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Abstract

Chronic kidney disease (CKD) has been recognized as a leading public health problem
worldwide, and about 13% of the Japanese adult population is predicted to have CKD.
CKD can progress to end-stage chronic renal disease, which requires dialysis or kidney
transplants in life-threatening conditions. Renal fibrosis is the final common pathway for
nearly all forms of CKD, and the progression of tubular interstitial fibrosis coincides with
the degree of renal dysfunction. Therefore, the identification of effective therapeutic
targets for renal fibrosis has been required.

Because the proximal tubule is a major site for the reabsorption of water and solutes,
proximal tubular epithelial cells are constantly exposed to various levels of osmotic stress
that generates not only osmotic but also mechanical stresses in cells. Higher urine
osmolarity has been found to be associated with a higher risk of initiating dialysis, and
increased water intake lowers urine osmolality retards the progression of CKD. These
results suggest dysfunctions of tubular epithelial cells induced by hyperosmotic
conditions play an important role in the pathogenesis and the progression of tubular
interstitial fibrosis; however, the effects of hyperosmotic stress on tubular epithelial cells

remain unclear.
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The purpose of this dissertation is to propose new therapeutic targets for the treatment
of CKD by revealing the cellular responses to hyperosmotic conditions and the underlying
mechanisms from the perspective of cell biomechanics. The author examined the effects
of hyperosmotic stress on epithelial-mesenchymal transition (EMT) and autophagy of
proximal tubular epithelial cells, which have been identified as key events involved in the
progression and suppression of renal fibrosis. I also investigated the molecular
mechanisms of cellular hyperosmotic responses to identify key molecules that could lead
to new drug targets.

Firstly, the author observed the effects of hyperosmotic stress using mannitol and urea
as osmolytes on the morphology and cytoskeletal structure of cultured tubular epithelial
cells, which play a crucial role in determining the mechanical properties and behaviors of
cells. The hyperosmotic condition above a threshold concentration of mannitol, which is
believed to be between 100 and 200 mM in this study, causes an obvious decrease in cell
volume and actin cytoskeleton alterations, and induces a decrease or inhibition of cell
growth without altering cell viability in proximal tubular epithelial cells. On the other
hand, treatment with urea did not cause any significant changes in the cell volume and
the actin cytoskeleton. These results indicate hyperosmotic mannitol stress could cause
cell shrinkage concomitant with changes in the actin cytoskeleton.

Secondly, since calcium ion (Ca?") is an important intracellular signaling factor in the
process of converting mechanical forces into biochemical signals within a cell, I focused
on the effect of hyperosmotic stress on the dynamics of intracellular concentrations of
Ca®" in tubular epithelial cells. Hyperosmotic mannitol stress caused a transient Ca**
influx, and a similar phenomenon was observed with disruption of the actin cytoskeleton

using cytochalasin D. Furthermore, an antagonist of TRP vanilloid 4 (TRPV4) calcium

1l



channels, which act as a sensor of mechanical stimuli, significantly inhibited Ca®" influx
in response to hyperosmotic stress. Thus, hyperosmotic mannitol stress induces a transient
Ca?" influx, implying the involvement of TRPV4 channel activation.

A growing body of evidence suggests that renal tubular EMT plays an important role
in the progression of acute and chronic kidney damage. To investigate the mechanisms
involved in hyperosmolarity-induced EMT, the author examined the effects of
hyperosmotic stress on a-smooth muscle actin (a-SMA) expression and focal adhesions
(FA) dynamics, which connect the actin cytoskeleton and extracellular matrix and play
important roles in the mechanotransduction of cells. Hyperosmotic stress reduced the
expression of an epithelial cell marker, E-cadherin, and enhanced the expression of a
mesenchymal cell marker, a-SMA protein, indicating the initiation of EMT. I also
confirmed that the FA rearrangement in response to hyperosmotic stress is one of the
mechanisms responsible for the EMT of proximal tubular epithelial cells. Furthermore,
an antagonist of the TRPV4 channel was found to prevent the EMT induction. These
results suggest that TRPV4 channels, which are involved in the initial step of Ca?* influx,
could be potential therapeutic targets for controlling the progression of EMT.

Finally, the effects of hyperosmotic stress on autophagy, which regulates intracellular
homeostasis, were examined. Hyperosmotic stress elevated protein levels of the
autophagosome marker LC3-II in proximal tubular epithelial cells, indicating induction
of autophagy. The prevention of the reorganization of the actin cytoskeleton by
cytochalasin D impaired the increase in the LC3-II levels. However, inhibition of the
microtubule dynamics by nocodazole did not alter the expression of LC3-II. Thus, the
reorganization of the actin cytoskeleton plays a critical role in the induction of

hyperosmotic stress-induced autophagy. I also confirmed that nuclear translocation of
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transcription factor EB (TFEB), known as a master regulator of autophagy, contributes to
hyperosmotic stress-induced autophagy, and this phenomenon was regulated by the
activation of transient receptor potential mucolipin 1 (TRPML1) channel, a lysosomal
specific Ca**-permeable ion channel. These findings suggest that activation of the
TRPMLI1 channel of tubular epithelial cells is a potential therapeutic target for renal
protection by autophagy under hyperosmotic conditions.

In this dissertation, the author attempted to propose new therapeutic targets for the
treatment of CKD by revealing the cellular responses to hyperosmotic conditions and
their mechanisms from the perspective of cell biomechanics. The main findings of this
study are as follows: Increased proximal tubular hyperosmotic stress responds to
mechanical stress promotes reorganization of FAs in proximal tubular epithelial cells and
induces EMT. The mechanism of EMT involves Ca®" influx from outside the cell through
TRPV4 channels, which are known as mechanosensing receptors. Furthermore, changes
in the actin cytoskeleton induced by hyperosmotic stress are important for the induction
of autophagy, a cytoprotective mechanism, and the activation of calcineurin-TFEB
pathway through TRPMLI channels-mediated Ca** release from lysosomes is thought to
be partly involved in the mechanism for the autophagy.

The author believes that the results of this dissertation open up possibilities of targeted

interventions to treat CKD by modulating the activity of TRPV4 and TRPML1 channels.
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Chapter 1

Introduction

1.1 Kidney function and structure

The kidneys are a pair of bean-shaped organs located in the back of the abdomen. They
play a crucial role in maintaining the body's fluid balance, electrolyte balance, and acid-
base balance, as well as regulating blood pressure, producing hormones, and autacoids
that stimulate the production of red blood cells.

Figure 1-1 shows the kidney structure [1]. The structure of the kidney is complex,
consisting of several parts that work together to perform functions. The outer layer of the
kidney is called the renal cortex, which contains millions of small filtering units called
nephrons. Each nephron is composed of a glomerulus and a tubule. The glomerulus is a
network of tiny blood vessels that filter waste products and excess fluid from the blood,
while the tubule reabsorbs nutrients and water back into the bloodstream and excretes
waste products and excess fluid as urine. The renal tubule has 3 components: the proximal
tubule, the Loop of Henle, and the distal tubule.

The proximal tubule is the first section of the renal tubule and is responsible for the
majority of reabsorption that occurs in the nephron. The proximal tubule reabsorbs
nutrients such as glucose and amino acids, ions like sodium, potassium, and chloride, and
water from the filtrate. This reabsorption occurs due to the presence of transporters and
channels on the basolateral (facing the interstitial) and apical membranes (facing the

tubular lumen) of tubular epithelial cells lining renal tubules.
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Fig. 1-1 Illustration of kidney structure (Modified from Wessely et al., 2014 [1]).

1.2 Chronic kidney disease (CKD) and Acute kidney injury (AKI)
1.2.1 CKD

Chronic kidney disease (CKD) describes the progressive renal dysfunction that leads
to a permanent and irremediable loss of renal function [2]. CKD is usually caused by
unhealthy conditions, such as high blood pressure, diabetes, or autoimmune diseases [2].
CKD has been recognized as a leading public health problem worldwide (the world’s fifth
major cause of mortality by 2040) and the number of CKD patients in Japan is estimated
at about 13 million (about 13% of the Japanese adult population) [3-5]. Progression of
CKD may lead to end-stage renal disease (ESRD), which requires renal replacement
therapy such as dialysis or transplantation. Since current therapies have limited
effectiveness and only delay CKD progression, it is desirable to identify novel attractive

targets for the prevention and treatment of CKD.



1.2.2 AKI to CKD

Acute kidney injury (AKI) is a pathologic condition characterized by a steep decrease
in glomerular filtration and results in the dysfunction or death of proximal tubule cells
[6]. The main clinical causes include renal ischemia-reperfusion, nephrotoxins, and
obstruction [6]. AKI is usually reversible if the underlying cause is identified and treated
promptly.

Notably, while CKD and AKI are different conditions that affect the kidneys, they can
sometimes occur together. AKI can occur as a complication of CKD, and CKD can also
increase the risk of AKI. Indeed, approximately 50% of AKI patients who had recovered
successfully from AKI were newly diagnosed with CKD during the median follow-up
period of 3.3 years [7]. The hazard ratio of chronic dialysis in patients who had recovered
from dialysis-requiring AKI was 3.23, compared to patients without dialysis-requiring
AKI [8]. Thus, AKI is recognized as a risk factor for CKD.

In the progression from AKI to CKD, tubular epithelial cells undergo various changes,
including necrosis, apoptosis, and G2/M cell cycle arrest (Fig. 1-2) [9]. In the initial stages
of AKI, tubular epithelial cells can undergo necrosis, which is a form of cell death
characterized by rapid loss of cell membrane integrity and release of cellular contents into
the surrounding tissue. Necrotic cells release damage-associated molecular pattern
molecules, which activate identical pattern recognition receptors on dendritic cells or
recruit leukocytes [10], causing them to secrete proinflammatory cytokines and
chemokines [11]. Apoptosis, or programmed cell death, is another mechanism that plays
a role in the transition from AKI to CKD [12]. Excessive or prolonged apoptosis can
contribute to tubular cell loss and the development of interstitial fibrosis in CKD. G2/M

cell cycle arrest refers to a temporary cell cycle arrest at the transition from the G2 phase



to the M phase. This arrest can occur in response to cellular stress or DNA damage.
Injured tubular epithelial cells may activate DNA damage response pathways and undergo
cell cycle arrest to allow time for DNA repair or prevent the transmission of genetic
abnormalities. However, prolonged or unresolved G2/M cell cycle arrest can impair
tubular cell regeneration and contribute to the progression of tubular injury toward CKD

[13,14].
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Fig. 1-2 Schematic illustration of pathophysiological processes involved in the AKI

to CKD (Modified from Jiang et al., 2020 [9]).

Proximal tubules are susceptible to various kinds of cellular stress as described above
and are therefore considered a main therapeutic target of AKI. Interestingly, previous
studies showed that proximal tubular injury is both a primary trigger of AKI as well as a
potential determinant of CKD progression [15-17]. These studies indicate that proximal
tubular injury is both a primary trigger of AKI as well as a potential determinant of later
disease progression, and that the protection of proximal tubules is essential to preventing

the development of AKI and its progression to CKD [18].



1.2.3 Mannitol-induced AKI and hyperosmolarity

Elevation of blood plasma osmolality by administration of osmolytes, including
mannitol (CsH140¢), is clinically performed to reduce intracranial and intraocular
pressures, but excessive administration is known to be an incidence and risk factor for
AKI [19-21]. Mannitol-induced AKI is characterized by the structural changes that occur
at the cellular level in the proximal tubule, including intracytoplasmic vacuolization and
swelling of cells [22,23]. Excessive mannitol is not reabsorbed and leads to an increase
in the osmolality in the proximal tubular fluid. The exact mechanism of mannitol-induced
AKI has not been clarified but changes in tubular osmolarity and the osmolar gap may be
the contributing factors [23].

There is increasing evidence linking high fluid intake, vasopressin suppression, and
urine osmolarity control with the degree of renal dysfunction [24,25]. The Consortium
for Radiologic Imaging Studies of Polycystic Kidney Disease (CRISP) reported that high
urine osmolality was associated with a greater baseline glomerular filtration rate (GFR)
but a steeper decline in GFR in patients with polycystic kidney disease [26]. Another
retrospective clinical research also demonstrated that higher urine osmolarity 1is

associated with a higher risk of initiating dialysis (Fig. 1-3) [27].
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1.3 Renal fibrosis and associated cellular processes

Renal fibrosis, which is characterized by the accumulation of the extracellular matrix
(ECM) such as collagen, connective tissue growth factor (CTGF), and fibronectin, is a
final common pathway to end-stage renal disease of CKD progression (Fig. 1-4) [28,29].
The severity of renal fibrosis, especially tubulointerstitial fibrosis, closely correlated to
the future appearance of renal failure and has therefore been associated with poor long-
term prognosis [30,31]. Therefore, preventing the progression of tubulointerstitial fibrosis
is recognized as an effective strategy for preventing CKD progression [32,33].

Epithelial-mesenchymal transition (EMT) and autophagy are two famous cellular
processes that have been implicated in the development and protection of renal fibrosis.
Understanding the molecular mechanisms underlying their interactions may provide
insights into the development of therapeutic strategies for managing kidney fibrosis and

preserving renal function.
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Fig. 1-4 Schematic illustration of renal fibrosis during the progression of CKD
(Modified from Seccia et al., 2017 [34]). Extracellular matrices such as collagen and
fibronectin are excessively accumulated in the renal tubulointerstitial during the

progression of CKD. EMT, epithelial-mesenchymal transition; ECM, extracellular matrix.



