

In podocyte, cytosolic ROS generation was measured using CM-H,DCFDA. The

diacetate form, CM-H2DCFDA is passively diffuse into the cells where non-specific
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cellular esterases cleave off the lipophilic groups and thereby producing a charged
compound that is trapped inside the cell. CM-H,DCFDA which is a non-fluorescence
compound is oxidized in presence of ROS and converted to CM-H,DCF, which is highly
fluorescent. The wavelengths for the measurement of DCF fluorescence are ~492/495
nm for excitation and ~517/527 nm for emission.

Podocytes were differentiated on collagen coated coverslips for 14 days at 37°C. To
check ROS generation, CM-H2DCF was diluted to 5 pM working concentration with same
culture media and cells were incubated with that solution for 20 min at 37°C. After 20 min,
excess dye was washed out using Krebs-Ringer bicarbonate (KRB) solution (135 mM
NacCl, 3.6 mM KCI, 2 mM NaHCO3, 0.5 mM NaH,PO,4, 0.5 mM MgSO,, 1.5 mM CacCl,, 10
mM HEPES, pH 7.4) containing 5.5 mM glucose. Fluorescence intensity was measured
by confocal microscopy (1X81, Olympus, Tokyo, Japan) with a confocal spinning disk
(CsSU10, Yokogawa Electric Corporation, Tokyo, Japan), and intensity was analyzed using

MetaMorph 6.1 software (Molecular Devices, Sunnyvale, CA, USA).

3.12. Detection of mitochondrial membrane potential

Mitochondrial membrane potential (AY,,) of podocyte was measured using the lipophilic
cationic dye 5,5',6,6'-tetrachloro-1,19,3,39-tetraethylbenzimidazolyl-carbocyanine iodide
(JC-1) (Molecular Probes). JC-1 monomers enter into mitochondria based on
mitochondrial membrane potential and form J-aggregates inside the mitochondria
transmitting red fluorescence (excitation/emission maxima: 585/590 nm) while the rest of
the monomer outside mitochondria transmit green fluorescence (excitation/emission
maxima: 514/529 nm). The ratio of red/green fluorescence was used as an indicator of

mitochondrial membrane potential.
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For this experiment, cells were grown on 96 well flat clear bottom black polystyrene TC-
treated microplates (catalog no. 3603, Corning Inc., Corning, NY, USA). Cells were
washed twice with warm PBS before loading with JC-1 (300 nM) for 40 min and the
fluorescence was read by a fluorescence micro-plate reader (Flexstation I, Molecular

Devices, Sunnyvale, California, USA) as described previouslygz.

3.13. Nox activity measurement

Total Nox activity was measured as described previously”® with minor modification.
Podocytes were washed twice with warm PBS and scraped from the dishes with PBS
containing protease inhibitor following centrifugation at 2000 rpm for 3 min at 4°C. Cell
pellets were dissolved in lysis buffer (20 mM KH,PO,, 1 mM EGTA, protease inhibitor
cocktail, pH 7.0). The cell suspensions were homogenized with 100 strokes in a Dounce
homogenizer and the homogenates (50 pg) were added to 50 mM phosphate buffer (pH
7.0) including 1 mM EGTA, 150 mM sucrose, 5 UM lucigenin and 100 uM NADPH. To
check the mitochondrial Nox activity, 30 pug mitochondria (equivalent to mitochondrial
protein) was considered. The reaction generated photon particles that were detected by a
luminometer (Synergy 2, BioTek Instruments, Winooski, VT, USA) every 20 s for 10 min
continuously and this was expressed as relative light units (RLU). The blank buffer
reading was subtracted from each test reading and superoxide generation was expressed

as RLU/min/ug protein.

3.14. siRNA transfection

Small interfering RNA (siRNA) is a class of double-stranded RNA molecules, 20-25

base pairs in length. It mediates post-transcriptional gene silencing by interfering with the
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expression of specific genes with its complementary nucleotide sequence.

To knockdown Nox4, Smad2 and Smad3, SIGENOME Smartpool siRNA duplexes
(mixture of 4 different siRNA targeting 4 different regions of one mRNA) were purchased
from Dharmacon (Thermo Fisher Scientific Inc., Lafayette, CO, USA). siRNAs for Smad7
and non-targeting sequences (siControl) were synthesized from Bioneer Inc. (Daejeon,

Korea), the sequences were already reported in the publication®” #°

. The sequences for
siRNAs are given in Table 4. Transfection of siRNA oligo was carried out using
DharmaFECT-1 siRNA transfection reagent (catalog no. T-2001-03, Thermo Scientific).

Podocytes were cultured in 6-well 35 mm collagen coated dishes and allowed for
differentiation for 14 days. Transfection was carried out according to manufacturer’s
protocol with minor variation. For a single 35 mm dish, total transfection volume was 2 ml
including 7 pl Dharmafect-1 and siRNA, diluted in opti-MEM media (catalog no. 31985-
070, Gibco). In separate tubes, siRNA and Dharmafect-1 were diluted with opti-MEM to
the final volume of 200 ul to each tube and kept in room temperature. After 5 min,
contents of those two tubes were combined and pipette out gently to mix and kept for 20
min at room temperature. This step allows formation of siRNA-transfection reagent
complex which delivers siRNA into the cell. Antibiotic-free opti-MEM (1.6 ml) was added
to the cell grown in 35 mm dish so that the final volume reached to 2 ml. After 20 min,
siRNA-transfection reagent complex were added drop-wise on the cells with slow swirling
to spread properly.

Knockdown of genes were assessed at 48 hr by determining mRNA levels using
guantitative PCR. For assessing protein levels, Western blotting was performed at 72 hr
after siRNA transfection. Functional assays for siRNA mediated gene silencing were

performed at 72 hr for mRNA level and 96 hr for protein level after siRNA treatment.
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Fig. 2. Schematic representation of siRNA transfection in mouse podocytes.

Podocytes were seeded on either 6-well dishes or coverslips and maintained for 14 days
at 37°C before siRNA experiments. Gene silencing steps were conducted using opti-MEM
medium (without FBS and penicillin) which was replaced with DMEM low glucose media
(containing 0.25% and 0.25% penicillin) after 24 hr followed by TGF-B1 stimulation at 48
hr from the start of SiRNA treatment. To check the effect of SiRNA, mMRNAs and proteins

were isolated at 72 hr and 96 hr, respectively.
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3.15. Infection of adenovirus and transfection of plasmids

Doxycycline-inducible adenovirus encoding mitochondria-targeted cyan fluorescence
protein (mitoCFP) was constructed using the Adeno-X Tet-On expression system
(Clontech Laboratories Inc., Mountain View, CA, USA). Adenovirus encoding mitoCFP
were applied together with adenovirus expressing the reverse tetracycline-transactivator
for 90~120 min at 37°C as described® and used after 48 hr for experiments. D1ER
plasmid was transfected into podocytes using FUGENE HD transfection reagent (catalog
no. E231A, Promega, Madison, WI, USA) according to the manufacturer’s instruction.
Experiments were conducted 48 hr after transfection. Fluorescence images for mitoCFP
and D1ER (excitation/emission: 440/490 nm) were obtained using a confocal laser

scanning microscope (TCS SPE, Leica Microsystems GmbH, Wetzlar, Germany).

3.16. Statistical analysis

Experimental values are presented as mean + SEM. N is the number of independent
experiments. Statistical comparisons between two groups of data were analyzed by two-
tailed unpaired Student’s t-test. Multiple comparisons were determined using one-way
ANOVA followed by post-hoc test (Tukey's multiple comparison test) and p<0.05 was

considered significant.
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Table 1. List of primer sequences used for PCR.

Primer Name

GeneBank
Accession No.

Sequence

Size
(bp)

B-actin

Synaptopodin

Nox1

Nox?2

Nox4

p22Phox

CYP4A

Smad?2

Smad3

NM_007393.3

NM_177340.2

NM_172203.1

NM_007807.4

NM_015760.4

NM_007806.3

NM_177406.3

NM_001252481.1

NM_016769.4

F-5" AAGAGCTATGAGCTGCCTGA 3
R-5" CACAGGATTCCATACCCAAG 3’

F-5"AAGGGTCTGACCTCATTGGA 3’
R-5" GCAAAACCAAGGGCTACAAC 3

F-5 TCACGAGTGGGATGACCATA 3
R-5 GCAAGGATCCACTTCCAAGA 3’

F-5"AAAGGTGGTCATCACCAAGG 3
R-5 TCCCACCTCCATCTTGAATC 3

F-5" CCACAGACCTGGATTTGGAT 3
R-5 TGGTGACAGGTTTGTTGCTC 3’

F-5 GCCATTGCCAGTGTGATCTA 3’
R-5 TAGGTGGTTGCTTGATGGTG 3

F-5 AATGAGCTGAAGGTGGCTGT &
R-5 CAAGTGGATCCCATTCTTGG 3

F-5 AGACCCATCAAACTCGGAGA 3
R-5" AGCAAACACTTCCCCACCTAZ

F-5 TTCACTGACCCCTCCAACTC 3
R-5 CGATGTAGTAGAGCCGCACA 3

106

109

84

88

91

115

120

133

121
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Continued

Primer Name GeneBank Sequence Size
Accession No. (bp)

Smad7 NM_001042660.1 F-5' CAACCCCCATCACCTTAGTC 3

R-5' CGGAGGAAGGTACAGCATCT 3’ 119
MMP-9 NM_013599.2 F-5 AGACGACATAGACGGCATCC 3’

R-5 GTGGTTCAGTTGTGGTGGTG 3 86
MMP-2 NM_008610.2 F-5' GCCAAGGTGGAAATCAGAGA 3’

R-5' GTTGAAGGAAACGAGCGAAG 3 105
Fibronectin 1 NM_010233.2 F-5' AACCGGAATTACACCGACTG 3

R-5 TGATCGGCATCGTAGTTCTG 3’ 86
a-SMA NM_007392 F-5 CATCAGGGAGTAATGGTTGGA 3

R-5 GGTGATGATGCCGTGTTCTAT 3’ 114
Collagen Va3 NM_007734.2 F-5' GCAACGGATCTAAGGGTGAA 3

R-5' TCCTTTCAAGCCATCAGGAC 3 89
Collagen IVa5 NM_009360.4 F-5 CACGGGGAACAGTTCATATC 3’

R-5' ATGGTACTGAAGCGACGAAG 3’ 118
Integrin a3 NM_001163434.1 F-5" ATGCCTACCCAGTCCTCAA 3’

R-5" TTGCTGTCGCACTTGTTG 3 97
Integrin B1 X77952.1 F-5 GTCAGCAACGCATATCTGGA 3

R-5' ACATTCCTCCAGCCAATCAG 3 100
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Continued

Primer Name GeneBank Sequence Size
Accession No. (bp)