1.3.1 Epithelial-mesenchymal transition (EMT)

Epithelial-mesenchymal transition (EMT) is a widely accepted mechanism by which
injured tubular epithelial cells transform into myofibroblasts, and is involved in the
pathogenesis of not only CKD but also in AKI [35,36]. Epithelial cells are characterized
by apical, lateral, and basal plasma membrane domains and the lateral domain contains
an adhesive structure that contributes to the establishment of apical-basal polarity [37].
Under physiologic conditions, tubular epithelial cells express epithelial markers,
including E-cadherin, which is the major component of adherent junctions and tightly
connects between cells. During EMT, the tubular epithelial cells lose their epithelial
characteristics and acquire mesenchymal features, concomitant with the downregulation
of E-cadherin, and the upregulation of mesenchymal markers, including a-smooth muscle
actin (a-SMA) and vimentin (Fig. 1-5) [38]. a-SMA-positive myofibroblasts are known
to induce the expression of profibrotic factors such as collagen, CTGF, fibronectin, and

plasminogen activator inhibitor type 1 (PAI-1) in organ fibrosis [2,39,40].
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Fig. 1-5 Schematic illustration of changes in the molecular markers during EMT.
E-cadherin is cell-cell contact proteins that are lost during EMT. a-SMA are mesenchymal

markers that are gained during EMT.



Several cell types can differentiate into myofibroblasts, which are key contributors to
tissue fibrosis. Experiments with genetically engineered mice have revealed that about
half of myofibroblasts emerge through proliferation, and the rest are recruited through
differentiation [41]. The total pool of myofibroblasts in kidney fibrosis is split (Fig. 1-6),
with 50% derived through proliferation from resident fibroblasts. Non-proliferative
myofibroblasts are 35% differentiated from bone marrow-derived cells, 10% arise from

endothelial-mesenchymal transition, and 5% through EMT [41].

Fibroblast Bone marrow
y/ *‘ Myofibroblast ._-————3-:}’/ y/
. @ EMT EndMT (o &)

. . (epithelial-to-mesenchymal (endothelial-to-mesenchymal .
Epithelial cell transition) transition) Endothelial cell

Fig. 1-6 Summary of cells that differentiate into myofibroblasts. Distinct cell types
are involved in intestinal fibrosis, such as ECM-producing cells derived from fibroblasts,

epithelial cells, bone marrow-derived fibroblasts, and endothelial cells.

Many inhibitors against EMT exerted profound therapeutic effects on renal diseases by
suppressing differentiation into myofibroblasts and the production of ECM [42,43]. This
is because EMT leads to the loss of epithelial cell-cell adhesion and disruption of the
epithelial barrier, and this disruption allows for increased permeability, which can lead to
the leakage of proteins, electrolytes, and other solutes into the interstitial space. Therefore,
although the proportion of EMT-derived myofibroblasts is small, the EMT program is

believed to play an important role in the progression of renal disease.



1.3.2 Autophagy
1.3.2.1 Autophagosome and LC3

Autophagy is a highly conserved ‘“self-eating” pathway that eliminates damaged
proteins and organelles and can be activated by pathophysiological stressors [44-46].
Figure 1-7 shows the autophagy process. The autophagic process initiates the formation
of omegasomes, which expand into double-membrane-bound autophagic vesicles
(autophagosomes). Autophagosomes fuse with lysosomes to generate autolysosomes,
deleting harmful cellular components and restoring intracellular homeostasis [47,48]. The
resulting breakdown products, such as amino acids and nucleotides, can be recycled and
reused by the cell. Autophagosomes are tagged by a protein called lipid-conjugated
microtubule-associated protein 1 light chain 3 (LC3) [49]. The conversion of soluble
LC3-I to lipid-bound LC3-II is considered as an indicator of autophagosome formation
[50]. Therefore, the amount of LC3-II correlates with the number of autophagosomes,

and is usually used as a marker of autophagy [50].

“\\"'.' o ¥
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Fig. 1-7 Schematic illustration of the process of autophagy. Autophagy begins with
the formation of the omegasomes, which leads to the expansion of the phagophore into
an autophagosome (vesicle elongation). The autophagosome contains some different

damaged organelles, which can fuse with a lysosome forming an autolysosome.
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1.3.2.2 Transcriptional factor EB (TFEB)

The transcription factor EB (TFEB) is a member of the microphthalmia family of basic
helix-loop-helix-leucine-zipper (bHLH-Zip) transcription factors [51]. TFEB is known as
a major transcriptional regulator of autophagy-lysosome pathways and positively
regulates the expression of autophagy and lysosomal gene [52,53].

TFEB activity is significantly regulated by phosphorylation events [54] (Fig. 1-8).
While phosphorylated TFEB is retained in the cytoplasm binding to 14-3-3 proteins,
dephosphorylated TFEB travels to the nucleus. Phosphorylation of TFEB is mainly
mediated by the mammalian target of rapamycin complex 1 (mTORC1) kinase, a major
kinase complex that is a negative regulator of autophagy [55]. When mTORCI1 activity is
inhibited, TFEB is dephosphorylated and translocated into the nucleus [56]. In parallel,
the activity of the calcium-dependent protein phosphatase calcineurin is induced by
lysosomal specific Ca?’-permeable ion channels, TRPMLI1, which contribute to the

nuclear translocation of TFEB [56].

TFEB —
/ ‘__.——-—' e gy
/ / Lysosomal-autophagic
P gene expression

TFEB

 Calcineurin JEaTORCT )

iP\ TFEB ( (ucleus

Fig. 1-8 Schematic illustration of the mechanism of TFEB activation. TFEB activity
(nuclear translocation) is mainly regulated by its phosphorylation status that can be

modulated by dephosphorylation by calcineurin and phosphorylation by mTORCI.
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1.4 Cell biomechanics

Current research on diseases mainly focuses on the molecular, immunological, and
pathological aspects of pathogenesis. However, the development of some diseases is
usually accompanied by not only biological alterations, but also physical and structural
(biomechanical) property changes in cells [57-59]. The biomechanical alterations in cells
also play an important role in the genesis and development of disease and can also be a
promising therapeutic target [57-59]. Indeed, some studies on the pathophysiology of a
wide range of human diseases have suggested that their etiology might have resulted from
deviation in the structural and mechanical properties of cells as well as from abnormal
mechanotransduction [60,61]. This suggests that in disease states, cells sense abnormal
mechanical signals, which disrupt or deregulate the molecular mechanisms by which cells
sense mechanical signals and convert them into a chemical or electrical response [61].
Thus, molecules that mediate mechanotransduction, including extracellular matrix
molecules, transmembrane receptors, cytoskeletal structures and associated signal
transduction components, may therefore represent targets for therapeutic intervention in
a variety of diseases.

These relationships among cell structure, biomechanics, and disease states are
schematically illustrated in Fig. 1-9. This paradigm is interesting for considering
mechanisms of pathological conditions and therapeutic targets from the perspective of

cell biomechanics.
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Fig. 1-9. Schematic of biomechanical pathways influencing connections among

cellular structure, cell biomechanics, and disease (Modified from Suresh, 2007 [62]).

1.4.1 Tissue fibrosis and cell biomechanics

Different organs have distinct mechanical environments, and several studies have
shown how mechanical stress impacts fibrosis in specific tissues [63,63] (Fig. 1-10). In
organ fibrosis, it is clear from clinical practice that tissue stiffness varies with the disease
state. Tissue stiffness is measured as the elastic modulus, and the values of fibrotic lung
have been shown to range from approximately 2 kPa in normal tissue to about 17 kPa in
fibrotic tissue [65]. The elastic modulus of fibrotic liver has also been reported to range
from 3 kPa to 22 kPa [66]. Tissues are subject to wall shear stress caused by fluid flow
through the vasculature, tubules, and interstitium. In particular, the effects of shear stress
on vascular flow have been shown to be associated with cardiovascular disease and tissue
remodeling. Tissues such as the kidney, liver, and lungs have large amounts of flow
through specialized vessels, such as the glomerulus, sinusoid, and pulmonary,
respectively. Changes in shear stress due to altered flow through these vessels are both a
cause and a consequence of tissue remodeling and fibrosis [67]. Furthermore, fluid

flowing in ducts such as bile ducts, pancreatic ducts, and renal tubules is another source
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of shear stress in tissues that may be associated with fibrosis [68]. Other mechanical
stresses that may act on fibrosis include hydrostatic pressure and stretching stimuli.
Obstruction of the bile ducts and pancreatic ducts causes fibrosis, which may be at least
partially due to changes in hydrostatic pressure [69]. Cyclic mechanical stretch is
particularly important in the lungs, which undergo periodic stretching during respiration
[70].

There are many unexplored aspects regarding the role of mechanical stresses in tissue
fibrosis and mechanotransduction. Future work will need to expand our understanding of
the effects of mechanical stress on fibrosis in biological tissues and may eventually lead

to attractive targets based on the biomechanical characteristics of fibrosis.

s ﬁ: Lung Heart
d Shear stress
Stiffness Stretch
Shear stress
Stretch Pancreas

Shear stress
Hydrostatic pressure

Stiffness Kidney

Shear stress

Shear stress

Fig. 1-10. Schematic diagram of mechanical stresses involved in tissue fibrosis.
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1.5 Cellular response to hyperosmotic stresses

Biomechanics research often studies the mechanical properties and behaviors of cells,
and it encompasses a wide range of cellular phenomena. The focus on specific cellular
phenomena such as the changes in cell morphology, cytoskeleton structure, and calcium

dynamics, is driven by their significant roles in cell biomechanics.

1.5.1 Actin cytoskeleton

The actin cytoskeleton is a network of protein fibers that provides structural support to
the cell and helps maintain and change the cell shape. Actin filaments are involved in a
variety of cellular responses, including cell migration, morphogenesis, endocytosis,
phagocytosis and organelle dynamics [71]. Consequently, aberrant actin cytoskeleton
dynamics are linked to various diseases, including cancer, as well as immunological and
neurological disorders [72].

Rho-associated coiled-coil-containing protein kinase (ROCK) and myosin light chain
kinase (MLCK) are factors that play important roles in the formation of actin filaments
(Fig. 1-11). ROCK is a serine/tyrosine kinase activated by Rho and phosphorylates the
myosin light chain (MLC) [73]. ROCK also promotes the phosphorylation of myosin light
chain phosphatase (MLCP), thereby inhibiting the activity of MLCP and promoting MLC
phosphorylation [74,75]. ROCK activation by Rho induces the formation of thick actin
filament fibers (stress fibers) containing myosin II, tropomyosin, and MLC-kinase, and
consequently of focal adhesions, which are immature integrin-based adhesion points with
the extracellular substrate (described below) [76,77].

A previous study has shown that the actin filaments were disassembled and then

reorganized into thick stress fibers in response to hyperosmotic stress [78]. The
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mechanism is that hyperosmotic stress induces rapid activation of Rho and promotes
phosphorylation of MLC by ROCK signaling [79,80]. It is also reported that
hyperosmotic stress activates Rho/ROCK signaling and shrinkage-induced cofilin
phosphorylation, which induces the reorganization of the actin cytoskeleton upon osmotic

stress [81].

[\ [\

External factors | Epithelial cell
A4 J
ll [ Stress fiber l
Rho

Extracellular matrix

Fig. 1-11 Schematic illustration of the formation of actin stress fibers by ROCK and
MLCK signaling. The process begins with the activation of Rho, which can be triggered
by various extracellular factors. Activated Rho binds and activates ROCK, a downstream
effector molecule. ROCK phosphorylates various target proteins involved in actin

cytoskeletal dynamics.

1.5.2 Focal adhesion
Focal adhesions (FAs) are large, dynamic protein complexes that link the extracellular
matrix to the actin cytoskeleton in the cell. The formation of FAs plays a critical role in

cell adhesion, migration, and signaling. FAs are composed of several different proteins,
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including integrins, talin, vinculin, and focal adhesion kinase (FAK) [82], and highly
dynamic structures that undergo constant assembly and disassembly concomitant with
cell movement. The FAs are also highly regulated by a variety of signaling pathways,
including Rho signaling [71].

To the best of our knowledge, there are no studies regarding the effects of hyperosmotic
stress on FAs. FAK may play an important role in mediating the transforming growth
factor B (TGF-B) -induced EMT, suggesting FAs may be involved in EMT [83]. It has
also been proposed that the size of FAs controls the recruitment of a-SMA to actin stress
fibers [84-86] (Fig. 1-12). Therefore, FAs could be involved in the induction of EMT by

controlling the expression of a-SMA.

Actin filament K ® a-ShMA
O -
o®
Talin, Vinculin
a-SMA

FAK, Paxillin
etc...

incorparation

Focal

Focal adhesion

adhesion

. Plasma
membrane |

Integrin Integrin Extracellular matrix
Fig. 1-12 Schematic illustration of the relationship between FAs and the recruitment
of a-SMA. Actin filaments bind to the extracellular matrix via FAs. Larger focal

adhesions may control the recruitment of a-SMA to actin filaments.
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1.5.3 Ca?" dynamics

The calcium ion (Ca®") is a ubiquitous intracellular second messenger to couple
extracellular stimuli to their characteristic intracellular responses and to coordinate a wide
range of endogenous processes [87]. The regulation of Ca?" signaling is complex and
involves a variety of ion channels and transporters that control the intracellular
concentration of Ca?" [87]. Increases of intracellular Ca? are known to mediate (A)
voltage-gated and receptor-mediated channels, (B) mitochondrial Ca** uniporter (MCU)
(C) store-operated channels which include the inositol trisphosphate receptor and

ryanodine receptor, and (D) lysosomal channels [88] (Fig. 1-13).

crarmer | . . A
'; I\, .‘ mitochondrial Ca2* uniporter

\
Mitochondria [: Mitochondria C]
O Endoplasmic Reticulum Q Endoplasmic Reticulum
Lysosome Lysosome Cytosol

CaZt Ca?*
(A) . | Receptor-mediated (B)
Voltage-gated(‘ Al channels
|

Cytosol
(&) (D)
Inositol . R d
trisphosphate [\[[|  f\|f) ~YEnoding lysosomal
receptor (|1 \[T1] receptor channels
Mitochondria Ca* Ca? Mltochondrla
O Endoplasmic Reticulum Endoplasmlc Reticulum
Lysosome Cytosol Lysosome Cytosol

Fig. 1-13 Schematic illustration of the mechanisms of intracellular Ca?* increases.
(A) Ca?" influx via Ca’* channels on the plasma membrane. (B) Ca’" release from the
mitochondria. (C) Ca" release from the endoplasmic reticulum. (D) Ca?" release from

the lysosome.
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Mechanosensing refers to the ability of cells and tissues to detect and respond to
mechanical forces in their environment. The transient receptor potential (TRP)
superfamily of channels comprises a diverse group of cation channels that can be directly
or indirectly activated by mechanical forces, such as stretching, compression, or shear
stress [81]. Modulating TRP channel activity provides an important way to impact cellular
function by regulating both membrane excitability and intracellular calcium levels [89].
These channels respond to multiple types of stimuli and, in turn, allow cation entry.

TRP vanilloid 4 (TRPV4) is a nonselective cationic channel permeable to Ca*", Na*,
and Mg?*, which can be activated by several stimuli, including changes in osmolarity, the
temperature in the range of 25°C-37°C, and mechanical forces [90-92]. TRPV4 is widely
expressed in various tissues, including the kidney, bladder, lung, and musculoskeletal
system and is involved in the regulation of intracellular Ca*" levels [93,94]. It is also
known that TRPV4 interacts with the actin cytoskeletal network [95,96]. Although
TRPV4 is known to be activated by hypoosmotic stress, recent studies suggest that
TRPV4 could also be involved in hyperosmotic stress [97].

TRPMLI is an intracellular channel present in the membranes of both the lysosome
and endosome, where it serves as the key regulator of Ca’" efflux [98,99]. Ion flux
mediated by TRPML1 may regulate lysosomal dynamics. Since the over-expression of
TRPMLI1 results in a significant increase of the autophagic flux, whereas its mutations
can affect the accumulation of autophagosome, TRPML1 has some role in the early steps

of autophagy [100].
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1.6 Objective and outline of the dissertation

Although CKD is increasingly recognized as a leading public health problem, current
therapies have limited effectiveness and only delay CKD progression, and the
identification of more effective therapeutic targets for CKD has been required.
Considering the impact of AKI, which results in the dysfunction or death of proximal
tubule cells, on an increased risk of progression to CKD, appropriate management of
proximal tubular damage during AKI could suppress the progression of widespread
nephron damage in CKD. As described above, since changes in cellular biomechanical
properties caused by pathological environments play an important role in the genesis and
development of diseases, studies on the effects of hyperosmotic stress as a biomechanical
factor on tubular epithelial cells can lead to identification of novel therapeutic targets for
kidney diseases.

In this dissertation, the author hypothesized that hyperosmotic stress induced by an
overdose of mannitol, known as a risk factor for AKI, has effects on the proximal tubular
epithelial cells and examined its effects focusing on the cytoskeleton, calcium dynamics,
and protein expression changes from the perspective of cell biomechanics. By examining
hyperosmotic stress on EMT and autophagy of proximal tubular epithelial cells, which
have been identified as key mechanisms involved in the progression and suppression of
renal fibrosis, the author clarified the molecular mechanism of cellular hyperosmotic
responses to identify key molecules that could lead to new drug targets.

The dissertation is organized as follows:

Chapter 1 is introduction.

In Chapter 2, the author shows the effects of hyperosmotic stress using mannitol and

urea as osmolytes on the cell morphology, cytoskeletal structure, and cell proliferation of
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cultured proximal tubular epithelial cells.

In Chapter 3, the author presents the effect of hyperosmotic stress on the dynamics of
intracellular concentrations of Ca*" in proximal tubular epithelial cells. The authors also
examined the mechanism of hyperosmotic stress-induced Ca®' influx, focusing on
TRPV4 channels.

In Chapter 4, the author describes the effect of hyperosmotic stress on the EMT of
tubular epithelial cells and its mechanism. I examined the effects of hyperosmotic stress
on EMT markers expression and FA dynamics in proximal tubular epithelial cells.
Moreover, based on the Chapter 3 results, I investigated the effects of TRPV4-mediated
calcium influx on EMT to better understand the mechanisms of hyperosmolarity-induced
EMT.

In Chapter 5, the author investigates the mechanisms involved in hyperosmolarity-
induced autophagy. For this purpose, I examined the relationship between the LC3
upregulation in response to hyperosmotic stress and the reorganization of the actin
cytoskeleton. Moreover, I also examined the effects of hyperosmotic stress on TFEB
nuclear translocation and its mechanism to better understand the mechanisms of
hyperosmolarity-induced autophagy, focusing on TRPML1 channels.

In Chapter 6, this dissertation is concluded.
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Chapter 2
The effects of hyperosmotic stress on the morphology and

cytoskeletal structure of renal tubular epithelial cells

2.1 Introduction

Biomechanics research often focuses on changes in cell morphology and cytoskeleton
first because they play a crucial role in determining the mechanical properties and
behaviors of cells. In addition, because cell morphology and the cytoskeleton are
intimately connected to cellular functions, these changes could affect cellular functions
such as adhesion, proliferation and signaling.

Tubular cells are exposed to much higher levels of hyperosmolarity than the other cells
anywhere else in the body. The effects of osmotic stress have been examined with many
mammalian cell types, and a variety of cellular responses have been observed in them [1].
These phenomena include perturbations, like changes in cell morphology, cell cycle arrest,
and inhibition of transcription and translation, which would be considered pathological
events.

Previous studies have reported that hyperosmotic mannitol stress injures tubular
epithelial cells. Animal studies revealed that, after administration of mannitol with high
dose, structural changes that occur at the cellular level in the proximal tubules, including
intracytoplasmic vacuolation and cellular swelling are observed [2-4]. A high
concentration of mannitol could inhibit renal tubular epithelial cell proliferation in vitro
[5]. However, there is no information on how hyperosmotic mannitol stress affects NRK-

52E cells.
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This chapter aimed to elucidate the short-term (-0.5 h) and longer-term (12-h) effects
of hyperosmotic stress on proximal tubular epithelial cells. Using cultured proximal
tubular epithelial cells, the author investigated the changes in cellular morphology (cell
area and volume), actin cytoskeletal structure, and cell proliferation in response to

hyperosmotic stress.

2.2 Materials and methods
2.2.1 Cell lines

Normal rat kidney cells (NRK-52E), a proximal tubular epithelial cell line derived from
rat kidney, were directly purchased from the Japanese Collection of Research
Bioresources (JCRB No. IFO50480, Osaka, Japan). Both mannitol and urea for adjusting
the osmolarity in the medium were purchased from FUJIFILM Wako Pure Chemical

(Osaka, Japan).

2.2.2 Cell culture and hyperosmotic stimulation

NRK-52E cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
FUJIFILM Wako Pure Chemical) supplemented with 10% fetal bovine serum (FBS;
Cosmo Bio, Tokyo, Japan), 1 U/mL penicillin—streptomycin (FUJIFILM Wako Pure
Chemical) and cultured at 37°C in 5% CO» atmosphere. For providing hyperosmotic
stress to the cells, the medium was switched to DMEM supplemented with 0.5% FBS and
cultured for 24 h and then to a hyperosmotic medium containing mannitol or urea. Cells
reaching about 80% confluence were used for the experiments.

The hyperosmotic medium was prepared by adding mannitol or urea to DMEM (0 mM:

313 =+ 1.5 mOsmol/L, 100 mM: 428 + 2.4 mOsmol/L, 200 mM: 531 + 4.8 mOsmol/L
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(mean £ S.E.)) (Fig. 2-1). The dose of 200 mM mannitol (amount to 36 g/L) used in this
study exceeded the plasma mannitol concentration (29 g/L) after administration high dose

of mannitol (4 g/kg/h) clinically reported side effects of acute renal failure [6].
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Fig. 2-1 Relationship between osmolality and mannitol concentration.

2.2.3 Cell area measurements

Projected cell areas were measured by manually outlining the cells on fluorescent
images of F-actin. For immunofluorescence staining, cells were fixed with 4%
paraformaldehyde for 15 min and then permeabilized with 0.5% Triton X-100 for 15 min
at room temperature. After blocking with 3% BSA (Sigma-Aldric, Kyoto, Japan) in PBS
for 1 h, cells were incubated with Alexa Fluor 546-conjugated phalloidin (Invitrogen,
Carlsbad, CA) for 15 min. All samples of immunofluorescence staining were imaged by
confocal microscopy (Olympus, Tokyo, Japan). The Image] Fiji software (version 1.52b,

NIH) was used for the processing of images.

2.2.4 Cell volume measurements
The molecular probe CellMask™ Green Plasma Membrane Stain (Thermo Fisher
Scientific, Tokyo, Japan) was incubated in a serum-free medium for 10 min, according to

the manufacturer's protocol. Immediately after the hyperosmotic treatment with either
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mannitol or urea, the cells were fixed with 4% paraformaldehyde (FUJIFILM Wako Pure
Chemical). A confocal laser scanning microscope (Olympus) was used to record optical
cross-section images with a 0.10-um z-axis interval. The cell volume was calculated by
counting the number of voxels after area processing for each stack, and the relative cell
volume change (normalized to the initial cell volume) after hyperosmotic stimulation was

evaluated.

2.2.5 Cell viability assay

After the stimulation of hyperosmotic stress, the morphology of NRK-52E cells was
observed under the phase-contrast microscope (Olympus). Cell proliferation and cell
viability were evaluated by trypan blue staining (FUJIFILM Wako Pure Chemical). As
dead cells are stained as blue color, the number of viable cells was calculated by counting
the unstained cells using a hemocytometer.

Cell viability was calculated as the ratio of the number of viable cells to the number of
total cells. Cell proliferation was calculated as the ratio of the number of viable cells to

the control (untreated cells) at the same time point.

2.2.6 Statistical analysis

All results were analyzed using the GraphPad Prism 5 ver. 5.0 software (GraphPad
Software). Summary data are presented as mean + standard error (S.E.) of at least three
separate experiments. For multiple group comparisons, one-way analysis of variance
(ANOVA), followed by Steel or Dunnett’s post hoc test was used to compare groups with

nonparametric and parametric data, respectively.
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2.3 Results
2.3.1 Hyperosmolarity induces changes in cell area and volume
Mannitol and urea are osmolytes with different properties; the former is non-ionic and
membrane-impermeable, whereas the latter is non-ionic and membrane-permeable.
When the projected cell area was quantified, treatment with 200 mM mannitol resulted
in a temporary decrease in cell areas at 0.25 h (3762 + 383 pm?) and 0.5 h (2726 + 166
um?), which recovered at 2 h (7310 + 826 um?) to the initial level (7346 + 524 um?; Fig.
2-22A), but the urea treatment did not cause significant changes (0.25 h, 7176 = 729 pm?;
0.5 h, 6215 + 404 um?; 2 h, 6683 £ 638 um?; 12 h, 7147 + 610 pm?) to the initial level

(6870 + 441 um?; Fig. 2-2B).
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Fig. 2-2 Effects of hyperosmolarity on cell area of NRK-52E cells. (A, B) NRK-52E
cells were treated with mannitol (200 mM) (A) or urea (200 mM) (B) for 0, 0.25, 0.5, 2,
and 12 h (mannitol; 0 h (n =25),0.25h (n=26),0.5h(n=28),2h(n=22),12h(n=
29):urea; 0h (n=12),0.25h (n=13),0.5h (n=12),2 h (n=14), 12 h (n = 12)). Data
are presented as box and whisker plots with average (%), median, IQR and minimum and
maximum values. The n indicates the number of cells analyzed. **P < 0.01 from the data

of 0 h (Dunnett’s test).
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The changes in the cell volume after hyperosmotic mannitol stress were similar to those
of the projected cell areas. Treatment with 200 mM mannitol resulted in a significant (P
<0.01) decrease in cell volume after 0.25 h (0.60 + 0.02) and 0.5 h (0.71 £ 0.03), followed
by a recovery at 2 h (0.91 £ 0.03), and a significant (P < 0.01) increase at 12 h (1.27 +
0.05) when compared to that observed during the initial state (Fig. 2-3A). On the other
hand, treatment with 200 mM urea did not cause any significant changes in the cell

volume (0.25 h, 0.94 + 0.05; 0.5 h, 0.93 £0.04; 2 h, 0.87 £ 0.04; 12 h, 0.89 + 0.03; Fig.

2-3B).
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Fig. 2-3 Effects of hyperosmotic stress on cell volume of NRK-52E cells. (A, B) NRK-
52E cells were treated with 200 mM mannitol (A) or urea (B) for 0, 0.25, 0.5, 2, and 12
h (mannitol: 0h (n=41),0.25h (n=51),0.5h (n=42),2h (n=59), 12 h (n =49); urea:
Oh(n=41),0.25h (n=43),0.5h (n=50),2 h (n=155), 12 h (n = 55)). The relative cell
volume changes were normalized by the cell volume at 0 h. Data are presented as box and
whisker plots with average (%), median, IQR, and minimum and maximum values. **P <

0.01 from the data at O h (Steel test).
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2.3.2 Hyperosmolarity induces changes in the actin cytoskeleton

The author hypothesized that the cell shrinkage caused by hyperosmotic stress
interferes with the structure and organization of the cytoskeletal network by limiting the
intracellular space. I focused on the effect of hyperosmotic stress on actin cytoskeletal
structures, which are known to be responsible for mediating various important cellular
processes such as cell structural support and functional regulation.

Although there was no change in the actin cytoskeleton cultured with 200 mM urea,
the actin cytoskeletal structure exhibited drastic changes after being treated with 200 mM
mannitol (Fig. 2-4); the actin filaments were disassembled by treatment with 200 mM

mannitol for 0.5 h and then reorganized into thick stress fibers at 12 h.
0.25h
Mannitol 200 mM

Oh 0.5h 2h 12h
o . . . . .