Dystroglycan NM_010017.3 F-5 GCCCAACACTGACAATTCCT 3

R-5"ACTCGTGGCTTCTTTGTGGT 3 82
Utrophin NM_011682.4 F-5 GTTTGAGGTGCTTCCTCAGC 3’

R-5" CCAGCACTGCACTCTGGATA 3 119
Cox2 AK138996.1 F-5 CTCAATGAGTACCGCAAACG 3

R-5 CTGCAGCCATTTCCTTCTCT 3’ 82
Caveolin-1 NM_007616.3 F-5 CCGCTTGTTGTCTACGATCT 3’

R-5 GATGTGCAGGAAGGAGAGAA 3’ 82
Caveolin-2 NM_016900.3 F-5 ATCTGCAGCCATGCTCTCTT 3

R-5' ACAGGATACCCGCAATGAAG 3 100
TGF-BRII NM_009371.3 F-5 GTGGGAACGGCAAGATACAT 3

R-5" ATCCGTCTGCTTGAACGACT 3 84
Alk-1 NM_009612.2 F-5 TGACCTCAAGAGTCGCAATG 3

R-5 GTTGTTGCCGATATCCAGGT 3’ 115
Alk-5 NM_009370.2 F-5 TCGACGCTGTTCTATTGGTG 3

R-5" CAACCGATGGATCAGAAGGT 3 80
id-1 NM_010495 F-5 AGGGGATCTCTGGGAAAGAC 3’

R-5 AGAGGGTGAGGCTCTGTTGA 3’ 94
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Continued

Primer Name GeneBank Sequence Size
Accession No. (bp)

PAI-1 NM_008871 F-5 AGTCTTTCCGACCAAGAGCA 3
R-5 ACAAAGGCTGTGGAGGAAGA 3’ 104

TGF-B1 NM_011577.1 F-5 CGGCAGCTGTACATTGACTT 3’
R-5" CAGACAGAAGTTGGCATGGT 3’ 84

Poldip2 NM_026389.3 F-5 AGGTTCCCATTCAACACGAG 3
R-5 GTTTCTCGAGCCACAAAAGG 3 82

F, forward primer
R, reverse primer

bp, base pairs
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Table 2. List of primary antibodies.

Antibody Name Catalog no. Manufacturer Host Species
B-actin ab6276 Abcam Mouse
Nox4 ab60940 Abcam Rabbit
Nephrin abh58968 Abcam Rabbit
Paxillin (N-term) 1500-1 Epitomics Rabbit
Cox | 459600 Invitrogen Mouse
Mitochondrial complex | 459100 Invitrogen Mouse
Synaptopodin 03-65194 American Research Mouse
Cleaved caspase-3 9661 Cell Signaling Technology Rabbit
Smad2 (phospho) 3108 Cell Signaling Technology Rabbit
Smad2 (Total) 5339 Cell Signaling Technology Rabbit
Smad3 (phospho) 9520 Cell Signaling Technology Rabbit
Smad3 (Total) 9523 Cell Signaling Technology Rabbit
p38 MAPK (phospho) 4092 Cell Signaling Technology Rabbit
p38 MAPK (Total) 8690 Cell Signaling Technology Rabbit
mMTOR (phospho) 2971 Cell Signaling Technology Rabbit
mTOR (total) 2972 Cell Signaling Technology Rabbit
p70S6K (phospho) 2904 Cell Signaling Technology Rabbit
p70S6K (total) 2902 Cell Signaling Technology Rabbit
ERK1/2 (phospho) 9101 Cell Signaling Technology Rabbit
ERK1/2 (total) 9102 Cell Signaling Technology Rabbit
Vimentin 5741 Cell Signaling Technology Rabbit
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Table 3. List of secondary antibodies.

Antibody Name Catalog no. Manufacturer Host
Anti-mouse HRP 31450 Thermo Scientific Rabbit
Anti-Rabbit HRP 31460 Thermo Scientific Goat
Anti-Rabbit Alexa Flour 594 A31631 Molecular Probes Goat
Anti-Rabbit Alexa Flour 488 A31627 Molecular Probes Goat
Anti-Mouse Alexa Flour 594 A31632 Molecular Probes Goat
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Table 4. List of sSiRNA sequences.

Name of siRNA

Sequence

Working
Concentration

siNon-Targeting

siNox4
Dharmacon (D-058509)
(Combination of 4 siRNAS)

siSmad2
Dharmacon (D-040707)
(Combination of 4 siRNAS)

siSmaad3
Dharmacon (D-040706)
(Combination of 4 sSiRNAS)

siSmad7

5-GAG GCTGTG TTG CTG TGAA-3

5-UCA CAU GUG GUG UAACUA U-3
5-AGA CCU GGC CAG UAU AUU A-3’
5-UAC CCU AAG UUA UAC AUU G-3’
5-GAU GGG AUU CAG AAG AUAA-3’

5-GAA CAAACC AGG UCU CUU G-&
5-CAA CAG GCC UUU ACAGCU U-3
5-GGAAAG GGU UGC CAC AUG U-3
5-GAC AAA GUA UUAACU CAG A-3

5'-GCA CAG CCACCAUGAAUU A-3

5-GGAAUU UGC UGC CCU CCU A-3
5-UAA CUU CCC UGC UGG CAU U-3
5-GAG UUU GCC UUC AAC AUG A-3’

5-CCUACGCCACCAAUUUCGU-3

50nM/100nM

50nM

50nM

50nM

100nM
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IV. RESULTS

4.1. Characterization of mouse podocytes in culture

Immortalized mouse podocyte cell line was a kind gift from Prof. Mundel. Before the
start of experiment, the cell line was checked for proper differentiation and podocyte
specific marker expression. In standard culture condition, podocytes appeared
cobblestone phenotype on collagen coated dish at 33°C (Fig. 3A). After thermoshifting to
37°C, clear structural changes in podocytes were apparent from day 2-3. Increased
cytoplasm to nuclear ratio, compared to proliferative cells at permissive condition, was
obvious at day 5 (Fig. 3B). Cells were fully differentiated at day 13 or 14 having arborized
morphology bearing highly branched processes (Fig. 3C). Podocyte differentiation at
molecular level was also evaluated. The specific marker for podocyte differentiation is

synaptopodin*®*

. Synaptopodin expression was demonstrated by immunostaining, RT-
PCR and real-time PCR. Synaptopodin expression and its organization were evaluated
by immunocytochemistry using a synaptopodin specific monoclonal antibody. Podocytes
at 37°C, but not at 33°C, showed a distinct synaptopodin staining pattern (Fig. 4A-B).
Synaptopodin mMRNA expression was amplified in 14 days old podocytes at 37°C by RT
PCR (Fig. 4C) while synaptopodin mRNA was not detected from podocytes at 33°C. To
demonstrate the differentiation of podocytes at 37°C, synaptopodin mRNAs at day 1, 3, 7
and 14 from podocytes were analyzed. Real-time PCR showed gradual increase of
synaptopodin mRNA level from day 1 to day 14 (Fig. 4D). Next we demonstrated the

expression of nephrin which is a crucial protein for podocyte function'®. Cultured

podocytes expressed nephrin both at 33°C and 37°C culture condition (Fig. 5A-B) but
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their organization was completely different at those two temperatures. In undifferentiated
podocytes at 33°C, nephrin was stained scattered around inside the cytoplasm, on the
other hand at 37°C podocytes, nephrin was well organized and detected on plasma
membrane near the junction of two neighboring cells which might resemble slit diaphragm
like structural organization in vitro™". Nephrin expression was also confirmed by Western
blotting and its expression was detected in podocytes cultured in both permissive and
non-permissive condition (Fig. 5C). Next, organization of actin filament and distribution of
intermediate filament protein vimentin were examined. In cobblestones, actin fibers were
localized to the cortical area, whereas actin stress-fiber like bundles appeared and
extended across the cell in arborized podocytes (Fig. 6A-B). Focal adhesions were
detected by paxillin staining. Random distribution of paxillin in cobblestoned cells was
changed and was predominantly localized to the tips of the stress fiber (Fib. 6B, enlarged
in inset) into arborized cells. Distribution of stress fibers was also shown in a confluent
population of differentiated cells (Fig 6C) in which distinct actin fiber bundles were clearly
visible (Fig. 6D). Vimentin staining revealed the morphological conversion of vimentin
network in differentiated podocytes which was completely absent in undifferentiated cells

(Fig 7A-D).
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Podocyte at 33°C

_ 5days at 37°C

e

13 days at 37°C/

Fig. 3. Changes of podocyte morphology at different culture conditions.

A, Podocytes showed cobblestone phenotype at 33°C on collagen coated dishes in the
presence of INF-y (20 U/ml). B, Podocytes began to convert into arborized cells at 37°C
in day 5 and some of those cells were died during culture. C, Fully differentiated
podocytes after 13 days of thermoshift with well-developed processes. (Magnification,

x20).
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Fig. 4: Expression of synaptopodin, a specific marker for podocyte differentiation.

Synaptopodin expression indicated differentiation of podocytes in culture. A, Absence of
differentiation marker synaptopodin in undifferentiated cell at 33°C. B, Synaptopodin
distribution was shown in green with nuclear DAPI staining in fully differentiated
podocytes at 37°C. C, Semi-quantitative PCR showed amplification of PCR product
isolated from cells at 37°C, but not from cells grown at 33°C. 3-actin was amplified as in
internal control to demonstrate absence of genomic DNA contamination in cDNA. D,
Real-time PCR analysis showed increase of synaptopodin expression between day 1 and

day 14, characteristic of podocyte differentiation.
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Fig. 5. Expression and distribution of nephrin in mouse podocytes.

Expression of podocyte specific marker, nephrin, was checked in podocytes. A,
Immunostaining revealed scattered distribution of nephrin in the cytoplasm of
undifferentiated podocytes at 33°C. B, Re-organization of nephrin on the cell membrane
in podocytes at 37°C. C, Nephrin was expressed in podocytes in both the culture

conditions (33°C and 37°C) shown by Western blotting.
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Podocyte at 33°C

Podocyte at 37°C

Fig. 6. Organization of actin cytoskeleton in mouse podocytes.

Mouse podocytes were grown on collagen coated coverslips for 14 days. A, Actin
filaments (red) were predominantly localized to the cortical region with random paxillin
staining (green) in undifferentiated podocytes. B-C, Well organized stress fiber bundles
extended into processes of podocytes. Paxillin was present at the tip of stress fibers (B,

inset). D, Enlargement of a portion of figure C.
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Podocyte at 33°C

Podocyte at 37°C

Fig. 7. Organization of intermediate filament protein vimentin in mouse podocytes.

Vimentin  distribution was observed in differentiated mouse podocytes by
immunocytochemistry. A, Diffused cytosolic staining of vimentin (green) was apparent in
proliferating podocytes cultured in permissive condition. B, Fibrillar vimentin network
(green) was obvious in differentiated podocytes. C-D, Representing enlargement parts of

figures A and B, respectively. Nuclei were stained with DAPI (blue).
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4.2. Analysis of gene expressions in control and TGF-Bl-treated

mouse podocytes

To identify the pathogenic changes by TGF-B1, mRNA expressions were measured by
real-time PCR for 20 different genes after TGF-B1 treatment for different time-point and
along with TGF-BRI inhibitor, SB431542 (SB). EMT related genes MMP-9 (133.55 £ 0.14
at 6 hr, 244.96 £ 0.25 at 12hr, 133.17 + 0.06 at 24 hr, 258.03 £ 0.18 at 48 hr, 0.56 + 0.28
at 12 hr with SB, Fig. 8A), MMP-2 (5.52 £ 0.15 at 6 hr, 4.45 + 0.23 at 12 hr, 3.83 + 0.08 at
24 hr, 339 £ 0.17 at 48 hr, 0.63 + 0.26 at 6 hr with SB, Fig. 8B), Fibronectin (2.45 + 0.19
at6 hr,3.92+0.21 at 12 hr, 4.71 + 0.20 at 24 hr, 7.36 + 0.31 at 48 hr, 2.01 £ 0.24 at 48 hr
with SB, Fig. 8C) and a-SMA (2.99 + 0.14 at 6 hr, 2.53 + 0.22 at 12 hr, 2..35 + 0.12 at 24
hr, 1.98 + 0.18 at 48 hr, 0.68 + 0.09 at 6 hr with SB, Fig. 8D) were increased by TGF-31.
MRNA level of fibrosis marker collagen Va3 (9.62 £ 0.14 at 6 hr, 36.34 + 0.24 at 12 hr,
38.60 + 0.09 at 24 hr, 11.00 + 0.17 at 48 hr, 0.19 = 0.02 at 24 hr with SB, Fig. 8E) was
increased, whereas collagen Va5 (0.53 £ 0.15at 6 hr, 0.49 £ 0.18 at 12 hr, 0.42 + 0.23 at
24 hr, 0.57 £ 0.27 at 48 hr, 0.83 + 0.22 at 24 hr with SB, Fig. 8F) were slightly reduced by
TGF-B1. Nox4 (0.46 + 0.25 at 6 hr, 1.62 £ 1.11 at 12 hr, 5.66 + 0.33 at 24 hr, 9.45 + 3.51
at 48 hr, 1.01 + 0.06 at 24 hr with SB, Fig. 9A) mRNA level was also increased with time
period. Inflammatory gene cyclooxygenase-2 (Cox2) (24.68 + 0.34 at 6 hr, 19.43 + 0.29 at
12 hr, 12.00 + 0.25 at 24 hr, 10.30 + 0.30 at 48 hr, 1.38 £ 0.45 at 6 hr with SB, Fig. 9B)
expression was highly increased at 6 hr and slowly reduced over time. Though caveolin-1
(1.37 £ 0.13 at 6 hr, 0.46 £ 0.23 at 12 hr, 0.28 + 0.05 at 24 hr, 0.81 + 0.16 at 48 hr, 0.86 +
0.25 at 24 hr with SB, Fig. 9C) expression was greatly reduced at 24 hr. Caveolin-2 (0.72
+ 0.14 at 6 hr, 0.97 £ 0.22 at 12 hr, 0.66 = 0.10 at 24 hr, 2.10 + 0.16 at 48 hr, 0.77 £ 0.25
at 24 hr with SB, Fig. 9D) expression was not greatly changed by TGF-f1 treatment.
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Podocyte GBM interacting proteins integrin a3 (0.49 + 0.22 at 6 hr, 0.93 + 0.21 at 12 hr,
0.84 £ 0.13 at 24 hr, 1.25 + 0.47 at 48 hr, 1.15 + 0.22 at 6 hr with SB, Fig. 10A) and
integrin B1 (0.45 = 0.15 at 6 hr, 1.12 £ 0.08 at 12 hr, 1.16 + 0.02 at 24 hr, 1.25 = 0.47 at
48 hr, 0.75 = 0.24 at 6 hr with SB, Fig. 10B) were reduced by TGF-B1 at 6 hr, but their
expressions were reached to basal level at 12 hr and maintained till 48 hr. Another GBM
anchoring protein dystroglycan (1.03 £ 0.14 at 6 hr, 0.55 £ 0.21 at 12 hr, 0.39 £ 0.07 at 24
hr, 0.78 + 0.16 at 48 hr, 0.65 + 0.25 at 24 hr with SB, Fig. 10C) was significantly reduced
at 24 hr of TGF-B1 treatment. Utrophin (0.35 + 0.14 at 6 hr, 1.39 + 0.22 at 12 hr, 1.01 +
0.12 at 24 hr, 1.08 + 0.18 at 48 hr, 0.98 £ 0.63 at 24 hr with SB, Fig. 10D), another
component of dystrophin-associated glycoprotein complex, was greatly reduced at 6 hr,
but regained its expression to basal level at 12 hr to 48 hr. Time-dependent expression of
TGF-B, TGF-f receptors and their downstream target molecules were also analyzed after
TGF-B1 stimulation. Expression of TGF-BRII (0.23 + 0.04 at 6 hr, 0.48 + 0.28 at 12 hr,
0.37 £ 0.11 at 24 hr, 0.20 £ 0.02 at 48 hr, 0.97 + 0.58 at 48 hr with SB, Fig. 11A) was
reduced from early time point to 48 hr. Activin receptor-like kinase-1 (Alk-1) (7.59 + 0.16
at 6 hr, 40.79 + 0.35 at 12 hr, 56.49 + 0.26 at 24 hr, 23.59 = 0.18 at 48 hr, 0.37 + 0.30 at
24 hr with SB, Fig. 11B) expression was greatly elevated with its peak at 24 hr. Alk-5
(1.66 £ 0.40 at 6 hr, 2.98 + 0.29 at 12 hr, 2.47 + 0.17 at 24 hr, 1.02 + 0.0.57 at 48 hr, 1.09
+ 0.25 at 12 hr with SB, Fig. 11C) expression was slightly increased at 12 hr, but reduced
to basal level at 48 hr. Expression of inhibition-of-differentiation (id-1) (5.40 + 0.11 at 6 hr,
2.74 £ 0.14 at 12hr, 1.65 = 0.21 at 24 hr, 1.61 + 0.0.16 at 48 hr, 1.33 £ 0.07 at 1 hr with
SB, Fig. 11D) reached at peak at 1 hr and sharply returned to base between 6 to 12 hr.
PAI-1 (49.85 + 0.14 at 6 hr, 25.51 + 0.23 at 12 hr, 18.47 + 0.05 at 24hr, 39.46 + 0.0.16 at

48 hr, 1.04 + 0.30 at 6 hr with SB, Fig. 11E) expression was highly increased by TGF-1
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treatment and remained elevated till 48 hr. The mRNA level of TGF-B1 (4.49 £+ 2.06 at 6 hr,
442 + 1.20 at 12 hr, 3.67 + 1.59 at 24 hr, 2.16 + 0.72 at 48 hr, 1.13 * 0.37 at 12 hr with
SB, Fig. 11F) was slightly increased by TGF-B1 stimulation from 6 to 24 hr. Interesting to
notice that expressional changes of all the genes was effectively inhibited by addition of

SB, a TGF-BRI inhibitor.
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Fig. 8. Alternation of mMRNA levels of EMT and fibrosis related genes by TGF-$1

treatment in mouse podocytes.

Podocytes were treated with TGF-B1 (5 ng/ml) for different time point (0-48 hr) and in

combination with TGF-BRI inhibitor SB431542 (SB) (10 uM). A-F, Real-time PCR was

performed to check the mRNA expression of matrix metalloproteinase-9 (MMP-9), MMP-2,

Fibronectin, a-smooth muscle actin (a-SMA), Collagen Va3 and Collagen 1Va5. Data are

presented as mean + SEM.
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Fig. 9. TGF-B1-induced alteration of mRNA level of pathogenesis related genes in

mouse podocytes.

Podocytes were treated with TGF-B1 (5 ng/ml) for different time point (0-48 hr) and in

combination with TGF-BRI inhibitor SB431542 (SB) (10 uM). A-D, Real-time PCR was

performed to check the mRNA expression of Nox4, Cox2, Caveolin-1, and Caveolin-2.

Data are presented as mean + SEM.
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Fig. 10. gPCR analysis of genes required for podocyte adhesion to GBM after TGF-
B1 treatment.

Podocytes were treated with TGF-B1 (5 ng/ml) for different time point (0-48 hr) and in
combination with TGF-BRI inhibitor SB431542 (SB) (10 uM). A-D, Real-time PCR was
performed to check the mRNA expression of Integrin a3, Integrin 31, Dystroglycan and

Utrophin. Data are presented as mean + SEM.
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Fig. 11. mRNA analysis of TGF-B1, its receptors and downstream signaling
molecules after TGF-B1 stimulation.

Podocytes were treated with TGF-B1 (5 ng/ml) for different time point (0-48 hr) and in
combination with TGF-BRI inhibitor SB431542 (SB) (10 uM). A-F, Real-time PCR was
performed to check the mRNA expression of TGF-BRII, activin receptor-like kinase-1 (Alk-
1), Alk-5, inhibition-of-differentiation (id-1), plasminogen activator inhibitor 1 (PAI-1) and

TGF-B1. Data are presented as mean + SEM.
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4.3. TGF-B1 induced podocyte apoptosis

Using differentiated podocytes, a dose-dependent experiment with different
concentration of TGF-B1 was performed. Apoptotic cells were estimated using nuclear
staining with DAPI, Western blotting for cleaved caspase-3, and TUNEL assay.
Compared to the control group, TGF-B1 stimulation greatly increased the proportion of
condensed and fragmented nuclei (Fig. 12A-C) and TUNEL positive nuclei (Fig. 13B-C)
indicated by the white arrows. Counting apoptotic nuclei by DAPI staining showed that 5
ng/ml of TGF-B1 induced the maximum apoptotic response (18.1 + 0.9%, N=5) compared
to 10 ng/ml of TGF-B1 (15.5 £ 0.7%, N=6) in our culture condition (Fig. 12D). TGF-1 also
increased activation of caspase-3 maximally at 5 ng/ml (Fig. 13A). Thus, all the
subsequent experiments were carried out using 5 ng/ml TGF-B1, unless otherwise
mentioned. To check whether cleaved caspase-3 activation induced podocyte cell death
by TGF-B1 treatment, we performed TUNEL assay in presence of pan-caspase inhibitor
Z-VAD (OMe)-FMK (z-VAD) (Millipore). Z-VAD (OMe)-FMK (25 puM) was treated 1 hr
before TGF-B1 treatment and reduced podocyte cell death by 65.15% (Fig. 13D, N=3,

p<0.05).
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Fig. 12. Effect of different concentrations of TGF-B1 on podocyte apoptosis.