Fig. 2-4 Effects of hyperosmolarity on actin cytoskeleton of NRK-52E cells. Cells

were cultured with 200 mM mannitol or urea for 0, 0.25, 0.5, 2, and 12 h. Typical

fluorescence images of F-actin. Bar, 25 pm.
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2.3.3 Hyperosmolarity inhibits cell growth

Since changes in cell volume and cytoskeleton may affect cell growth, the effects of
mannitol stress on cell viability and cell proliferation were examined. Figure 2-5A
showed the effect of mannitol-induced hyperosmotic stress on cellular morphology. The
control NRK-52E cells (0 mM mannitol) exhibited a typical epithelial cuboidal shape
with cobblestone morphology. Treatment with 100 mM mannitol-containing medium for
up to 24 h did not cause any detectable changes in cell morphology compared to the
control. In contrast, cells exposed to 200 mM mannitol exhibited reduced cell density and
lost cell-to-cell contact. Figure 2-5B showed the cytotoxic effects of concentrations and
incubation periods of mannitol on NRK-52E cells. Treatment with up to 200 mM
mannitol had no significant effects on cell viability. However, treatment of cells with 200
mM mannitol-added medium suppressed cell proliferation in a time-dependent manner
(4, 8, 18, and 24 h) (Fig. 2-5C). Compared with the untreated control, cell proliferation
was significantly decreased by 24% even 4 h after the beginning of treatment with 200

mM mannitol (P < 0.01) (Fig. 2-5C).
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Fig. 2-5 Effects of hyperosmotic stress on cell morphology and cytotoxicity of NRK-
52E cells. (A) For assessment of NRK-52E cell morphology, cells were examined by
phase-contrast microscopy. NRK-52E cells were cultured with 100 and 200 mM of
mannitol for 4, 8, 18, and 24 h. Bar, 50 pm. (B and C) Determination of cell viability (B)
and cell proliferation (C) by trypan blue staining. NRK-52E cells were cultured with 100
and 200 mM of mannitol for 4, 8, 18, and 24 h (n = 6). The % of cell proliferation was
calculated considering mannitol (0 mM) at the same time point as 100% and plotted
(mean+ SEM.). **P < 0.01 from the data of mannitol (0 mM) at the same time point

(Steel test).

2.4 Discussion

Tubular epithelial cells are routinely exposed to severe osmotic stresses in our body.
The proximal tubule is the first segment of the kidney tubule, and excessive mannitol,
administrated to the patients, such as cerebral edema and intracranial hypertension, is not
reabsorbed and leads to increase the osmolality in the proximal tubular fluid.
Retrospective clinical research demonstrated that higher urine osmolarity is associated
with a higher risk of initiating dialysis [7]. In this research, the hyperosmotic urine group
has been set at >510 mOsmol/L. Taking account for these studies, 200 mM mannitol (531
+ 4.8 mOsmol/L) was used as a hyperosmotic condition. However, since the osmolarity
values in the proximal tubule cannot be measured, it should be noted that the results of
this study cannot be directly extrapolated the in vivo situation. Furthermore, in order to
generalize the effects of the osmotic gradient between the intracellular and extracellular
compartments on the biomechanics of cells, it is necessary to investigate other membrane-

impermeable osmolytes except mannitol (e.g., sorbitol and trehalose).
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Hyperosmolarity refers to a higher concentration of solutes outside the cell compared
to inside the cell. This osmotic imbalance induces changes in cell area and volume as the
cell responds to maintain homeostasis. Previous studies have reported that when proximal
tubules were exposed to hyperosmotic urea, the reduction in cell volume was markedly
smaller than that under hyperosmotic mannitol treatment [8,9]. Present results (Figs. 2-2
and 2-3) are consistent with those of previous studies. Hyperosmolarity can also trigger
intracellular signaling pathways that regulate the cytoskeleton, leading to changes in cell
shape and area [10]. Present results (Fig. 2-4) are consistent with those of previous studies
that demonstrated hyperosmolarity-induced depolymerization and reorganization of the
actin cytoskeleton for adaptive responses [11].

The relationship between hyperosmolarity and cell proliferation is complex and
context-dependent [1]. In some cases, hyperosmolarity can stimulate cell proliferation
[12], while in others, it can inhibit or even induce cell death [13-16]. One mechanism by
which this occurs is through the activation of mitogenic signaling pathways [17].
Hyperosmolarity can activate growth factor receptors, such as the epidermal growth
factor receptor (EGFR), leading to downstream signaling events that promote cell cycle
progression and proliferation [18]. Additionally, hyperosmolarity can induce the
production of cytokines that facilitate cell growth and division [19]. Conversely,
hyperosmolarity can also cause cell cycle arrest, preventing cell proliferation.
Hyperosmotic conditions can activate stress response pathways, such as the p38 MAPK
(mitogen-activated protein kinase) pathway [20,21] and the stress-activated protein
kinase/c-Jun N-terminal kinase (SAPK/JNK) pathway [22,23]. These pathways can
trigger cell cycle checkpoint activation, leading to cell cycle arrest at various stages, such

as the G1/S and G2/M transition phases [24-26]. The purpose of this arrest is to allow
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cells to repair any damage and restore homeostasis before resuming proliferation. In
extreme cases, hyperosmolarity can induce cell death [27]. The excessive loss of water
from the cells can lead to severe dehydration and irreversible damage to cellular structures
[1]. This can trigger apoptotic or necrotic cell death pathways, ultimately leading to cell
demise. Taken together, the relationship between hyperosmolarity and cell proliferation
is multifaceted. While hyperosmolarity can stimulate cell proliferation through mitogenic
signaling pathways in some cases, it can also induce cell cycle arrest or cell death under
certain conditions. In the present study, the author confirmed that hyperosmotic mannitol
stress induced a decrease in cell growth without altering cell viability in NRK-52E cells.
Further study is needed to fully understand the mechanisms of this relationship in

different cell types and physiological contexts.

2.5 Conclusion

In the present chapter, the author confirmed that the hyperosmotic condition above a
threshold concentration of mannitol, which is believed to be 100 and 200 mM in this study,
causes obvious actin cytoskeleton alterations and induces a decrease or inhibition of cell

growth without altering cell viability in NRK-52E cells.
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Chapter 3
The effects of hyperosmotic stress on the Ca** influx of renal

tubular epithelial cells

3.1 Introduction

Intracellular Ca®" is a universal second messenger involved in the control of various
cellular events [1]. Although the intracellular Ca>* concentration is significantly lower
than the extracellular level when at rest, various cell stimuli promote a transient increase
in intracellular Ca®>" concentration [2]. This increase results from either the influx of
extracellular Ca®" through Ca?" channels or the discharge from intracellular Ca** stores
[2]. Hyperosmotic stimuli have been shown to increase Ca®" influx in renal inner
medullary collecting duct cells [3].

TRP vanilloid 4 (TRPV4), a member of the TRP superfamily, is a nonselective cationic
channel permeable to Ca?*, Na*, and Mg?*, which can be activated by several stimuli,
including changes in osmolarity, the temperature in the range of 25°C-37°C, and
mechanical forces [4-6]. TRPV4 is found in various cell types and tissues and is involved
in regulating intracellular Ca*>* levels [7]. In addition, cytoskeletal networks, such as actin
filaments are directly molecularly bound to the C-terminus of the TRPV4 channel [8].
Although previous researches have shown that hyperosmotic stress can stimulate Ca*"
influx in a variety of cell lines [9-12], it is unknown whether hyperosmotic mannitol stress
can induce a transient Ca>" influx in NRK-52E cells.

Based on results of the Chapter 2, the author hypothesized that the actin cytoskeletal

disruption caused by hyperosmotic mannitol stress could trigger an increase in
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intracellular Ca®>* concentrations. The aim of this chapter was to elucidate the effects of

hyperosmotic mannitol stress on the Ca?" influx of proximal tubular epithelial cells.
yp p Y

3.2 Materials and methods
3.2.1 Cell lines and reagents

NRK-52E cells and mannitol were obtained as described in Section 2.2.1. Both HC-
067047, a TRPV4 antagonist, and GSK-1016790A, a TRPV4 agonist, were purchased
from Abcam (Cambridge, MA). The actin-depolymerizing agent, cytochalasin D, was

obtained from FUJIFILM Wako Pure Chemical.

3.2.2 Cell culture and hyperosmotic stimulation
Culture of NRK-52E cells and application of hyperosmotic mannitol were performed
as described in Section 2.2.2. For the inhibitor experiments, cells were pre-treated for 15

min with EGTA or HC-06704 before being stimulated with hyperosmotic mannitol.

3.2.3 Ca*' influx assay

NRK-52E cells were loaded in DMEM medium with the Fluo-4/AM probe (Dojindo;
Kumamoto, Japan) for 30 min. Fluorescence images of Fluo-4 were captured at 5-sec
intervals for 600 sec with a fluorescence microscope (IX81, Olympus). After 50 sec, the
medium was replaced with a hyperosmotic medium or a medium containing a TRPV4
agonist GSK-1016790A (Abcam). The fluorescence signal of Fluo-4 for each cell was
analyzed by Imagel Fiji software. Changes in intracellular Ca®" levels were expressed as
the relative fluorescence F/Fo, where F and Fy represent the intensity of the fluorescence

at each time point and the initial fluorescence value (at 0 sec), respectively.
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3.2.4 Statistical analysis

Statistical analyses were performed as described in Section 2.2.6. A comparison of the
two groups was performed using Student’s t-test. To compare multiple groups, a one-way
analysis of variance was used, followed by Dunnett’s post hoc test. P < 0.05 was
considered to represent a statistically significant difference. All results were analyzed

using the GraphPad Prism 5 ver. 5.0 software (GraphPad Software).

3.3 Results
3.3.1 Hyperosmotic stress promotes Ca?" influx

Ca’" imaging with Fluo-4 was used to assess changes in intracellular Ca*'

concentrations in cells cultured with 0, 100, and 200 mM mannitol (Fig. 3-1).

0sec 100 sec 200sec 400 sec 600sec

Mannitol
100mM OmM

Mannitol

Mannitol
200mM

Fig. 3-1 Calcium imaging in response to hyperosmotic stress in NRK-52E cells.
Typical time-lapse fluorescence images of Fluo-4/AM cultured with 0, 100, and 200 mM

mannitol for 0, 100, 200, 400, and 600 sec. Bar, 50 um.



When compared to 0 mM mannitol, hyperosmotic mannitol stress resulted in a dose-
dependent increase in intracellular Ca*" concentration (Fig. 3-2A). The fluorescence
intensity tended to increase slightly after the start of the 0 mM mannitol condition,
probably due to physical stress associated with the medium exchange. Although there was
no statistically significant difference in the average peak fluorescent intensity for cells
cultured with 100 mM mannitol, the peak intensity for cells treated with 200 mM mannitol
showed a significant increase compared with 0 mM mannitol (0 mM, 1.18 = 0.02; 100
mM, 1.25 + 0.04; 200 mM, 1.46 = 0.06 (P < 0.01)) (Figs. 3-2A, B). The average of
fluorescence levels for 0 mM conditions returned to the initial levels at 600 sec after
stimulation, but those of 200 mM mannitol did not (0 mM, 1.02 + 0.02; 100 mM, 1.01 +

0.02; 200 mM, 1.21 + 0.05) (Figs. 3-2A, C).
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Fig. 3-2 Quantification of hyperosmotic stress on the calcium influx of NRK-52E
cells. (A) Summarized relative fluorescence intensity transients in response to 0, 100, and
200 mM mannitol (n = 27 from 0 mM, n = 26 from 100 mM, n = 34 from 200 mM).
Individual data is represented by thin gray lines, while averages are represented by bold
black lines. The arrows denote the start of the hyperosmotic stimulation. (B, C) A
summary of Fluo-4/AM fluorescence signal data from (A), displaying the peak intensity
(B) and the amplitude at 600 sec (C). The peak intensity was measured as the highest
value of fluorescence intensity transients. The amplitude at 600 sec was calculated as the
value of 600 sec after stimulation. Data are presented as box and whisker plots with
average, median, interquartile range (IQR), and minimum and maximum values. **P <

0.01; NS, not significant from the data of 0 mM (Dunnett’s test).

3.3.2 Treatment with cytochalasin D promotes Ca?* influx

Based on the results shown in Sections 2.3.2 and 3.3.1, the author hypothesized that
the disruption of the actin cytoskeleton caused by hyperosmotic stress involves the
increase in Ca®" influx. To test this hypothesis, the effect of cytochalasin D, an actin-
depolymerizing agent, alone on the Ca*" influx of NRK-52E cells were examined. As
expected, treatment with cytochalasin D resulted in an increase in intracellular Ca**
concentration (Fig. 3-3 A). Quantitatively, similar to the 200 mM mannitol treatment, a
significant increase in peak values was observed (Fig. 3-3 B; 200 mM mannitol, 1.46 +
0.06; Cytochalasin D, 1.56 + 0.11). These results suggest that disruption of the actin

cytoskeleton could contribute to Ca®" influx in response to hyperosmotic mannitol stress.
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Fig. 3-3 Effects of cytochalasin D on calcium influx of NRK-52E cells. (A) Relative
fluorescence intensity transients of Fluo-4/AM loaded cells in response to treatment with
1 uM cytochalasin D (n = 35). Individual data is represented by thin gray lines, while the
average is represented by a bold black line. The arrows denote the start of the
hyperosmotic stimulation. (B) A comparison of the peak intensity between 200 mM
mannitol alone and treatment with 1 uM cytochalasin D. The data of 200 mM mannitol
alone (left) were identical to those in Figure 3-2B, which were shown for comparison.
Data are presented as box and whisker plots with average, median, interquartile range
(IQR), and minimum and maximum values. *P < 0.05; **P < 0.01; NS, not significant

(Turkey’s test).