Podocytes were seeded on 18 mm coverslips and differentiated for 14 days. Cells were
treated with different doses of TGF-B1 for 72 hr and apoptosis was detected by the
presence of fragmented and condensed nuclei (indicated by white arrow) stained with
DAPI. A-C, No treatment, 5 ng/ml TGF-B1 and 10 ng/ml TGF-B1. D, Summary of A-C.

Values are the mean + SEM and *** denotes as p<0.001.
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Fig. 13. TGF-B1 activated caspase-3 and increased TUNEL positive nuclei in
cultured mouse podocytes.

Mouse podocytes were differentiated for 14 days and deprived with 0.25% FBS before
TGF-B1 treatment. A, Representative Western blots of cleaved caspase-3 with different
concentrations of TGF-f1. B-C, Representative images of TUNEL positive nuclei in
control and TGF-B1-treated group indicated by white arrows. D, Quantification of
podocyte apoptosis by TUNEL assay in presence or absence of TGF-p1 (5 ng/ml) and
pan-caspase inhibitor z-VAD (25 uM). All the values are the mean + SEM and **, ***

denotes p<0.01, and p<0.001, respectively.
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4.4. TGF-B1-induced reactive oxygen species mediated podocyte
apoptosis

To investigate the mechanism of podocyte apoptosis, reactive oxygen species (ROS)
generation was measured by DCF as a ROS indicator. TGF-1 treatment for 24 hr
significantly increased DCF fluorescent intensity compared to untreated group and pre-
incubation with an antioxidant, NAC, scavenged TGF-B1-mediated ROS generation by
60.7% (N=3, p<0.05) (Fig. 14A-E). NAC also ameliorated mitochondrial depolarization
mediated by TGF-B1 (37.7% recovery, N=3, p<0.01, Fig. 15A), caspase-3 activation as
demonstrated by Western blotting analysis (Fig. 15B) and reduced TUNEL positive nuclei

(67.78% reduction of A increase, N=3, p<0.05, Fig. 15C).
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Fig. 14. TGF-B1 treatment increased reactive oxygen species which was scavenged
by antioxidant in mouse podocytes.

Cells were grown on 18 mm coverslips for 14 days in non-permissive condition. Effect of
TGF-B1 and antioxidant (NAC) were checked for ROS generation using DCF. A-D,
Representative figures of ROS measurement in podocytes in different groups including
control, TGF-B1 (5 ng/ml), NAC (2.5 mM) and NAC+TGF-B1. (E) Bar graphs represents
summary of figures A-D. All the values are the mean + SEM and *, ** denote p<0.05 and

p<0.01, respectively.
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Fig. 15. Antioxidant treatment recovered TGF-Bl-induced loss of AW, and
apoptosis in mouse podocytes.

Podocytes were differentiated for 14 days at 37°C. Cells were treated with 0.25% FBS for
24 hr before TGF-B1 application. A, Measurement of mitochondrial membrane potential
using JC-1 (300 nM) among groups treated with/without TGF-B1 (5 ng/ml) and NAC (2.5
mM). B, Western blots showing the effect of NAC on TGF-Bl-induced caspase-3
cleavage. C, Detection of podocyte cell death by TUNEL assays in the presence and/or
absence of TGF-B1 and NAC. All the values are the mean + SEM and *, **, *** denotes

p<0.05, p<0.01, and p<0.001, respectively.
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4.5. TGF-B1 elevated Nox4 expression and total Nox activity in mouse

podocytes

To identify the possible ROS generating enzyme, semi-quantitative PCR was carried out
for Nox1, Nox2, Nox4, and cytochrome P450 4A (CYP4A) in control and TGF-1-treated
podocytes (Fig. 16A). Expression of Nox1 was not detected in differentiated podocytes.
TGF-B1 application reduced mRNA level of Nox2 and CYP4A, whereas only Nox4 mRNA
was increased by TGF-B1. To confirm the semi-quantitative PCR data, real-time PCR was
performed for Nox2, Nox4 and CYP4A. There was a pronounced reduction in Nox2 (0.13
+ 0.09, N=3) and CYP4A (0.03 = 0.08, N=3) expression, whereas Nox4 mRNA level
increased after TGF-B1 treatment (5.66 + 0.33, N=10) (Fig. 16B-D). Expressions of
p22phox (0.42 + 0.05, N=3, Fig. 16E) and Poldip2 (0.66 + 0.10, N=3, Fig. 16F) were also
decreased by TGF-B1 incubation. Consistent with the elevation of Nox4 transcripts, Nox4
protein level was also increased by TGF-B1 (1.68 = 0.11, N=3, Fig. 17A-B). In addition,
total Nox activity was also significantly augmented following TGF-1 application (1.83 +

0.12 fold increase, N=3) (Fig.17C).
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Fig. 16. TGF-B1 upregulated Nox4 mRNA level in mouse podocytes.

RNA was isolated from podocytes grown on 100 mm dishes from control and TGF-31
(5ng/ml)-treated groups. A, RT-PCR data demonstrates the comparative expression level
of Nox1, Nox2, Nox4 and CYP4A between control and TGF-B1-treated podocyte. B-F,
Real-time PCR analysis of CYP4A, Nox2, Nox4, p22Phox and Poldip2 mRNA levels
between control and TGF-B1-treated groups. Values are the mean + SEM and *, **, ***

denotes p<0.05, p<0.01, and p<0.001, respectively.
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Fig. 17. Nox4 protein level and total Nox activity were increased following TGF-B1
treatment in mouse podocytes.

Podocytes were grown on 100 mm dishes for isolation of total protein for Western blots
and Nox activity assay. Cells were deprived with 0.25% serum for 24 hr before TGF-1 (5
ng/ml) treatment. A, Western blots showing Nox4 protein levels in control and TGF-31
treated groups. B, Densitometry analysis of Nox4 protein levels in control and TGF-1
treated group. C, Measurement of total Nox activity in control and TGF-B1-treated groups.

Values are the mean + SEM and *denotes p<0.05.
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4.6. Nox4 was predominantly localized to mitochondria in podocytes

A recent study showed that Nox4 is localized to mitochondria and Nox4-induced ROS
production is responsible for mitochondrial dysfunction®. In other cell types, however,
Nox4 is present in the ER where it plays an important role in cellular signalingm.
Intracellular distributions of Nox4 into podocytes were examined by co-localization
analysis using mitochondria and ER specific markers. To confirm co-localization, relative
intensities of the two fluorescent signals were plotted along a line drawn on the merged
images. Co-localization of the two proteins was determined to be where the peaks of the
two different intensities overlapped. Mitochondria-targeted cyan fluorescent protein
(mitoCFP) was visualized in differentiated podocytes by adenovirus-mediated over-
expression system (Fig. 18A and C). Immunostaining of Nox4 using rabbit polyclonal
antibody clearly co-localized with mitoCFP as indicated by the presence of multiple yellow
puncta in the merged image (Fig. 18C-D). Endogenous mitochondrial protein Cox1
(mitochondrial complex IV, subunit 1) labeled with a mouse monoclonal Cox1 antibody
was co-localized with Nox4 (Fig. 18E-F). In the presence of rabbit isotype control IgG
antibody, however, no signal was detected, indicating the specificity of Nox4 antibody (Fig.
18A-B). We also considered the possibility that Nox4 might be localized in the ER of
podocytes. To address that question, the ER was labeled by transfecting D1ER
fluorescent protein which is specifically targeted to the luminal side of ER. As shown in
Fig. 18G-H, D1ER fluorescence did not co-localize with Nox4 implying that Nox4 was
primarily localized to mitochondria, not the ER. In a different approach, podocytes were
fractionated into mitochondrial and cytosolic fraction and Nox4 protein level were checked
using Western blots. Antibody against Complex | and B-actin were used to check purity of

mitochondrial and cytosolic fraction, respectively. Compared to cytosolic fraction,
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maximum amount of Nox4 was detected in mitochondrial fraction (Fig. 19A). The protein
level of Nox4 in mitochondrial fraction was increased by TGF-B1 (Fig. 19B, 64.5%, N=3)

which was consistent to the changes of total Nox4 protein level.
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Fig. 18. Nox4 was predominantly localized to mitochondriain mouse podocytes.

Localization of Nox4 in mouse podocytes was detected by immunocytochemistry.
Podocytes were differentiated on 18 mm coverslips for 14 days. A, Mitochondria in
podocytes labeled with mitoCFP (left panel), rabbit isotype control IgG (middle panel) and
the merged image (right panel). C, Podocytes were infected with mitoCFP adenovirus
(left panel), labeled with Nox4 antibody (middle panel) and the merged image (right
panel). E, Podocytes stained with endogenous mitochondrial protein Cox1 (left panel),
Nox4 (middle panel) and the merged image (right panel). G, Mouse podocytes

transfected with D1ER plasmid (left panel), Nox4 (middle panel) and the merged image
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(right panel). B, D, F and H represent relative fluorescence intensity plots along the line in

the merged images in figure A, C, E and G, respectively.
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Fig. 19. Nox4 was identified in mitochondrial fraction of mouse podocytes and its
expression was increased by TGF-B1 treatment.

Mitochondria were isolated from differentiated podocytes using a commercial kit. A,
Western blots showing expression of Nox4 protein level in mitochondrial and cytosolic
fraction. Antibody against Complex | and B-actin were used to check purity of
mitochondrial and cytosolic fraction, respectively. B, Western blots showing the increase

of mitochondrial Nox4 protein level by TGF-B1 (5 ng/ml) stimulation.
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4.7. TGF-B1-induced oxidative stress and apoptosis were Nox4

dependent

To confirm the role of Nox4 in TGF-B1-induced apoptosis, effects of Nox inhibitor DPI
and siRNA for Nox4 were examined. Pre-incubation of DPI for 1 hr successfully
attenuated TGF-B1-mediated cytosolic ROS increase (87.3% inhibition of A increase, N=3,
Fig. 20A). Total Nox activity was measured from mitochondrial fraction of podocytes and
DPI markedly reduced the basal Nox activities (86.5 + 7.6% inhibition, N=3, Fig. 20B).
Moreover, increased mitochondrial Nox activities mediated by TGF-$1 were completely
abolished by DPI pretreatment (N=3, Fig. 20B). Mitochondrial ROS production is known
to depolarize the mitochondrial membrane potential which may further deteriorate
mitochondrial function and induce apoptosis®. DPI rescued the TGF-B1-induced loss of
AW, (75.0% recovery, N=5, p<0.01) (Fig. 20C). As a consequence, pre-treatment with
DPI blocked the activation of caspase-3 by TGF-B1 (7.73 = 1.42 fold by TGF-B1 only,
2.32 + 0.66 fold by TGF-B1 with DPI, N=3, p<0.01, Fig. 20D-E). Apocynin, another Nox
inhibitor, did not protect podocytes from TGF-1 induced caspase-3 activation (Fig. 20F).
To identify the specific action of Nox4, siRNA for Nox4 was transfected into podocytes.
The mRNA level of Nox4 in siNox4-treated cells was reduced by 73.5 + 8.9% compared
to control siRNA (Fig. 21A). Knockdown of Nox4 protein level by siNox4 was also
confirmed by Western blotting (55.3 = 9.3% reduction, N=3) (Fig. 21B-C). Specific
knockdown of Nox4 in podocytes prevented TGF-B1-mediated ROS increase (84.0%
reduction of A increase, N=3, p<0.05, Fig. 22A), AW¥,, depolarization (54% recovery, N=4,
p<0.05, Fig. 22B), cleaved caspase-3 activation (Fig. 22C) and significantly decreased

TUNEL positive nuclei (68.93% reduction of A increase, N=3, p<0.05, Fig. 22D).
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Fig. 20. NADPH oxidase inhibitor abolished podocyte apoptosis by TGF-p1.

Role of Nox4 in TGF-B1 (5ng/ml)-induced apoptosis were checked by inhibiting Nox

activity using DPI (2.5 uM). A, Measurement of ROS generation using DCF. B,

Mitochondrial Nox activity measurement. C, Mitochondrial membrane potential using JC-

1. D, Western blots for cleaved caspase-3 in with and without TGFB1 and DPI.
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Densitometry analysis of figure D. F, Western blots for cleaved caspase-3 with and
without TGFB1 and apocynin (500 uM). All values are the mean + SEM and *, **, ***

denotes p<0.05, p<0.01, and p<0.001, respectively.
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Fig. 21. Nox4 was knocked-down by siRNA for Nox4 in mouse podocytes.

siRNA experiments were carried out with differentiated podocytes grown on 35 mm 6-well
dishes. A, Real-time PCR data showing knockdown of Nox4 mRNA expression by siRNA
Nox4 (siNox4). B, Western blots demonstrating reduction in Nox4 protein level by siNox4.
C, Densitometry analysis of Nox4 protein level after siNox4 treatment. All values are the

mean + SEM.
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Fig. 22: Nox4 specific siRNA inhibited podocyte apoptosis by TGF-B1.

Effects of Nox4 silencing were checked for TGF-B1 (5 ng/ml)-induced apoptosis in mouse
podocytes. A-D, Measurement of ROS generation, mitochondrial membrane potential,
caspase-3 activation and apoptosis by TUNEL assay, respectively. All values are the

mean + SEM and *, **, *** denotes p<0.05, p<0.01, and p<0.001, respectively.
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4.8. TGF-B receptor I-Smad2/3 signaling cascades mediated TGF-B1-

induced apoptosis via Nox4 upregulation

Upon binding of ligands to TGF-(3 receptor Il, TGF-( receptor | is phosphorylated. TGF-
B1-mediated Nox4 upregulation was completely blocked by SB431542, a potent TGF-f3
receptor | inhibitor (4.86 + 0.65 fold increase by TGF-1 only, 1.01 £+ 0.06 fold by TGF-31
with SB431542, N=4, p<0.001, Fig. 23A). Treatment with SB431542 also abrogated TGF-
B1-stimulated ROS generation (N=5, Fig. 23B), and prevented mitochondrial membrane
depolarization (N=5, Fig. 23C) and caspase-3 activation in the presence of TGF- 31 (Fig.
23D).

TGF-B1 is known to activate both Smad-dependent and Smad-independent apoptotic

pathways in podocytes™

. Both Smad2 and Smad3 phosphorylation were detected within
10 min (0.17 hr) after TGF-B1 stimulation, which reached a peak at 30 min (0.5 hr) and
gradually decreased over time (Fig. 24A). To figure out the involvement of Smads in
regulating the expression of Nox4, Smad2 and Smad3 were separately knocked down
using specific siRNA, and the transcriptional levels of Smad2 and Smad3 were
successfully reduced by 73.34 £+ 1.2% and 77.0 + 4.58%, respectively (Fig. 25A-B).
Knockdowns of Smad2 and Smad3 were also evaluated at the protein level, which
showed 57.49 + 2.72% and 63.63 + 12.54% reduction, respectively (Fig. 25C-D). TGF-
B1-induced Nox4 upregulation was clearly prevented by siRNA for either Smad2 or
Smad3 (Fig. 25E). Knockdown of Smad2 and Smad3 showed >100% (N=3) and 72.4%
(N=4) reduction of ROS increase (Fig. 26A), and 76.2% (N=3) and 74.2% (N=3) recovery
of mitochondrial membrane potential loss induced by TGF-B1, respectively (Fig. 26B).

Both siSmad2 and siSmad3 independently reduced TGF-B1-induced podocyte apoptosis

demonstrated by caspase-3 activation (7.35 + 2.89 fold by control siRNA with TGF-31;
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2.12 + 1.23 fold by siSmad3 with TGF-B1, N=3) (Fig. 26C) and TUNEL positive nucleus
(66.53% and 72.74% reduction of A increase by siSmad2 and siSmad3, respectively, N=3,

Fig. 26D).
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Fig. 23. TGF-B receptor | blocker inhibited TGF-B1-induced podocyte apoptosis.

Pretreatment with SB431542 (10 uM) completely abrogated TGF-B1 (5 ng/ml)-induced
apoptotic changes in podocytes. A-D, Measurement of Nox4 mMRNA level, ROS
generation, mitochondrial membrane potential and caspase-3 activation, respectively.

Data are presented as mean + SEM ** and *** denotes p<0.01 and p<0.001, respectively.
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TGF-p1 (5 ng/ml)

Fig. 24. TGF-B1 phosphorylated both Smad2 and Smad3 in mouse podocytes.
Podocytes were treated with 5 ng/ml of TGF-1 at different time points. Western blots

showing phosphorylation of Smad2 and Smad3 by TGF-31 at different time points.
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Fig. 25. Smad2/3-dependent signaling contributed to TGF-B1-induced Nox4
upregulation in mouse podocytes.

Roles of Smad2 and Smad3 in TGF-B1 (5 ng/ml)-stimulated Nox4 upregulation were
investigated using Smad2 siRNA (siSmad2) and Smad3 siRNA (siSmad3). A-B, Real-
time PCR data showing knock-down of Smad2 and Smad3 mRNA in podocytes. C-D,
Densitometry analysis of Western blots showing siRNA mediated knock-down of Smad2
and Smad3 proteins in podocytes. E, Western blots showing the effect of siSmad2 and
siSmad3 on Nox4 protein expression. All data are presented as mean + SEM ** ***

denotes p<0.01 and p<0.001, respectively.
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Fig. 26. Smad-dependent signaling contributed to TGF-f1-induced podocyte
apoptosis.

Effects of Smad2/3 silencing were tested for ROS generation, mitochondrial membrane
potential, caspase-3 activation and TUNEL staining for podocyte apoptosis in control and

TGF-B1 (5 ng/ml) treated groups. A. Bar graph representing inhibition of ROS generation
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by TGF-B1 in siSmad2 and siSmad3-treated podocytes. B, Measurement of mitochondrial
membrane potential using JC-1 in TGF-B1-stimulated cells after siSmad2 and siSmad3
treatment. C, Western blots for cleaved caspase-3 from podocytes transfected with
siSmad2 and siSmad3 in the absence or presence of TGF-f1. D, Summary of TUNEL
assay with siSmad2 and siSmad3 in absence or presence of TGF-B1. All values are the

mean + SEM and *, **, *** denotes p<0.05, p<0.01, and p<0.001, respectively.
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4.9. mTOR activation by TGF-B1 elevated Nox activity and podocyte
apoptosis

Though mTOR plays an important role in maintenance of podocyte homeostasis,
recent studies indicated that increased mTOR activity is associated with podocyte injury

in diabetic nephropathyas' a3

. Western blotting showed that time dependent treatment of
TGF-B1 increased phosphorylation of mMTOR and its downstream target p70S6K (Fig.
27A). Densitometry analysis revealed that mTOR was phosphorylated very early and
reached maximum after 1 hr (1.87 fold increase), while the peak of p70S6K was detected
after 6 hr of TGF-B1 treatment (1.82 fold increase) (Fig. 27B). Inhibition of mMTOR activity
by rapamycin alleviated TGF-B1-induced ROS generation by 91.37% (N=2) and total Nox
activity (reduction of 69.6%, N=2) (Fig 28A and B, respectively). Rapamycin treatment
also partially recovered loss of AW, by TGF-B1 (57.88% recovery, N=4, p<0.01, Fig 28C).
Activation of caspase-3 was also inhibited by mTOR inhibition (Fig. 28D). Interestingly,

Nox4 mRNA upregulation by TGF-B1 was not altered by rapamycin treatment (A increase

4.75 fold by TGF-B1 and 4.45 fold by rapamycin+TGF-1, Fig. 30A).
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Fig. 27. TGF-B1 activated mTOR signaling in mouse podocytes.

Podocytes were differentiated on 6-well dishes and starved with 0.25% serum for 24 hr

before TGF-B1 (5 ng/ml) treatment. Proteins were isolated at different time-points to

check mTOR activation.

its downstream target p70S6K. B, Densitometry analysis of figure A. Y-axis denotes fold
change of phosphorylation level of mTOR and p70S6K by TGF-f1 compared to control,

and the values were normalized against total mMTOR and total p70S6K, respectively.

A, Western blots showing phosphorylation status of mTOR and
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Fig. 28. Inhibition of mMTOR pathway by rapamycin protected podocytes from TGF-
Bl-induced oxidative stress.

Effects of rapamycin (50 nM) were verified on podocytes of control and TGF-1 (5 ng/ml)-
treated groups. A, Histogram representing measurement of ROS using DCF in presence
and/or absence of rapamycin and TGF-B1. B, Effect of rapamycin was checked for total
Nox activity in cells with TGF-B1-stimulation. C, Measurement of mitochondrial
membrane potential in TGF-B1 and/or rapamycin-treated podocytes. D, Detection of
cleaved caspase-3 in podocytes treated with TGF-1 and/or rapamycin by Western blots.