3.3.3 Cotreatment with HC-067047 suppresses hyperosmolarity-induced Ca** influx

To elucidate the pathways involved in the increase of intracellular Ca**, cells were pre-
treated with 4 mM EGTA (extracellular Ca®" chelator) before being stimulated with 200
mM mannitol. The pretreatment with EGTA completely eliminated the change in
fluorescent intensity caused by hyperosmotic stress (200 mM mannitol, 1.46 £+ 0.06;
EGTA, 1.06 +0.01 (P<0.01)) (Figs. 3-4A and B), indicating that extracellular Ca>" influx

participates in the accumulation of intracellular Ca*".
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TRPV4 has been identified as a mechanosensor involved in the effect of hyperosmotic
stress [13], and it is expressed in NRK-52E cells [14]. Therefore, the author investigated
the potential role of TRPV4 channels in hyperosmotic mannitol-mediated Ca** influx in
NRK-52E cells. Pre-treated with 10 uM HC-067047, a TRPV4 antagonist, significantly
reduced the increase in Ca?" fluorescent signals caused by 200 mM mannitol
hyperosmotic stress (200 mM mannitol, 1.46 + 0.06; HC-067047, 1.17 + 0.03 (P <0.01))
(Figs. 3-4C and D). This suggests that TRPV4 channels are involved in hyperosmotic

mannitol-mediated Ca*" influx.
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Fig. 3-4 Effects of EGTA and TRPV4 antagonist on the hyperosmotic mannitol-
induced calcium influx of NRK-52E cells. (A, C) Relative fluorescence intensity
transients of Fluo-4/AM loaded cells in response to cotreatment with 200 mM mannitol
and 4 mM EGTA (n = 29) (A) or 10 uM HC-067047 (n = 25) (C). Individual data is
represented by thin gray lines, while the average is represented by a bold black line. The
arrows denote the start of the hyperosmotic stimulation. (B, D) A comparison of the peak
intensity between 200 mM mannitol alone and cotreatment with EGTA (B) or HC-067047
(D). The data of 200 mM mannitol alone (left) were identical to those in Figure 3-2B,
which were shown for comparison. Data are presented as box and whisker plots with
average, median, interquartile range (IQR), and minimum and maximum values. **P <

0.01 from the data of 200 mM mannitol (Student’s t-test).
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3.3.4 Enhancement of calcium influx by TRPV4 channel activation

To further investigate whether hyperosmotic mannitol stress-induced Ca*" influx is
associated with TRPV4 channels, NRK-52E cells were treated with the selective TRPV4
agonist GSK1016790A (hereafter GSK-101; 100 nM). As expected, compared to 200 mM
mannitol treatment (Fig. 3-5A), GSK-101 treatment increased intracellular Ca*'
concentration (Fig. 3-5B). The calcium dynamics, on the other hand, differed slightly.
Although there was no statistically significant difference between treatments of GSK-101
and 200 mM mannitol in the response latency, defined as the time from the stimulation to
the peak fluorescent intensity (GSK-101, 87 £+ 21 sec; 200 mM mannitol, 121 + 20 sec)
(Figs. 3-5C), the Fluo-4 fluorescence levels for GSK-101 treated cells returned faster to
the initial level and was significantly lower than that for 200 mM mannitol treated cells
at 600 sec after hyperosmotic stimulation (GSK-101, 1.02 £+ 0.03; 200 mM mannitol, 1.20
+ 0.04 (P <0.01)) (Fig. 3-5D). Furthermore, GSK-101 treatment significantly increased
the peak Ca?" fluorescence intensity when compared to 200 mM mannitol (the peak
fluorescent intensity: GSK-101, 1.77 + 0.07; 200 mM mannitol, 1.46 £+ 0.06 (P < 0.01))
(Fig. 3-5E). This could be due to the difference in TRPV4 activation levels between the

GSK-101 treatment and hyperosmotic stress.
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Fig. 3-5 Effects of TRPV4 agonist on the calcium influx of NRK-52E cells. (A, B)
Relative fluorescence intensity transients of Fluo-4/AM loaded cells in response to
treatment with 200 mM mannitol (n = 34) (A) or 100 nM GSK-1016790A (n = 16) (B).
Individual data is represented by thin gray lines, while the average is represented by a
bold black line. The arrow denotes the start of the stimulation of mannitol or GSK-101.
The data of 200 mM mannitol (A) were identical to those in Fig. 3-2A, which were shown
for comparisons. (C-E) A summary of Fluo-4/AM fluorescence signal data from (B),
displaying the latency to peak (C), the amplitude at 600 sec (D), and the peak intensity
(E). The latency to the peak was calculated as the time between stimulation and the peak
value. The amplitude at 600 sec was calculated as the value of 600 sec after stimulation.

The peak intensity was calculated as the highest value of fluorescence intensities. The
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data of 200 mM mannitol alone (black bar) were identical to those in Figure 2, which
were shown for comparison. Data are presented as box and whisker plots with average,
median, interquartile range (IQR), and minimum and maximum values. **P < 0.01; NS,

not significant from the data of control (Student’s t-test).

3.4 Discussion

TRPV4 has been identified as an osmotically-activated channel [15]. The effect of
hyperosmotic stress on the TRPV4 channel activation has been controversial, with some
reports indicating that treatment of hyperosmotic stress induces TRPV4 channel
activation in dorsal root ganglion neurons [15,16], while others suggest that it does not in
corneal epithelial cells and some other tissues [17,18]. In this chapter, the author
confirmed that hyperosmotic mannitol stress could induce a transient Ca?" influx in NRK-
52E, implying the involvement of TRPV4 channel activation.

Although a significant increase in intracellular Ca®" concentration was observed with
200 mM mannitol treatment, there was a wide variation in results between cells, with
some cells responding and others not. This may be due to differences in TRPV4
expression, cell shape, and cell cycle among cells. Synchronizing the cell cycle by serum
starvation prior to hyperosmotic stress may be one eftfective way to limit variability.

Chelating extracellular Ca®>" with EGTA prevented hyperosmotic-induced cytoplasmic
Ca’" entry (Figs. 3-4A and B), emphasizing the importance of extracellular Ca®" through
the plasma membrane. TRPV4 activation may account for some of this phenomenon, as
a TRPV4 antagonist, HC-067047, significantly reduced hyperosmotic mannitol-induced
Ca?" influx (Figs. 3-4C and D). Despite the lack of statistics, the initial Ca** levels after

hyperosmotic stimulation remained slightly higher in the TRPV4 inhibition condition
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compared to the EGTA treatment (Figs. 3-4A and C). Furthermore, the cells treated with
the TRPV4 activator GSK-101 did not exhibit a sustained Ca’" response induced by
hyperosmotic mannitol stress. Other Ca** channels may thus be involved in mediating or
compensating for the increased intracellular Ca*>" [2]. TRPVI is also found to be
expressed in renal tubules [19] and indicated as a mechanosensor responsible for the
effect of hyperosmotic stress [10,11]. Importantly, knocking out this channel abolished
the susceptibility to hyperosmolar conditions [20], suggesting that TRPV1 mediation of
the change in intracellular Ca*" might be the first step of this series of changes. On one
hand, TRPV4 signaling is important in mechanosensory transduction; for example, when
bladder filling activates TRPV4 in epithelial cells, adenosine triphosphate (ATP) is
released and acts on P2X receptors, one of the Ca?* channels [21]. The effects of
hyperosmolarity on the effects of other Ca®" channels can help to clarify the mechanism
underlying changes in intracellular Ca®" concentration in proximal tubular epithelial cells.

Although the findings of this chapter suggest that TRPV4 channels are involved in the
initial step of calcium influx caused by hyperosmotic mannitol treatment, it is still unclear
how TRPV4 is activated by hyperosmotic stress. TRPV4 interacts with the actin
cytoskeletal network [8,22], so it will be interesting to determine if TRPV4 is stimulated
by cytoskeletal remodeling and/or feed-forward mechanisms. The Ca?" response of NRK -
52E cells to hyperosmotic mannitol stress may be due to cell shrinkage disrupting actin
filaments. Cytoskeletal networks, such as actin filaments are directly molecularly bound
to the C-terminus of the TRPV4 channel [8], and hyperosmotic stress increased
intracellular Ca®* concentration while disrupting the actin cytoskeleton [23]. When actin
filaments were disrupted by treatment with Cytochalasin D, a transient increase in

intracellular Ca®" fluorescence was observed (Fig. 3-3). Thus, actin filaments may be
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involved in the hyperosmotic stress-induced Ca** influx. Moreover, it is known that
structural changes in the plasma membrane, such as changes in membrane tension,
contribute to the activation of ion channels on the plasma membrane concomitant with
cell volume changes [18]. Changes in actin cytoskeletal tension due to cell swelling
induced by hypoosmotic stress affect TRPV4 channel activity [24]. Since, in Chapter 2,
the author showed that hyperosmotic mannitol stress causes cell shrinkage in NRK-52E
cells (Fig. 2-3A), it is possible that the TRPV4 channel is activated (opened) by the
changes in the plasma membrane structure associated with the cell contraction.
Investigating the mechanisms of Ca** influx induced by hyperosmotic mannitol will also
help to clarify the mechanisms underlying the effects of Ca?>" dynamics on various

phenotypes, including EMT and autophagy, which are discussed in Chapters 4 and 5.

3.5 Conclusion
In the present chapter, the author showed that the hyperosmotic mannitol stress induces
a transient Ca®" influx in NRK-52E, implying the involvement of TRPV4 channel

activation.
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Chapter 4
The effects of hyperosmotic stress on EMT of renal tubular

epithelial cells

4.1 Introduction

The epithelial-mesenchymal transition (EMT) of tubular epithelial cells is a widely
accepted mechanism for the transformation of injured tubular epithelial cells into
myofibroblasts. EMT is characterized by the loss of epithelial markers like E-cadherin
and the upregulation of mesenchymal markers such as a-smooth muscle actin (a-SMA)
[1]. A growing body of evidence suggests that renal tubular EMT plays an important role
in the progression of acute and chronic kidney damage [1-4]. The exact mechanism of
mannitol-induced AKI has not been clarified yet but changes in tubular osmolarity and
the osmolar gap may be the contributing factors [5]. Besides, previous studies have
reported that interstitial a-SMA-positive myofibroblasts appear around the proximal
tubules in the AKI model [6,7]. Therefore, hyperosmotic stress could be involved in the
induction of EMT.

EMT occurs in response to numerous factors such as cytokines, hormones, and
autacoids [1,8-10]. Interestingly, recent studies have demonstrated that mechanical
stresses such as fluid shear stress and cyclic stretch could also induce EMT [11,12].
Changes in osmotic conditions of proximal tubular epithelial cells can generate not only
osmotic but also mechanical stresses in cells by altering cell volume and cytoplasm
membrane tension [13]. Cells sense the mechanical stresses through cell-extracellular

matrix (ECM) adhesion structures known as focal adhesions (FAs), which are connected
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to the actin structure through FA-associated binding proteins [14] and transmit force-
induced signals between the ECM and cytoskeleton [15,16]. The cytoskeleton and FAs
are not static structures that simply transmit force, but they are always dynamically
reorganized [15]. It is also known that the induction of EMT causes a dynamic remodeling
of the actin cytoskeleton from the cortical organization of actin filaments to thick actin
stress fibers, which is a hallmark of mesenchymal cells [17,18]. Although it has been
reported that hyperosmotic stress induces depolymerization and rearrangement of actin
filaments [19], to the best of our knowledge, there are no studies regarding the effects of
hyperosmolarity on FAs. In fact, it has been proposed that the size of FAs controls the
recruitment of a-SMA to actin stress fibers [20-22]. Therefore, FAs could be involved in
the induction of EMT by controlling the expression of a-SMA.

The aim of this chapter was to investigate the mechanisms involved in
hyperosmolarity-induced EMT. For this purpose, the author examined the effects of
hyperosmotic stress on a-SMA expression and FA dynamics in proximal tubular epithelial
cells. Moreover, based on the Chapter 3 results, the author investigated the effects of
TRPV4-mediated calcium influx on EMT to better understand the mechanisms of

hyperosmolarity-induced EMT.

4.2 Materials and methods
4.2.1 Cell lines and reagents

NRK-52E cells, mannitol, a TRPV4 antagonist HC-067047, and a TRPV4 agonist
GSK-1016790A were obtained as described in Section 3.2.1. Y-27632, ROCK (Rho-
associated protein kinase) inhibitor, was obtained from FUJIFILM Wako Pure Chemical.

Antibodies for a-SMA, vinculin, E-cadherin, and GAPDH were purchased from DAKO
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(Glostrup, Denmark), Invitrogen (Carlsbad, CA), Abcam (Cambridge, MA), and Cell

Signaling Technology (Danvers, MA), respectively.

4.2.2 Cell culture and hyperosmotic stimulation
Culture of NRK-52E cells and application of hyperosmotic mannitol were performed

as described in Section 2.2.2.

4.2.3 RNA extraction and quantitative real-time PCR

NRK-52E cells were lysed in ISOGEN (NIPPON GENE, Toyama, Japan), and to
obtain cDNA, the reverse transcription reaction was performed using the ReverTra Ace
gPCR RT Master Mix (TOYOBO, Osaka, Japan). Quantification of cDNA was performed
using THUNDERBIRD SYBR qPCR Mix (TOYOBO) and the Thermal Cycler Dice
Real-Time System Tp800 (TaKaRa Biomedicals, Shiga, Japan). PCR was conducted in 5
uM of cDNA, 10 uM of master mix, and 5 pM of sense, and antisense primers. Table 4-
1 shows the primer sets used for PCR. The relative mRNA expression levels of the target
genes in each sample were calculated as the CT value, which is the cycle number at which
the fluorescence signal is greater than a defined threshold. The expression of each gene
was normalized with the housekeeping gene GAPDH, and the relative mRNA levels were
analyzed by the AACT method and compared to those of untreated, time-matched control

samples.
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Table 4-1: Primers used in this study

Gene Name Sense Antisense
Rat GAPDH TGACAACTTTGGCATCGTGG GGGCCATCCACAGTCTTCTG
Rat SNAIL CAGATGGCTGATGGAAGGCA CAGCTGTGTCCAGAGGCTAC
Rat TWIST AGAGATTCCCAGAGGCAACG TGACTGATTGGCAAGACCTC
Rat Collagen-I ACTGGTACATCAGCCCAAAC GGAACCTTCGCTTCCATACTC
Rat PAI-1 GACAATGGAAGAGCAACATG ACCTCGATCTTGACCTTTTG
Rat Fibronectin GTGATCTACGAGGGACAGC GCTGGTGGTGAAGTCAAAG

Rat E-cadherin

GAGGTCTTTGAGGGATCTGTTG

GGCAGCATTGTAGGTGTTTATG

Rat vimentin

CTTCCCTGAACCTGAGAGAAAC

GTCTCTGGTTTCAACCGTCTTA

Rat a-SMA

AGGGAGTGATGGTTGGAATG

GGTGATGATGCCGTGTTCTA

4.2.4 Immunofluorescence staining

After the stimulation of hyperosmotic stress with mannitol or urea, the morphology of

NRK-52E cells was observed under the phase-contrast microscope (Olympus). For

immunofluorescence staining, cells were fixed with 4% paraformaldehyde for 15 min and

then permeabilized with 0.5% Triton X-100 for 15 min at room temperature. After

blocking with 3% BSA (Sigma-Aldrich) in PBS for 1 h, cells were incubated with E-

cadherin, a-SMA, or vinculin antibody (diluted to 1:200 in the blocking solution) for 1 h
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at room temperature, followed by staining with Alexa Fluor 488- or 546-conjugated
secondary antibody (1:500, Invitrogen) for 1 h. For staining the nuclei and F-actin, cells
were also incubated with Hoechst 33342 (Invitrogen) and Alexa Fluor 546-conjugated
phalloidin (Invitrogen), respectively, for 15 min. All samples of immunofluorescence

staining were imaged by confocal microscopy (Olympus).

4.2.5 Image processing

The Imagel Fiji software (version 1.52) was used for the processing of images. After
removing the background, the cell outline was detected and binarized. In the region
excluding the cell edge, a vinculin dot of >0.8 um? was defined as FA [23], and “the
number of FAs per cell” and “the area of each FA” were obtained for each cell. Relative
immunofluorescence intensities of E-cadherin and a-SMA were quantified by using the

Imagel] Fiji [24].

4.2.6 Western blotting

Protein samples prepared using whole-cell lysates. After washing with PBS, NRK-52E
cells were lysed in lysis buffer (150 mM NaCl, 1 mM EDTA, 50 mM Tris, 1% NP-40,
and 1% Triton-X-100) containing 1% protease inhibitor cocktail (Sigma-Aldrich). Protein
concentrations were determined using the DC Protein Assay kit (Bio-Rad, Hercules, CA)
and absorbance spectrophotometer (Bio-Rad). Equal amounts of protein (from 1 to 5 ug)
were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene difluoride (PVDF) membranes. After blocking the PVDF membranes
with 5% nonfat milk in TBST (Tris-buffered saline (TBS) containing 0.1% Tween 20) for

1 h, the membranes were incubated with E-cadherin, a-SMA or GAPDH, diluted up to
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1:2000, at 4°C overnight. Goat anti-rabbit IgG, horseradish peroxidase-linked secondary
antibody (Cell Signaling Technology), diluted up to 1:2000 was detected by adding an
enhanced chemiluminescent reagent. Blots were stripped with Restore™ Western
Stripping Buffer (Thermo Fisher Scientific) and re-probed with different antibodies. The
band intensity was quantified from scanned membrane images using the Imagel Fiji

software.

4.2.7 Statistical analysis

Statistical analyses were performed as described in Section 2.2.6. All results were
analyzed using the GraphPad Prism 5 ver. 5.0 software (GraphPad Software) or the R
4.1.2 software (R Foundation for Statistical Computing, Vienna, Austria). Comparison of
the two groups was performed using Student’s t-test. For multiple group comparisons,
one-way analysis of variance (ANOVA), followed by Steel, Steel-Dwass, Dunnett’s, and
Tukey’s post hoc test was used to compare groups with nonparametric and parametric

data, respectively.
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4.3 Results
4.3.1 Hyperosmolarity induces the EMT of NRK-52E cells

The effect of hyperosmotic stress induced by mannitol on EMT was examined by
immunofluorescence staining (Fig. 4-1A). In the absence of extracellular osmolytes, E-
cadherin, an epithelial cell marker, was abundantly localized to the plasma membrane.
The expression of a-SMA, a mesenchymal cell marker was rarely detected, which is
consistent with previous studies investigating the induction of EMT using NRK-52E cells
[25-27]. When the cells were stimulated by hyperosmotic stress for 12 h, the expression
of E-cadherin was markedly decreased, and the expression of a-SMA was dramatically
increased in the cytoplasm in a mannitol-dose-dependent manner (Fig. 4-1A).
Quantitatively, the mean fluorescence intensity of E-cadherin and o-SMA was
significantly decreased and increased, respectively, by hyperosmotic mannitol stress (Fig.
4-1B). These changes in expression are consistent with the features of EMT.

In Chapter 2, the author described that when NRK-52E cells were exposed to
hyperosmotic urea, the reduction in cell volume was markedly smaller than that under
hyperosmotic mannitol treatment (Fig. 2-3). Thus, the author next explored the E-
cadherin and o-SMA expression of NRK-52E cells under urea-medicated
hyperosmolarity to further understand the effect of hyperosmotic stress-induced cell
volumetric changes on EMT. Unlike the result obtained with mannitol, treatment with
hyperosmotic urea resulted in no changes in the expression of E-cadherin and a-SMA
compared with the control (0 mM) (Figs. 4-2A and B).

These results suggest that the hyperosmotic stress-induced EMT in NRK-52E cells
requires cell shrinkage concomitant with the osmotic gradient between the intracellular

and extracellular compartments as a result of water efflux from the cells.
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Fig. 4-1 Effects of hyperosmotic mannitol stress on the epithelial-mesenchymal
transition (EMT) of NRK-52E cells. (A) Typical fluorescence images of E-cadherin
(green), a-SMA (red), and combined (green and red) cultured with 0, 100, and 200 mM
mannitol for 12 h. Bar, 25 pm. (B) Quantitation of the changes in the mean fluorescence
intensity of E-cadherin and a-SMA (n = 46 from 0 mM, n = 30 from 100 mM, n = 26
from 200 mM) by immunofluorescence staining. Data are presented as box and whisker
plots with average (x), median, IQR, and minimum and maximum values. The n indicates

the number of independent experiments. ~ P < 0.01 from the data of 0 mM (Dunnett’s

test).
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Fig. 4-2 Effects of hyperosmotic urea stress on the epithelial-mesenchymal transition
(EMT) of NRK-52E cells. (A) Typical fluorescence images of E-cadherin (green), a-
SMA (red), and combined (green and red) cultured with 0, 100, and 200 mM urea for 12
h. Bar, 25 pm. (B) Quantitation of the changes in the mean fluorescence intensities of E-
cadherin and a-SMA (n =19 from 0 mM, n = 19 from 100 mM, n = 19 from 200 mM) by
immunofluorescence staining. Data are presented as box and whisker plots with average
(%), median, IQR, and minimum and maximum values. The n indicates the number of

independent experiments.
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4.3.2 Hyperosmolarity induces the upregulation of Snail and Twist.

Since E-cadherin downregulation is an initial hallmark of the differentiation of
epithelial cells to the mesenchymal phenotype [28,29], the author measured the
expression levels of Snail and Twist, which are the major transcription factors that
regulate E-cadherin expression [1,10,30], to verify the mechanism underlying the
hyperosmotic stress-induced E-cadherin downregulation. When cells were stimulated by
hyperosmotic stress for 12 h, the mRNA expression levels of Snail and Twist were
increased in a mannitol-dose-dependent manner (Fig. 4-3). These data suggest that
hyperosmotic mannitol stress induces EMT in NRK-52E cells with a reduction of E-

cadherin expression by the upregulation of both Snail and Twist.
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Fig. 4-3 Effects of hyperosmotic mannitol stress on the expression of Snail and Twist.
NRK-52E cells were treated with mannitol (0, 100, 200 mM) for 12 h, and mRNA
expression was analyzed by qPCR. Quantitation of the changes in the mRNA of Snail (n
=6 from 0 mM, n =4 from 100 mM, n =5 from 200 mM) and Twist (n = 7 from 0 mM,
n =4 from 100 mM, n = 6 from 200 mM). Relative gene expression was calculated
considering 0 mM as 1. Data are presented as box and whisker plots with average (%),
median, IQR, and minimum and maximum values. ~'P < 0.01 from the data of 0 mM

(Steel test).
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4.3.3 Hyperosmolarity induces the dynamic changes in FAs

Based on the above-described results, the author hypothesized that the cell shrinkage
caused by hyperosmotic stress interferes with the structure and organization of the actin
cytoskeletal network and FAs by limiting the intracellular space. To test this hypothesis,
the author focused on the effect of hyperosmotic stress on actin cytoskeletal structures
and FA distribution, which are known to be responsible for mediating various important
cellular processes such as cell structural support and functional regulation [19].

Although there was no change in the actin cytoskeleton cultured with 100 mM mannitol
(Fig. 4-4A), the actin cytoskeletal structure exhibited drastic time-dependent changes
after being treated with 200 mM mannitol (Fig. 4-4B); the actin filaments were
disassembled by treatment with 200 mM mannitol for 0.5 h and then reorganized into
thick stress fibers at 12 h, as shown in Section 2.3.2. These results are consistent with
those of previous studies that demonstrated hyperosmolarity-induced depolymerization
and reorganization of the actin cytoskeleton for adaptive responses [19].

The author also evaluated the effect of hyperosmotic treatment on the rearrangement
of FAs, which play important roles in the organization and structure of actin filaments.
Mannitol-treated cells were examined for their contents of vinculin, an FAs marker, by
fluorescence immunostaining. Like the actin cytoskeletal structures, treatment with 100
mM mannitol did not cause any detectable changes in the vinculin fluorescence
distribution pattern (Fig. 4-4A), which was similar to control cells demonstrating
widespread labeling of FAs (0 h in Fig. 4-4A). In contrast, in the cells treated with 200
mM mannitol, vinculins were disassembled in the central region and almost localized
along the edges of cells after 30 min and then recovered to a similar distribution pattern

as that of control cells at 12 h (Fig. 4-4B).
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To quantify the effect of hyperosmotic stress treatment on FA changes, “the number of
FAs per cell” and “the area of each FA” were calculated. Upon treatment with 200 mM
mannitol, there was a significant decrease in the number of FAs after 0.25 and 0.5 h (0 h,
23.7+2.0; 0.25 h, 4.7 £ 0.6 (P <0.01); 0.5 h, 3.6 £ 0.6 (P < 0.01)) (Fig. 4-4C), which
recovered to the control level at 2 h (21.1 & 3.8) and then significantly increased at 12 h
compared with the initial value (46.9 £ 9.0 (P < 0.01)) (Fig. 4-4C). The area of each FA
was similar to the number of FAs. Within the first 0.5 h of 200 mM mannitol treatment,
each FA area gradually decreased (0 h, 2.3 £ 0.1 um?; 0.25h, 1.8 £0.2 pm?, 0.5h, 1.2 +
0.1 um? (P <0.01)) (Fig. 4-4D). The value of FA area returned to the level of the untreated
cells at 2 h (2.2 + 0.1 um?) and then significantly increased at 12 h (3.0 £ 0.2 pm? (P <
0.01)) (Fig. 4-4D). Treatment with 100 mM mannitol resulted in no significant changes
in both FA number and FA area (Figs. 4-4A, C, and D).

These findings clearly demonstrate that hyperosmotic condition induces the
disassembly and subsequent rearrangements of FAs concomitant with actin filament

dynamics change in NRK-52E cells.
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Fig. 4-4 Effects of hyperosmotic mannitol stress on actin and vinculin distribution
in NRK-52E cells. (A, B) Cells were cultured with 100 (A) or 200 mM (B) mannitol for
0, 0.25, 0.5, 2, and 12 h. Typical fluorescence images of F-actin (red), vinculin (green),
and combined (red and green). Bar, 25 pm. (C, D) A summary of vinculin staining data
from (A) and (B), showing the number of FAs per cell (C) and area of each FA (D) (100
mM; 0h (n=25),025h(n=13),05h(n=9),2h(n=15), 12h (n=11): 200 mM; 0 h
(n=33),025h (n=28),0.5h (n=27),2 h (n=28), 12 h (n = 16)). Data are presented
as box and whisker plots with average (%), median, IQR and minimum and maximum
values. The n indicates the number of cells analyzed. “*P < 0.01 from the data of 0 h

(Dunnett’s test).

4.3.4 Hyperosmolarity promotes the incorporation of a-SMA into actin stress fibers

Treatment with 200 mM mannitol for 12 h significantly increased the area of each FA
in NRK-52E cells. Based on the findings of previous studies, FA size controls the
recruitment of a-SMA to actin stress fibers [20], the author further hypothesized that
hyperosmotic stress promotes the incorporation of a-SMA into actin stress fibers.
Strikingly, after treatment with 200 mM mannitol for 12 h, the expression level of a-SMA
protein in the cells was significantly increased (Fig. 4-5A), and the association of a-SMA
with actin filaments increased cellular anisotropy compared with the control (0 mM) (Fig.
4-5B). Decreased expression of E-cadherin at the same time was also observed, which is
consistent with the features of EMT (Fig. 4-5A).

These observations indicate that hyperosmotic conditions could promote the

expression and recruitment of a-SMA to the actin stress fibers in NRK-52E cells.
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Fig. 4-5 Effects of FAs on the recruitment of a-SMA to actin stress fibers. NRK-52E
cells were treated with mannitol (200 mM) or cotreated with Y- 27632 (1 uM) for 12 h.
(A) Western blot analysis for E-cadherin (n = 4 from mannitol (0 mM), n = 4 from
mannitol (200 mM), n = 4 from mannitol (200 mM) + Y-27632) and a-SMA (n = 5 from
mannitol (0 mM), n = 5 from mannitol (200 mM), n = 5 from mannitol (200 mM) + Y-
27632). Left: The representative bands obtained Western blotting. Right: Quantification
analysis of E-cadherin and a-SMA. Relative expression was calculated as normalized to
untreated cells (mannitol 0 mM). Data are presented as box and whisker plots with
average (%), median, IQR, and minimum and maximum values. The n indicates the
number of independent experiments. ‘P < 0.05 from the data of 0 mM (Steel-Dwass test).
(B) Typical fluorescence images of F-actin (red), a-SMA (green), and combined (red and

green). Bar, 25 um.
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4.3.5 Cotreatment with Y-27632 suppresses hyperosmolarity-induced FA
rearrangements and colocalization of F-actin and a-SMA

To investigate whether FA rearrangements directly affect the hyperosmolarity-induced
EMT in NRK-52E cells, the author explored the experimental conditions that prevent the
rearrangement of FAs.