All values are the mean £ SEM and **, *** denotes p<0.01 and p<0.001, respectively.
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4.10. TGF-B1-induced ERK1/2 phosphorylation regulated total Nox
activity and podocyte apoptosis

TGF-B1 treatment rapidly phosphorylated ERK1/2 MAPK in cultured podocytes.
ERKZ1/2 phosphorylation was easily detected at 5 min and reached maximum level at 30
min following decrease of phosphorylated ERK1/2 which reached to basal level at 24 hr
(Fig. 29A). To clarify the signaling role of ERK1/2 phosphorylation on Nox4 upregulation,
U0126 (a MEK1/2 inhibitor thereby inhibiting ERK1/2 activation) was tested on TGF-1-
triggered Nox4 upregulation. Application of U0126 reduced TGF-B1 induced Nox activity
(reduction of 86.57%, N=2, Fig. 29B), recovered loss of mitochondrial membrane
potential (54.13% recovery, N=3, p<0.05, Fig. 29C), and inhibited caspase-3 activation
(Fig. 29D). Similar to rapamycin, ERK1/2 inhibition with different doses of U0126 (5 pM
and 10 puM), did not change the expression of Nox4 mRNA level increased by TGF-31

(Fig. 30B).
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Fig. 29. Inhibition of ERK1/2 activation protected podocytes from TGF-B1-induced
oxidative stress.

Podocytes were treated with TGF-B1 for different time-points and proteins were isolated.
A, Western blots representing activation of ERK1/2 signaling by TGF-f1 in podocytes. B,
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Pretreatment with U0126 (5 uM) reduced TGF-B1-induced total Nox activity. C-D, U0126
treatment recovered loss of mitochondrial membrane potential and protected cells from
apoptosis by reducing activation of cleaved caspase-3. All values are the mean + SEM

and *, ** denotes p<0.05 and p<0.01, respectively.
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Fig. 30. Inhibition of mTOR or ERK1/2 did not suppress TGF-B1-induced Nox4
MRNA upregulation.

Total RNA was isolated from podocytes treated with TGF-B1 (5 ng/ml) for 24hr along with
rapamycin (50 nM) or ERK1/2 inhibitor (5 pM). A, Real-time PCR showing the effect of
rapamycin on Nox4 mRNA expression in the presence of TGF-1. B, Real-time PCR

showing the effect of U0126 on Nox4 mRNA expression after TGF-B1 treatment.
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4.11. TGF-Bl-simulated mTOR signaling was regulated by ERK1/2

MAPK in podocytes

ERK1/2 and mTOR inhibitors completely abrogated TGF-B1-induced total Nox activity
in podocytes. So experiments were considered to find out relationship between them. For
that purpose, an ERK1/2 inhibitor was used to check the phosphorylation level of mTOR
and its immediate downstream molecule p70S6K in presence of TGF-B1. Podocytes were
treated with 2.5 uM of U0126 1 hr before TGF-B1 addition and total protein was isolated
after 6 hr. Phosphorylation levels of both mTOR and p70S6K were markedly increased
after 6 hr of TGF-B1 treatment and was completely inhibited by pretreatment with U0126

(Fig. 31A).
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Fig. 31. ERK inhibitor blocked TGF-B1-induced mTOR signaling in podocytes.

Cells were pre-treated with ERK inhibitor (U0126) (5 uM) for 1 hr before TGF-B1 (5 ng/ml)
treatment. Protein was isolated 6 hr after TGF-B1 addition. Western blots showing result
of p-mTOR, total-mTOR, p-p70S6K and total-p70S6K in presence or absence of TGF-$1

and U0126.
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4.12. Activation of Smad7 did not participate in TGF-Bl-induced Nox4
upregulation

In podocytes, Smad7 has been demonstrated to act as a pro-apoptotic factor and its
expression is increased by TGF-B1 in podocytes®. Transcriptional level of Smad7 was
measured by quantitative PCR, which was peaked (8 fold increase) at 1 hr after TGF-f1
treatment (Fig. 32A). To identify the role of Smad7 on TGF-B1-induced Nox4 upregulation,
we applied siRNA for Smad7 which successfully knocked down the mRNA level of Smad7
(0.25 £ 0.08, N=3, Fig. 32B). However, TGF-B1-induced Nox4 upregulation (6.68 + 0.73
fold, N=3) was not attenuated but, in fact, was increased by siSmad7 (10.45 + 2.79 fold,
N=2, Fig. 32C). Knockdown with siSmad7 did not prevent the mitochondrial
depolarization elicited by TGF-B1 (N=3, Fig. 32D) and caspase-3 activation (Fig. 32E),
though a small reduction of TUNEL positive nuclei were observed (4.26% by TGF-f1 in

siControl group and 3.58% by TGF-1 in siSmad7-treated group, N=2, Fig. 32F).
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Fig. 32. Nox4 mRNA upregulation upon TGF-B1-stimulation was independent of

Smad7 expression in podocytes.
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Effects of Smad7 silencing (using siSmad7) were checked for TGF-B1 (5 ng/ml)-induced
Nox4 upregulation and podocyte apoptosis. A, Real-time PCR analysis of Smad7 mRNA
level after TGF-B1 treatment in podocytes. B, mRNA expression analysis of Smad7
MRNA level by using real-time PCR after siRNA-mediated knockdown of Smad7. C, TGF-
B1-induced upregulation of Nox4 was compared in control siRNA and siSmad7 treated
cells. D, Measurement of mitochondrial membrane potential using JC-1 in siControl and
siSmad7-treated groups in the presence or absence of TGF-B1. E, Western blots showing
activation of caspase-3 in siControl and siSmad7 treated groups in presence and/or
absence of TGF-B1. F, Assessment of podocyte apoptosis by TUNEL assay in siControl
and siSmad7 treated groups in presence and/or absence of TGF-B1. All values are the

mean + SEM.
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4.13. p38 MAPK signaling did not interfere with TGF-B1-induced Nox4
upregulation

As a Smad-independent pathway, activation of p38 MAPK has been known to mediate
TGF-B-induced apoptosis in podocytes®. Phosphorylation of p38 MAPK became evident
at 30 min after TGF-B1 application and started decreasing after 6 hr, though it was
detected till 24 hr after treatment (Fig. 33A). To check the effect of p38 MAPK activation
on Nox4 mRNA upregulation, a selective inhibitor for p38 MAPK was employed. Though
SB202190 partially reduced caspase-3 activation (Fig. 33B) and apoptosis detected by
TUNEL staining (3.77% with TGF-B1 and 3.34% with SB202190+TGF-B1 treatment, Fig.
33C), it had no effect on Nox4 mRNA upregulation (6.86 fold by TGF-B1 and 11.39 fold
with SB202190+TGF-B1, Fig. 33D) and mitochondrial depolarization induced by TGF-B1
(Fig. 33E). SB202190 also did not alleviate cytosolic ROS production by TGF-B1 (data
not shown), which is consistent with it being a result of Nox4 upregulation. In a cross
examination, effect of ROS inhibition was checked for p38 MAPK activation, but TGF-B1-

induced p38 MAPK phosphorylation was not blocked by the Nox inhibitor DPI (Fig. 33F).
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Fig. 33. p38 MAPK activation was not involved in TGF-B1-induced Nox4 mRNA

upregulation.
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Podocytes were differentiated for 14 days in non-permissive condition before serum
starvation (0.25% FBS) for 24 hr and TGF-B1 treatment. A, Western blot showing
phosphorylation of p38 MAPK after TGF-B1 treatment at different time points. B, Western
blots showing partial inhibition of caspase-3 activation by p38 MAPK inhibitor (SB202190)
(2.5 uM) in podocytes treated with TGF-B1. C, Detection of podocyte apoptosis by
TUNEL assay under TGF-B1 and SB202190 treatment. D, Real-time PCR showing Nox4
MRNA expression by TGF-f1 and/or SB202190 treatment. E, Measurement of
mitochondrial membrane potential after TGF-B1 application in presence or absence of
SB202190. F, Western blots representing effect of DPI on p38 MAPK phosphorylation. All

values are the mean + SEM.
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V. DISCUSSION

One of the primary reasons for progressive chronic kidney diseases is loss of
glomerular podocytes characterized by increased proteinuria followed by renal
dysfunction. Ongoing studies also reflect that epithelial micro-injuries result in unbalanced
epithelial to mesenchymal transition that initiates fibrotic changes in podocytesg. High
glucose®® *°, TGF-1*" ® and ANG 1I”* ' are well known players of podocyte
pathogenesis. TGF-B constitutes a large family of cytokines that control key cellular
processes in development and tissue repair. In various kidney diseases, accumulation of
TGF-B is reported in human patients8 and is responsible for activation of numerous
signaling pathways leading to kidney injuries. Podocytes, accounted for early stage of
renal injuries, are affected by pathogenic activation of TGF-f signaling leading to
apoptosis, EMT, fibrosis, hypertrophy etc.

In the present study, novel molecular pathways have been demonstrated that involves
TGF-B-induced oxidative stress and podocyte apoptosis through the upregulation of
mitochondrial Nox4. It is proved that TGF-B receptor-Smad2/3 pathway mediates the
transcriptional regulation of Nox4 by TGF-B1, which is not affected by Smad-independent
p38 MAPK activation. Though Nox4 mRNA upregulation is exclusively dependent on
Smad2/3 activation, simultaneous activation of ERK1/2 and mTOR participates in TGF-
B1l-stimulated total Nox activity and caspase-3 activation. These results are also quite
different from previous reports in podocytes that argued for a Smad-dependent apoptotic
pathway that is caspase-independent and primarily mediated by Smad7*" ™.

Mouse podocyte cell line (MPC-5) was thoroughly characterized before starting of

experiments as described elsewhere””. When cells were thermoshifted to 37°C,
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phenotypical changes and growth restriction were very clear and these changes are
characteristics of proper podocyte differentiation. During this period, cytoplasmic to
nuclear ratio of cells increased substantially and cobblestone morphology of podocytes
(33°C) changed into arborized cell bearing highly branched processes (37°C) (Fig. 3). In
molecular level, expression of differentiation marker synaptopodin expression was
evident (Fig. 4). Podocyte marker protein, nephrin is very crucial for podocyte functions™2.
Several articles report the loss of nephrin expression during podocyte sub-culture’®. So
the expressions of nephrin (both in permissive and non-permissive conditions) and its
organization on the plasma membrane of differentiated podocytes was verified (Fig. 5).
Podocytes are actin-rich cells with bundles of actin fibers extend along the cell axis giving
the arborized morphology of podocytes. Characteristic organization of stress fibers and
formation of vimentin network were also observed in differentiated podocytes (Fig. 6-7,
respectively). With all these evidences, podocyte differentiation was confirmed and further
experiments were carried out. Expression of nephrin was routinely checked whenever
new stocks of cells were used.