Treatment with 1 pM Y-27632, a ROCK inhibitor, could suppress FA rearrangements
induced by 200 mM mannitol treatment, but it had no appreciable effect on actin filament
reorganization (Fig. 4-6A). Quantitatively, the average of FA area of cells cotreated with
Y-27632 and mannitol exhibited a significant decrease until 0.5 h (0 h, 2.6 £ 0.1 pm?;
0.25h, 1.3+ 0.3 um? (P <0.01); 0.5h, 1.4 £ 0.1 um? (P < 0.01)) (Fig. 4-6B). Even after
2 h since the beginning of the cotreatment, the significant decrease in the value of FA area
continued at 2 and 12 h (1.6 £ 0.2 um? (P < 0.01) and 1.9 = 0.1 um? (P < 0.05),
respectively) (Fig. 4-6B). The values of FA area at 2 and 12 h after cotreatment with Y-
27632 were smaller than those obtained under treatment with 200 mM mannitol alone
(Fig. 4-4D) at the same time points; this result was statistically significant (Fig. 4-6C).

These results demonstrated that cotreatment with 200 mM mannitol and 1 uM Y-27632
was an experimental condition that could prevent hyperosmotic stress-induced FA

rearrangements without affecting actin cytoskeletal dynamics in NRK-52E cells.
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Fig. 4-6 Experimental conditions that prevent the rearrangement of FAs without
affecting actin cytoskeleton reorganization. NRK-52E cells were cotreated with
mannitol (200 mM) and Y-27632 (1 uM) for 0, 0.25, 0.5, 2, and 12 h. (A) Typical
fluorescence images of F-actin (red), vinculin (green), and combined (red and green). Bar,
25 um. (B) A summary of vinculin staining data from (A), showing the area of each FA
(mannitol (200 mM) +Y-27632; 0h(n=9),0.25h (n=9),0.5h(n=14),2 h (n=218), 12
h (n = 8)). Data are presented as box and whisker plots with average (x), median, IQR,
and minimum and maximum values. The n indicates the number of cells analyzed. (C) A
comparison between mannitol (200 mM) alone and cotreated with Y-27632 (1 uM) from
(B). The data of 200 mM mannitol alone (black bars) were identical to those in Fig. 4-4D,
which were shown for comparisons. Data are mean + SEM. "P <0.05, P <0.01 from the

data of mannitol (200 mM) at the same time point (Student’s t-test).
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The author then investigated the effects of treatment with 1 uM Y-27632, which
prevented the hyperosmolarity-induced FA rearrangements, on the recruitment of a-SMA
to actin stress fibers. Preventing the FA rearrangements attenuated the effects of
hyperosmolarity. Even under hyperosmotic conditions, treatment with Y-27632
significantly reduced the colocalization of F-actin and a-SMA fluorescence signals
similar to the control levels (Fig. 4-5B). These results suggest that the FA rearrangements
induced by hyperosmotic stress play an important role in the expression of a-SMA and
its incorporation into actin stress fibers in NRK-52E cells.

Furthermore, using Western blotting and immunofluorescence staining, the Y-27632
treatment abolished both the increase in a-SMA and the decrease in E-cadherin
expressions induced by mannitol (200 mM) to the control level (Fig. 4-5A and Fig. 4-7A).
Similar results were obtained for mRNA levels of the epithelial marker, E-cadherin, and

the mesenchymal markers, a-SMA and vimentin (Fig. 4-7B).

83



E-cadherin a-SMA Combined
200 mM
+
Y-27632
B .
E-cadherin a-SMA
25 50 Sk
45

[ 20

s i

[ ) 35 o

O = ] 3]

o = 15 H o 2 30 H]

9 2 ¥ oG 2 °

e} 2 *% 6 c 25 s

é % 10 _i_ S 9 ° 5

(= T i € 2 __ 3

; ; 4 § © H

= s 8 2 10 %

T s e
0 0 —
Mannitol  Mannitol 200+mM Mannitol  Mannitol 200 MM
0mM 200 mM
m m Y-27632 0mM 200 mM V-27632

Fig. 4-7 Effects of Y-27632 on the epithelial-mesenchymal transition of NRK-52E
cells. (A) Typical fluorescence images of E-cadherin (green), a-SMA (red), and combined
(green and red) cotreated with mannitol (200 mM) and Y-27632 (1 uM) for 12 h. Bar, 25

um. (B) Quantitation of the changes in the mean fluorescence intensity of E-cadherin and
a-SMA (n = 34 from 200 mM + Y-27632) by immunofluorescence staining. The data of

mannitol (0 and 200 mM) were identical to those in Fig. 4-1B and C, which were shown
for comparisons. Data are presented as box and whisker plots with average (%), median,
IQR, and minimum and maximum values. ~ P < 0.01 from the data of 0 mM (Tukey’s

test).
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4.3.6 Cotreatment with Y-27632 attenuates the hyperosmolarity-induced production
of fibrogenesis-related factors

The differentiation of tubular epithelial cells into a-SMA-positive myofibroblasts
ultimately leads to the deposition of the ECM, which contributes to the progression of
renal fibrosis [9]. Given that hyperosmotic stress-induced EMT in NRK-52E cells, the
author reasoned that the expression of ECM-related genes is promoted in response to
hyperosmotic stress.

To test this hypothesis, the author first investigated whether hyperosmotic stress affects
the expression of EMT and ECM-related genes using real-time PCR. Upon treatment with
200 mM mannitol for 24 h, not only the expression levels of the EMT maker, but also the
expression levels of the ECM marker collagen I and the fibrogenesis factor PAI-1 were
changed, but the increase in the expression of ECM fibronectin was not statistically
significant (Fig. 4-8). Since PAI-1 is a major inhibitor of plasminogen activator, increased
PAI-1 levels are considered to contribute to increased ECM accumulation due to the
suppression of plasmin production and matrix metalloproteinase activation [9]. Therefore,
these results indicate that hyperosmotic stress induces the expression of fibrosis-related
factors through EMT in NRK-52E cells.

Moreover, treatment with Y-27632 abolished the upregulation of the mRNA levels of
collagen I, PAI-1, and fibronectin in the presence of mannitol (Fig. 4-8). These results
suggest that in NRK-52E cells, the ROCK signaling inhibition attenuates the
hyperosmotic stress-induced upregulation of profibrotic factors, and prevention of FAs

rearrangements may be involved in part of the mechanism.

85



EMT-related genes

c o 14 . 25 _ 60
= E c
5.2 12 |:->'I<-:| 22 20 <5 50 T
5 o 1.0 2 o =
g0 1 EL 5 B o 40
uJ('J e 0.8 >g - === S o 3.0 ¥
0o © 06 2o 1.0{ —w— 2o
S« B < 20
ST 02 e E Y €€ 1.0] —=—
0.0 0.0 0.0 ==
Mannitel  Mannitol 200+mM Mannitol  Mannitol 200+m|\.‘| Mannital  Mannitol 200+mM
OmM  200mM 5700 OmM  200mM y orean OmM  200mM y 57eas
ECM-related genes
20 5 * 5
18 * 45 45
— g 16 = § 4 g 4
aw 14 T 235 @@ 35
Q v o0
28 12 . g2 3 58 3 -
g & 10 i Q5 25 = x%25
2q 8 5g 2 2g 2 x =
BZ 6 x cx 15 ’_T_‘ 5% 15 %
v E E  {—= ¥ ® E
2 5 0.5 05
0 = 0 0
Mannitol Mannitol 200 mi Mannitol - Mannitol 200+mM Mannitol  Mannitol 200 mM
OmM  200mM + OmM 200 mM omM 200 mM +
m Y-27632 Y-27632 ™ Yaremn

Fig. 4-8 Effects of Y-27632 on the hyperosmotic mannitol stress-induced expression
of EMT- and ECM-related genes. NRK-52E cells were cotreated with mannitol and Y-
27632, and mRNA expression was analyzed. Quantitation of the changes in E-cadherin
(n = 3), vimentin (n = 3), a-SMA (n = 3), collagen-I (n = 6 from 0 mM, n =3 from 200
mM, n =6 from 200 mM + Y-27632), PAI-1 (n =5 from 0 mM, n =5 from 200 mM, n =
3 from 200 mM + Y-27632) and fibronectin (n = 6 from 0 mM, n = 6 from 200 mM, n =
5 from 200 mM + Y-27632). Relative gene expression was calculated considering 0 mM
as 1. Data are presented as box and whisker plots with average (x), median, IQR and

minimum and maximum values. T. "P < 0.05 from the data of 0 mM (Steel-Dwass test).
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4.3.7 TRPV4 channel involves in hyperosmolarity-induced EMT

In Chapter 3, the author described that hyperosmotic mannitol stress could induce a
transient Ca?" influx in NRK-52E, implying the involvement of TRPV4 channel
activation. Given the growing body of evidence for Ca®" signaling in EMT, the author
hypothesized that TRPV4 channels play a role in hyperosmolarity-induced EMT.

When the cells were stimulated with 200 mM mannitol for 12 h, the expression of E-
cadherin and a-SMA was significantly decreased and increased, respectively, whereas the
HC-067047 treatment abolished both the increase in a-SMA and the decrease in E-
cadherin expressions induced by 200 mM mannitol (Fig. 4-9A). To further determine
whether TRPV4-mediated Ca’" influx can drive EMT induction, NRK-52E cells were
treated with the selective TRPV4 agonist GSK1016790A (hereafter GSK-101; 100 nM).
Pharmacological TRPV4 activation by GSK-101 treatment alone resulted in EMT protein
marker changes, as evidenced by the upregulation of a-SMA and downregulation of E-
cadherin (Fig. 4-9B).

These findings show that TRPV4-mediated Ca®" influx may play an important role in

EMT in NRK-52E cells.
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Fig. 4-9 Effects of TRPV4 antagonist and agonist on EMT-related protein expression

E-cadherin E-cadherin

a-SMA a-SMA

of NRK-52E cells. (A) Typical fluorescence images of E-cadherin (green) and a-SMA
(red) cultured with 0 mM mannitol, 200 mM mannitol, and cotreatment with 200 mM
mannitol and 10 uM HC-067047 for 12 h. Bar, 25 um. (B) Typical fluorescence images
of E-cadherin (green) and a-SMA (red) cultured with 100 nM GSK-1016790A (GSK-

101) for 12 h. Bar, 25 pm.
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4.4 Discussion

The purpose of this chapter was to explore the role of hyperosmolarity in the EMT of
proximal tubular epithelial cells. The novel finding was that hyperosmotic mannitol stress
could induce EMT, and FAs rearrangements are thought to be partly involved in the
mechanism for the hyperosmotic stress-induced EMT.

Considering that using urea, which is a membrane-permeable osmolarity regulator did
not induce EMT, the mannitol-induced EMT could be triggered by cell shrinkage due to
osmotic differences between the cytosol and extracellular compartment and not by the
hyperosmotic condition itself (Figs. 4-1 and 4-2). When NRK-52E cells were exposed to
hyperosmotic urea, the reduction in cell volume was markedly smaller than that under
hyperosmotic mannitol treatment (Fig. 2-3), which suggests that a reduction of cell-cell
contact occurred. Previous studies have demonstrated that disrupting the cell-cell contact
induces the proteolytic shedding of E-cadherin, which causes the nuclear translocation of
B-catenin, the transcriptional induction of Snail/Slug, and the repression of E-cadherin
transcription in NRK-52E cells [31,32]. Mannitol treatment of NRK-52E cells reduced
E-cadherin expression (Fig. 4-1) and increased the expression levels of Snail and Twist
(Fig. 4-3). Although the author needs further investigate the relationship between the
repression of E-cadherin and the up-regulation of Snail/Twist in response to hyperosmotic
mannitol, it is reasonable to suppose that the decrease of E-cadherin, followed by the
induction of EMT, in hyperosmotic mannitol stress was due to disrupting the cell-cell
contact caused by cell shrinkage. To further elucidate the mechanism of hyperosmotic
mannitol-induced EMT, it is important to investigate the effects on not only E-cadherin
but also various epithelial cell markers, such as zonula occuludens-1 and N-cadherin

which is thought to be the predominant classic cadherin in the proximal tubule in vivo
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[33-35].

Previous studies have demonstrated that hyperosmotic stress affects cytoskeletal
structures such as actin fibers and microtubules [36,37]. The author also observed changes
in actin cytoskeletal structure and the arrangements of FAs induced under mannitol-
mediated hyperosmotic conditions. It is possible that hyperosmotic conditions affect the
synthesis of these proteins [38], which may cause the changes. On the other hand, a
previous study demonstrated that hyperosmotic stress even for 10 min activates Rho
family small GTPases, Rac/Cdc42, which contribute to volume-dependent cytoskeleton
remodeling characterized by disassembly of stress fibers and deposition of peripheral
actin filaments [19]. It is also reported that hyperosmotic stress activates Rho/ROCK and
shrinkage-induced cofilin phosphorylation, which induces the reorganization of the actin
cytoskeleton upon osmotic stress [39]. These results are quite similar to the changes in
the actin cytoskeleton in the present study, and our osmotic concentration of 200 mM
mannitol (530 mOsmol/L) sufficiently exceeded the threshold for the activation of the
ROCK signaling pathway shown by the previous study [40]. Thus, the author thinks that
the actin filaments were disassembled by the ROCK signaling pathway under the 200
mM mannitol condition. Since vinculin was observed mostly at the end of actin stress
fibers, and FAs act as sites of actin polymerization associating with the reorganization of
actin cytoskeletal structure, the author also supposes that hyperosmotic stress induces the
disassembly and subsequent rearrangements of FAs concomitant with actin filament
dynamics change.