In a strategy to identify pathogenic changes by TGF-f1 in mouse podocytes,
expression of genes, already known to associate with podocyte disorders and some of
other genes whose pathogenic effects are still unknown in podocytes, were analyzed by
real-time PCR. Though the increased expression of EMT related genes in podocytes
(MMP-9, MMP-2, Fibronectin, a-SMA, and collagen, Fig. 8) is mediated by TGF-B1'*, the
precise mechanisms of their regulation are still unclear. Moreover, these changes are
already known indicators of pathogenic changes by TGF-f1 and, thus, significant
alteration of other genes may be considered to be associated with podocyte disorders

under the similar conditions. Expression of inflammatory gene cyclooxygenase-2 (Cox2)
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is associated with podocyte damage and diabetic nephropathy'®

and experiment
showed that TGF-B1 treatment highly alters Cox2 mRNA expression in cultured
podocytes (Fig. 9B). Caveolins are important molecules of signal transduction and
caveolae-mediated endocytosis. Physiological meaning of Caveolin-1 suppression by
TGF-B1 (Fig. 9C) needs to be resolved in future, though diet-induced obesity and type Il
diabetes has been described in caveolin-1 deficient mice elsewhere®. Integrins a3p1
are the major integrin in podocytes involved not only for podocyte attachment to GBM,
but also for the signal transduction in—and-out of podocytes®. TGF-B1 does not
significantly alter integrins expressions in these experiments (Fig. 10A-B). Expression of
another anchoring protein dystroglycan is reduced by TGF-B1 (Fig. 10C). Role of
dystroglycan in podocytopathy is contradictory. Loss of dystroglycan has been reported in
minimal change disease but not in FSGS®. But a study with podocyte specific
dystroglycan null” mice does not signify its contribution to kidney development or function
in healthy or injured mice®. It is anticipated that loss of anchoring protein may lead to
podocyte detachment but the physiological significance of dystroglycan reduction by
TGF-B1 remains elusive. Expression of TGF-1, its receptors, and downstream target
molecules were also measured after TGF-B1 treatment. TGF-B-receptor-I is divided into
Alk-1 (downstream molecule; id-1) and Alk-5 (downstream molecule; PAI-1). Transient
expression of id1 indicates immediate activation of Alk-1 mediated Smad1/5/8 activation
which may be inactivated early, whereas Alk-5-Smad?2/3-PAlI-1 signaling axis sustained till
48 hr indicating prolonged effect of TGF-B1 mediated Smad?2/3 signaling podocytes (Fig.
11D-E). Recent studies show that Alk-1 is associated with diabetic nephropathy3.
Expression of Alk-1 was markedly changed by TGF-p1 (Fig. 11B), but this significance is

unknown in podocyte pathophysiology. Expression of TGF-BRIl was significantly
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reduced (Fig. 11A) implicating probable role in signal termination. TGF- mRNA level was
slightly increased (Fig. 11F) which may further lead to autocrine and/or paracrine signal
activation and, thereby, augment renal pathogenesis. Interestingly, TGF-B1-induced
transcriptional alteration of all the genes was significantly inhibited by Alk-5 inhibitor
SB431542 (Fig. 11). This indicates the importance of Smad2/3 signaling in regulation of
gene expression by TGF-B1 in mouse podocytes in pathological context.

In gene expression experiments, highly elevated expression of ROS producing enzyme
Nox4 was detected (Fig. 9A) and production of ROS was also detected in one of the
preliminary experiments (data not shown). Nox4 is previously shown to be involved in

214 These co-incidents led to find role of Nox4 in

apoptosis of myocytes and hepatocytes
TGF-B1 mediated podocyte apoptosis. TGF-1 treatment increased caspase-3 activation
(Fig. 13A), DAPI-stained condensed and apoptotic nuclei (Fig. 12) and TUNEL positive
nuclei (Fig. 13B-D) confirming role of TGF-B1 in podocyte cell death. In an effort to screen
possible ROS generating enzymes, mRNA levels of CYP4A, Nox1, Nox2, Nox4 and
p22phox were determined by real-time PCR (Fig. 16A). These enzymes were previously
shown to increase ROS levels in podocytes under various conditions related to diabetes®.
Of note, Nox1 mRNA expression was not detected in our culture condition. CYP4A, one
of the family members of cytochrome 450, produces 20-hydroxyeicosatetraenoic acids
(20-HETE) through arachidonic acid metabolism. Eid et al. has shown that high glucose
increases 20-HETE production which subsequently upregulates Nox1 and Nox4
expression and triggers ROS-induced podocyte apoptosiszg. Activation of mTOR also
increases Nox4 activity3l, whereas activation of AMP-activated protein kinase (AMPK)

negatively regulates Nox4 in hyperglycemia®. We showed that only Nox4 expression is

elevated by TGF-1 treatment in podocytes, whereas CYP4A, Nox2 and p22phox are
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strongly down-regulated under the same condition. However, increased Nox4 expression
seems not to be a mere compensatory mechanism following downregulation of other
counterparts because TGF-B1 increased total Nox activity (Fig. 17C). In addition, ROS
induced podocyte apoptosis was further strengthened as antioxidant NAC reversed all
the changes of apoptotic features induced by TGF-B1 (Fig. 14 and Fig.15).

123 mitochondria® °,

Several lines of evidences suggest that Nox4 is expressed in the ER
and the plasma membrane®’, which might be cell-type dependent. Karen et al. observed
the presence of Nox4 in the mitochondria of mesangial cells and podocytes®. To our
knowledge, the role of mitochondrial Nox4 in podocytes has not been examined in detail.
Our co-localization analysis which used mitoCFP adenovirus targeted to mitochondria
and the endogenous mitochondrial marker protein, Cox1, of mitochondrial electron
transport chain complex IV, showed that Nox4 is localized to mitochondria. In addition,
majority of Nox4 protein was detected in mitochondrial fraction (Fig. 19A) supporting the
notion that Nox4 is localized to mitochondria. Mitochondrial Nox4 in podocyte is fully
functional as TGF-B1 treatment increased a substantial degree of Nox activity in
mitochondrial fraction which was almost completely suppressed by a Nox inhibitor (Fig.
20B). It has been known that mitochondrial ROS precipitates in collapse of mitochondrial
trans-membrane potential preceding cytochrome c release and caspase activation®® ®.
ROS produced by mitochondrial Nox4 has been already shown to induce mitochondrial
dysfunction and apoptosis in cardiac myocytesz.

To clarify the role of mitochondrial Nox4 in TGF-Bl-induced podocyte apoptosis, we
used the Nox inhibitor DPl and Nox4 siRNA. The flavoprotein inhibitor, DPI, causes

inhibition by reversing TGF-B1-stimulated ROS production, mitochondrial Nox activity,

loss of mitochondrial membrane potential, and caspase-3 activation (Fig. 20A-E).
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Interestingly, apocynin does not prevent cleavage of caspase-3 by TGF-B1 (Fig. 20F).
This might be due to the different mode of action of DPI and apocynin. DPI prevents flow
of electrons by extracting electrons from flavin adenine dinucleotide (FAD) at its carboxy-
terminal tail, while apocynin prevents the assembly of p47phox with membrane bound
component526. Though contrasting evidence exists™, this observation indicates that
mitochondrial Nox4 does not require cytosolic subunit p47phox for its activity in
podocytes upon TGF-B1 treatment. The subunit requirement for Nox4 activity is
controversial in renal cells®. p22phox is the membrane bound subunit of Nox4 and has
been demonstrated to be upregulated in the renal cortex of db/db mice® and high

glucose-treated mesangial cells™®®

. Poldip2 is another regulatory cytosolic subunit for
Nox4 and regulates its activity in vascular smooth muscle cells®. Interestingly, mRNA
levels of none of those Nox4 subunits were upregulated in TGF-B1 treated podocytes,
which suggests that increase in Nox4 protein is sufficient for ROS-mediated podocyte
apoptosis. Similar to the effects of DPI, knock-down of Nox4 using siRNA protected
podocytes from TGF-B1-mediated ROS generation, loss of AW,,, activation of caspase-3
and apoptosis detected by TUNEL assay (Fig. 22). Thus, pharmacologic and genetic
inhibition clearly demonstrates the importance of Nox4 upregulation in podocyte
apoptosis upon TGF-31 stimulation.

Even though DPI markedly reduces Nox-induced superoxide production in the
mitochondrial fraction (Fig. 20B), but it does only small reduction of DCF intensity in
control cells (Figure 20A). Similar effect of DPI has been reported by Parinandi et al.
showing that DPI completely inhibited Nox activity in human lung endothelial cells, while

intracellular ROS level measured by DCF-DA was not significantly altered under same

condition®’. It is conceivable that the necessity of maintaining basal ROS level is
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indispensible for cell survival which may be compensated by other ROS producing
systems in the absence of Nox-derived ROS. Needless to say, apart from NADPH
oxidases, other ROS-generating enzymes exist in the cells including xanthine oxidase,
proteins of mitochondrial electron transport chain (ETC), cyclooxygenase, and
cytochrome P450. Our observation shows that inhibiting Nox activity by DPI in the
absence of TGF-B1 has very minimal effect on mitochondrial membrane potential (Fig.
20C). This is consistent to the finding that total ROS level was not greatly affected by
eliminating basal Nox activities.

A previous report showed that TGF-B1 induces mitochondrial dysfunction in podocytes
by reducing citrate synthase activity and mitochondrial complex IV and V activity, and

increases total nicotinamide adenine dinucleotide (NADH) content'®

. Simultaneously
they observed that Nox4 in the mitochondrial fraction can utilize NADH more efficiently
than NADPH to produce superoxide®. Here, it is also speculated that elevated NADH by
TGF-B1 treatment would be a better substrate for superoxide production by Nox4 in
mitochondria. Oxidative stress in mitochondria can trigger leakage of electrons from
mitochondria and accelerate further oxidative stress causing “ROS induced ROS release”.
This vicious cycle, therefore, may promote mitochondrial depolarization, oxidation
modification of mitochondrial permeability transition pore (MPTP)components, release of
cytochrome c, activation of caspase-3, and apoptosis*" ***.

Multifunctional cytokine TGF- acts through its binding with membrane bound TGF-3
receptor. Upon ligand stimulation, TGF- receptor type | (TGF-BRI) and type Il (TGF-BRII)
form heteromeric complexes and phosphorylate Smads through the canonical pathwaym'
122

. Phosphorylated Smad2 and Smad3 bind to Smad4 and this complex translocates

from cytosol to nucleus to act as a transcription factor. In addition to the Smad-dependent
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pathway, TGF-B activates TGF-B-activated kinase 1 (TAK1), phosphorylation of which
activates p38 MAP kinase, ERK1/2, and c-Jun N-terminal kinase (JNK) by the Smad-
independent pathwaysz. Interestingly, a TGF-BRI kinase inhibitor, SB431542, does not
block Smad-independent TAK1 activation, but completely abrogates Smad2/3
phosphorylationsz. In our study, SB431542 completely reverses TGF-B1-induced changes
(Fig. 23) further emphasizing the importance of the Smad during TGF-Bl-induced
apoptosis. It is noteworthy that the Smad2/3 double knock-out podocytes are resistant to
TGF-B1 induced cell death'®. However, the molecular mechanism seems unclear as

Smad3™" podocyte clones show reduced p38 MAPK activation'?

even though p38
MAPK-induced apoptosis is Smad-independent94.

Previous studies show that the Smad3-Nox4 axis is involved in renal myofibroblast
activation’, epithelial to mesenchymal transition, and migration of breast epithelial cells™.
On the other hand, Smad2 phosphorylation is responsible for Nox4 mediated epithelial
cell death during development of lung fibrosis™. Moreover, evidence shows that both
Smad?2 and Smad3 can also regulate the expression of a single gene, for example STAT5
in mammary epithelial cells®. In this study using siRNAs for Smad2 and Smad3, we
clearly demonstrate that Smad2 and Smad3 are responsible for TGF-B1-induced Nox4
expression (Fig 25E), ROS generation, mitochondrial membrane depolarization, cleavage
of caspase-3, and reduction of TUNEL positive nuclei (Fig. 26). Thus, contrary to previous

94, 95

findings , this mode of apoptosis by Smads follows a caspase-dependent mechanism
that is activated by Nox4-induced oxidative stress. Moreover, Irene et al. have shown that
the rat Nox4 promoter region contains putative Smad binding elements™ implying direct

regulation of Nox4 transcription by Smad2 and Smad3. We have also observed down-

regulation of Nox4 transcripts in siSmad3-treated cells in the presence of TGF-1 (data
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not shown).

Activation of mMTOR plays important role in protein synthesis and its roles in podocytes
are not clearly understood. Studies by Davide et al. showed that inhibition of mTOR
disrupts autophagic flux in cultured podocytes and induces proteinuria in patientszo.
Genetic ablation of mMTOR complex 1 in podocytes induced proteinuria and progressive
glomerulosclerosis®. In contrasts, mTOR activity is enhanced in human diabetic subjects
and genetic reduction of mMTORC1 copy number or knock-out of upstream regulator

3.4 1t was

tuberous sclerosis proteins 1 (Tscl) protected mice from glomerular injuries
also reported that high glucose stimulated Nox4 upregulation and podocyte depletion are
mediated by mTOR® and a recent article showed that TGF-B1 increases ROS partially by
mTOR activation which is independent of Nox4 upregulation in podocytesl. In this study,
mMTOR inhibitor rapamycin significantly blocked TGF-B-induced ROS generation, total
Nox activity, loss of AW,,, and caspase-3 activation (Fig. 28A-D), suggesting a clear role
of mTOR activation in oxidative stress-induced podocyte apoptosis. Yu et al. showed that
the Smad3-ERK1/2-NF-kB axis mediates TGF-B-induced podocyte apoptosis through

membrane translocation of TRPC6°

. They clearly demonstrate sequential activation of
ERK1/2 after Smad3 activation, which could possibly involve ERK1/2-mediated Rel/p65
translocation to the nucleus. However, this process of ERK1/2 activation by Smad3 is not
well understood due to the lack of inhibitory studies on Smad3. In contrast, TGF-f1
stimulates rapid ERK1/2 phosphorylation in a Smad-independent manner in mouse
podocytes%' 2 In this study, inhibition of ERK1/2 did not affect TGF-B1-stimulated Nox4
MRNA upregulation (Fig. 30B). Similar to mTOR, ERK1/2 inhibition completely inhibited

Nox activity, loss of AW,,, and caspase-3 activation (Fig. 29B-D). These results raise the

possibilities that transcriptional regulation of Nox4 is under the control of transcription
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factors Smad2/3; on the other hand ERK1/2, and mTOR activation by TGF-f1 regulates
Nox activity either by augmentation of protein synthesis or by the modification Nox4
protein. Thus, regulation of Nox4 activity by ERK1/2 MAPK needs further investigation.
Ma et al. has shown that ERK1/2 may enhance mTOR activity by dissociation of Tscl-
Tsc2 complex which is a negative regulator of mTOR®, suggesting that ERK1/2 activation
is an upstream of mTOR activation and, therefore, may regulate Nox activity through
ERK1/2-mTOR signaling cascade in podocytes. In fact, inhibition of ERK1/2 by U0126
completely blocked mTOR and p70S6K phosphorylation (Fig. 31) implying that ERK1/2 is
an upstream regulator of TGF-B1-induced mTOR activation in podocytes. Moreover,
Carriere et al. has shown that ERK1/2 can phosphorylate Raptor which positively
regulates mTORC1 activityle. Thus, more studies are needed to find out the molecular
mechanisms of mTOR activation by ERK1/2 MAPK in podocytes.

Smad7 is one of the inhibitory Smads that negatively regulates Smad2 and Smad3
signaling in podocytes. It has also been shown to be upregulated in different glomerular
diseases® and recognized as a pro-apoptotic factor induced by TGF-B1%*. On the other
hand, Smad6 expression is not enhanced by TGF-f stimulation in podocytes95 and is not
involved in negative regulation of Smad signaling in podocytes. These observations led
us to investigate possible crosstalk between Smad7 and Nox4 and determine if there is a
functional link between these signaling molecules in regulating apoptotic signaling. Time
kinetic mMRNA analysis reveals that TGF-f1 stimulates Smad7 mRNA expression earlier
than that of Nox4. Therefore, it is possible that Smad7 could positively or negatively
control the transcription of Nox4. We expected either one of these two outcomes from
siRNA-mediated Smad7 knock-down experiments. Firstly, if Nox4 is downstream target of

Smad?7, knock-down of Smad7 would reduce expression and functional activity of Nox4.
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Secondly, if Nox4 is regulated by Smad2/Smad3, knock-down of Smad7 might increase
expression and activity of Nox4. As expected according to second hypothesis that Nox4
transcription is under the control of Smad2 and Smad3, knockdown of Smad7 unmasked
Nox4 upregulation with TGF-B1 stimulation (Fig. 32C). siSmad7 also did not protected
podocytes from oxidative stress-induced loss of A¥,, and caspase-3 activation (Fig. 32D
and 31E), though small reduction of apoptosis was observed (Fig. 32F). This observation
suggests that the apoptotic pathway mediated by TGF-B-Smad2/3-Nox4 cascade is
independent of Smad7-induced apoptotic pathway.

1321t was

Among various non-canonical pathways, TGF-B1 also triggers p38 MAPK
previously reported that TGF-B1 phosphorylates p38 MAPK, which, in turn, increases
expression of proapoptotic Bax protein in podocyte594. Bax translocation to mitochondria
releases cytochrome c, which activates cleaved caspase-3 resulting in apoptosis. In our
observation, TGF-B1 activates p38 MAPK as early as 30 min and activation is sustained

12, 45, 98
, we

for 24 hr. Because p38 MAPK activation could be caused by oxidative stress
investigated the possibility of p38 MAPK activation by Nox4-induced ROS. Our results
show that the Nox inhibitor, DPI, has no inhibitory effect on p38 MAPK phosphorylation
(Fig. 33F). p38 MAPK is also a multifunctional protein kinase which regulates gene
expression. In podocytes, the time kinetics of p38 MAPK activation by TGF-B1 reveals
that its phosphorylation occurs earlier than upregulation of Nox4 mRNA under the same
stimulus. The possibility of Nox4 up-regulation by p38 MAPK was checked and found that
p38 MAPK inhibition does not block TGF-B1-induced Nox4 upregulation (Fig. 33C),
mitochondrial membrane potential depolarization (Fig. 33E), and ROS generation (data

not shown), indicating that p38 MAPK has no impact on Nox4-mediated ROS production

in podocytes.
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Using diabetic mice model, Eid et al. demonstrated that podocytes undergo foot
process effacement, GBM thickening and proteinuria through Nox4-induced oxidative

29, 30

stress , While Susztak et al. examined that high glucose-induced podocyte apoptosis

is mediated by increased ROS'’

. Though the magnitude of apoptotic podocytes is not
very high in these cases, but the evidences reflect statistically significant increase of
apoptosis in diabetic animal models. In another studies with albumin/TGF-1 TG mice,
Schiffer et al. proved that TUNEL positive apoptotic podocyte increased in TGF-$1 TG
mice compared to wild type mice and 2 week old TG mice shows significantly higher rate
of apoptosis compared to 5 week old TG mice®. This observation indicates that age of
the experimental animals should be considered for examining podocyte apoptosis in
animal models. It is assumed that apoptotic podocytes might be lost with the age of
disease progression and excreted out with urine which may decrease the chance to
detect apoptosis in vivo. Because of limitation of our results using in vitro cultured
podocytes, further evidence from in vivo study is required to strongly suggest the
pathogenic mechanism in a diabetic glomerular injury.

Taken together, the present study demonstrates that the 'TGF-B receptor-Smad2/3-
Nox4 axis' is a pathophysiologic mechanism of TGF-B-induced podocyte apoptosis
independent of Smad7 and p38 MAPK activation (Fig. 34). In particular, ROS generation
through mitochondrial Nox4 might be a key inducer of mitochondrial dysfunction and
apoptosis. Because TGF-f3 levels in kidney tissue are elevated in diabetic nephropathy
and other chronic renal disease, it is of critical importance to find the possible targets of
therapeutic or preventive treatment within the apoptotic cascade triggered by TGF-B1.
The pathogenic consequence of Nox4-generating oxidative stress is not restricted to

podocyte depletion but is also significant in causing defective glomerular basement
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membrane, foot process abnormalities, and fibrotic sclerosis, all of which play a
significant role in the development and progression of chronic proteinuric glomerular

diseases.
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VI. CONCLUSION

TGF-B1 induces apoptosis and oxidative stress in mouse podocytes through elevation
of reactive oxygen species resulting from upregulation of Nox4. Nox4 is predominantly
localized to mitochondria in podocytes and responsible for mitochondrial dysfunction
through ROS generation in presence of TGF-B1. When podocytes are stimulated with
TGF-B1, TGF-BRI-Smad2/3 axis mediates upregulation of Nox4. In addition, activation of
ERK1/2 and mTOR also contribute to TGF-B1-induced oxidative stress and podocyte
apoptosis. Thus, intervention strategy for Nox4 could be a future therapeutic target to

prevent podocyte specific glomerular diseases.
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VIIl. ABSTRACT IN KOREAN

ObeA M SAZoIM TGF-pol ot wWal wal
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FEIAIZICH TGF-p1 F0i2 QIft #44ta M4 9l caspase EMste= EArStA|,
Nox XAl DPI, 22|l Nox4 ol CHEF siRNA Fx{xl|o| o|af UM =ZICE =t
TGF-p1 off 2QI$t ZE WX HES TGFp M 1 8 £+« AKX SB431542 of
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QIEt Nox4 3 Z7h, EMdMA MY DEZRC=Z|of 2= L caspase 437t
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Eo48t B TGF-p1 off olst &-aa dM & Nox M Z7t, DIEEE=E[0}



EtE=, 2|1 caspase M3 S AHE(=O, Ol TGF-pol olgh AZE
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A £l @ AFE SME, Transforming growth factor-p, MIZAFE, NADPH oxidase 4,
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