As described in Chapter 2, even the cell volume and the structure of actin cytoskeletons
recovered to the initial level under mannitol-mediated hyperosmotic conditions (Figs. 2-

2 and 2-3), the number and the area of FAs increased at later time points (Fig. 4-4). The

90



mechanisms for these cell phenomena are still unclear, but the author hypothesizes a
compensatory response of cells causes this. Instead of the decreased E-cadherin
expression under hyperosmotic mannitol stress conditions, cells may increase FAs to
maintain intracellular force balance [41,42], known as mechanical homeostasis, by
remodeling mechanical coupling between cell-cell and cell-substrate adhesion, which is
also suggested to play an important role in EMT [43].

Previous studies have reported that the incorporation of a-SMA into stress fibers
induces increases in the contractile activity of stress fibers and the FA size [20,24]. It has
also been reported that contractile activity correlates with the expression level of a-SMA
[22]. The results of this chapter revealed that the application of hyperosmotic stress-
induced the increased expression of a-SMA, which is more likely to be incorporated into
stress fibers (Fig. 4-5B), as well as the increased size of FA (Fig. 4-4D). These findings
provide a strong indication for a hyperosmotic stress-induced positive feedback loop
between a-SMA and FAs. The existence of such a feedback loop is further supported by
findings in this chapter that cotreatment with a ROCK inhibiter Y-27632 (1 uM), which
1s known to attenuate the contractile activity of stress fibers based on inhibition of ROCK
and MLCK pathways [44,45], inhibited the rearrangement of FAs, a-SMA expression,
and recruitment of a-SMA to the actin stress fibers (Fig. 4-5B). Nevertheless, the
Rho/ROCK signal also acts on other cytoskeletons, such as tubulin and intermediate
filaments and regulates intracellular contractile forces [46-48]. Therefore, one of the
limitations of this study is that it could not rule out the effects of Y-27632 on the
contractile forces derived from other cytoskeletons except the actin cytoskeleton.
Moreover, since Rho/ROCK signal is a pathway that affects both actin and FA dynamics,

it cannot be said that the treatment with 1 uM Y-27632 had no effect on actin
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reorganization. Indeed, a thinning of the actin skeleton was observed in Figure 4-6A
compared to Figure 4-4B. However, present results are potentially important as they
demonstrate that the hyperosmolarity-induced cytoskeletal changes may trigger the
differentiation of a-SMA-positive myofibroblasts. Investigating the effects of
hyperosmolarity on the changes in intracellular contraction forces can further elucidate
the mechanism underlying the effects of cytoskeletal changes on EMT.

The importance of EMT in the progression of renal fibrosis has been controversial
[49,50]. A previous study has reported that ~5% of the total interstitial a-SMA-positive
myofibroblasts arose from an EMT in the unilateral ureteral obstruction model [49]. Thus,
the generation of a-SMA-positive myofibroblasts as a consequence of EMT in renal
epithelial cells reflects only part of the biological processes of differentiation. However,
the present results are believed to be important because recent studies have disclosed that
“partial EMT,” in which epithelial cells remain attached to the tubular basement
membrane but the epithelial cell transformation occurs, plays a vital role in initiating
tubular dysfunction and driving fibrosis development [51-53]. It is known that partial
EMT causes myofibroblast proliferation, triggering the cell cycle arrest of epithelial cells
and promoting the release of fibrogenesis factors [3]. In fact, it has been shown that in
animal models of renal fibrosis, several tubular cells are arrested in the cell cycle, and
these tubular cells lead to the synthesis and secretion of profibrotic factors through partial
EMT [3,54]. In the present study, mannitol treatment of NRK-52E cells increased the
expression levels of Snail and Twist, two key transcription factors that regulate partial
EMT (Fig. 4-3), and collagen I and PAI-1, major profibrotic factors (Fig. 4-8).
Considering the importance of a-SMA-positive myofibroblasts in the pathogenesis of

renal disease, the finding of this chapter that hyperosmotic stress-induced the
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upregulation of partial EMT markers could have significant implications.

Extracellular signaling factors that drive the EMT require second messengers to
transmit their effects to their targets, and Ca®" -permeable ion channels that facilitate the
influx of extracellular calcium into the cytosol can modulate EMT [55]. However, these
Ca®" channels have been linked to both the promotion and inhibition of the EMT
phenomenon [55]. TRPV4 pharmacological inhibition blocked the downregulation of
epithelial markers, E-cadherin, and the upregulation of mesenchymal markers, a-SMA,
induced by hyperosmotic stress (Fig. 3E) and direct TRPV4 activation with GSK-101
treatment increased a-SMA expression while suppressing E-cadherin expression (Fig. 4-
9A). These findings suggest that TRPV4 has the potential to play a direct role in EMT
induction. Interestingly, previous studies have demonstrated that TRPV4 and EMT are
associated via the ERK, YAP/TAZ, and PI3K/AKT pathways in various cell types in a
context-dependent manner [56,57]. To gain a better understanding of the mechanisms
underlying hyperosmolarity-induced EMT, the relationship between TRPV4 activation

and the involvement of these signals need to be investigated.

4.5 Conclusion

In the present chapter, the FA rearrangement in response to hyperosmotic mannitol is
one of the mechanisms responsible for the EMT of proximal tubular epithelial cells. The
findings indicate the possibility that hyperosmotic stress, which generates mechanical
stress, is a potential risk factor affecting the induction of EMT in proximal tubular cells.
Moreover, TRPV4 channels, which are involved in the initial step of calcium influx, could

be potential therapeutic targets for controlling the progression of EMT. (Fig. 4-10)
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Hyperosmotic mannitol stress EMT

TRPV4 channel © Actin
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Fig. 4-10 Schematic illustration of the mechanism of hyperosmolarity-induced EMT.
Hyperosmotic stress leads to Ca?* influx through TRPV4 channels activation and a
reorganization of focal adhesions in tubular epithelial cells. This leads to EMT, as
evidenced by a decrease in E-cadherin expression and elevate in the incorporation of o-

SMA after mannitol treatment.
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Chapter 5
The effects of hyperosmotic stress on autophagy of renal

tubular epithelial cells

5.1 Introduction

Macroautophagy, hereafter referred to as autophagy, is a highly conserved “self-eating”
pathway that eliminates damaged proteins and organelles and can be activated by
pathophysiological stressors [1-3]. The initiation of the autophagic process includes the
formation of omegasomes, which expand into double-membrane-bound autophagic
vesicles (autophagosomes). Autophagosomes fuse with lysosomes to generate
autolysosomes, which degrade harmful cellular components and restore intracellular
homeostasis [4,5]. Autophagosomes are tagged by a protein called lipid-conjugated
microtubule-associated protein 1 light chain 3 (LC3) [6]. The conversion of soluble LC3-
I to lipid-bound LC3-II is considered as an indicator of autophagosome formation [7].
Therefore, the amount of LC3-II correlates with the number of autophagosomes, and is
usually used as a marker of autophagy [7]. Autophagy is generally upregulated as a
protective response in tubular epithelial cells and podocytes in response to pathogenic
cellular stress and damage [8]. Accumulating studies have implicated that autophagy can
be induced in AKI, which can arise in response to nephrotoxins, sepsis, and
ischemia/reperfusion, and in CKD, including diabetic nephropathy and obstructive
nephropathy [8-12]. Targeting the autophagy pathway may show considerable therapeutic

potential in the treatment and management of kidney disorders including CKD.
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Transcriptional factor EB (TFEB) is a major transcriptional regulator of autophagy-
lysosome pathways and positively regulates the expression of autophagy and lysosomal
genes, such as LC3, VPS18, Lampl, and Lamp2 [13,14]. TFEB nuclear translocation is
significantly regulated by phosphorylation events [15]. While phosphorylated TFEB is
retained in the cytoplasm binding to 14-3-3 proteins, dephosphorylated TFEB travels to
the nucleus. Phosphorylation of TFEB is mainly mediated by the mammalian target of
rapamycin complex 1 (mTORC1) kinase, a major kinase complex that is a negative
regulator of autophagy [16]. When mTORCI activity is inhibited, TFEB 1is
dephosphorylated and translocated into the nucleus [17]. On the other hand,
dephosphorylation of TFEB is mediated by the activity of the calcium-dependent protein
phosphatase calcineurin, which is induced by lysosomal specific Ca®’-permeable ion
channels, transient receptor potential mucolipin 1 (TRPML1) [17-20]. Since the over-
expression of TRPMLI results in a significant increase of the autophagic flux, whereas
its mutations can affect the accumulation of autophagosome, TRPML1 has some role in
the early steps of autophagy [21].

Several common renal disorders, such as ischemia and inflammation causing tubular
epithelial cell injury, induce nuclear translocation of TFEB and consequent activation of
autophagy, particularly at the highly metabolically active proximal tubular segment [22].
Tubular epithelial cells are particularly indispensable for autophagy and are required to
maintain homeostasis and respond to stressors [23,24]. A previous study demonstrated
that mechanical compressive stress could induce autophagy [25]. Proximal tubular
epithelial cells are routinely exposed to severe changes in osmolarity, and changes in
osmotic conditions can generate not only osmotic but also mechanical stresses in cells by

altering the cell shape and cytoplasmic membrane tension [26]. Indeed, as shown in

104



Chapter 2, rapid cell shrinkage occurs within a few minutes of exposure to hyperosmotic
stress [27,28]. Cell compression by hyperosmotic stress may interfere with the
organization of cellular cytoskeletal networks [29]. Recent studies have revealed the
multiple roles of cytoskeletal elements, such as actin filaments and microtubules, in
autophagy [30].

This chapter aimed to investigate the mechanisms involved in hyperosmolarity-
induced autophagy. For this purpose, the author examined the relationship between the
LC3 upregulation in response to hyperosmotic stress and the reorganization of the actin
cytoskeleton. Moreover, I also examined the effects of hyperosmotic stress on TFEB
nuclear translocation and its mechanism to better understand the mechanisms of

hyperosmolarity-induced autophagy.

5.2 Materials and methods
5.2.1 Cell lines and reagents

NRK-52E cells, mannitol, and cytochalasin D were obtained as described in Sections
2.2.1 and 3.2.1. A microtubule depolymerizing agent, nocodazole, was obtained from
FUJIFILM Wako Pure Chemical. Bafilomycin Al, an inhibitor of H'-ATPase, was
obtained from Adipogen Life Sciences (San Diego, CA). Antibodies for tubulin and LC3
were purchased from Abcam (Cambridge, MA). Other antibodies for TFEB, NFAT
(nuclear factor of activated T cells), p70S6K, and GAPDH were obtained from
Proteintech (Wuhan, China), Invitrogen (Carlsbad, CA), Proteintech, and Cell Signaling
Technology (Danvers, MA), respectively. For the inhibitor experiments, cells were pre-
treated for 15 min with EGTA (FUJIFILM Wako Pure Chemical), BAPTA-AM (Tokyo

Kasei Kogyo, Tokyo, Japan), FK-506 (Cayman Chemical, Ann Arbor, MI), or ML-SI3 (a
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TRPML antagonist, MedChemExpress, Monmouth Junction, NJ), before being

stimulated with hyperosmotic mannitol.

5.2.2 Cell culture and hyperosmotic stimulation

The culture of NRK-52E cells and application of hyperosmotic mannitol were

performed as described in Section 2.2.2.

5.2.3 RNA extraction and quantitative real-time PCR

RNA extraction and quantitative real-time PCR were performed as described in Section

4.2.3. The primer sequences used in this chapter were shown in Table 5-1.

Table 5-1: Primers used in this study.

Gene Name Sense Antisense
Rat GAPDH TGACAACTTTGGCATCGTGG GGGCCATCCACAGTCTTCTG
Rat LC3 CCTGCTGCTGGCCGTAGT TGATGAAGTCTTCCTGCCAAAA
Rat VPS18 GCTCCGCATTGACTTGGG GCCTTCTGTCCATTGCGGT
Rat LAMP1 GCCCGCGTGACTCCTCTTCC ACGCAGCAGTTCTTCTCCGT
Rat LAMP2 AGCAGGTGGTTTCCGTGTCTCG AGGGCTGCTCCCACCGCTAT
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5.2.4 Immunofluorescence staining and nuclear translocation

Immunofluorescent staining and microscopic observation were conducted as described
in Section 4.2.4. In this chapter, primary antibodies (1: 200) against anti-tubulin, anti-
TFEB, and anti-NFAT were used.

For the evaluation of TFEB and NFAT nuclear translocation, the cells were incubated
with Hoechst 33342 (Invitrogen) in the dark for 20 min to detect nuclei and the
quantification of nuclear and cytoplasmic intensity was performed using the ImageJ Fiji
software (version 1.52b, NIH) and represents the average intensity/cell with 20-30 cells
[31]. TFEB nuclear localization was quantified as the ratio of the average intensity of
nuclear TFEB fluorescence divided by the average of the cytosolic intensity of TFEB

fluorescence [32].

5.2.5 Western blotting
Western blotting assay was performed as described in Section 4.2.6 "Western blotting”.
The following primary antibodies (dilution, 1:2000) were used: anti-p70S6K, anti-LC3,

and anti-GAPDH serving as an internal control.

5.2.6 Statistical analysis

Statistical analyses were performed as described in Section 2.2.6. In parametric
analysis, statistical significance was evaluated by Student’s t-test for two-group
comparisons, and by one-way analysis of variance (ANOVA) followed by Dunnett’s test
for multiple-group comparisons. In nonparametric analysis, statistical significance was
evaluated by Steel or Steel-Dwass test for multiple group comparisons. The results were

analyzed using the R 4.1.2 software (R Foundation for Statistical Computing).
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5.3 Results
5.3.1 Hyperosmotic stress promotes the autophagic flux of NRK-52E cells.
Although previous studies have reported that hyperosmotic stress induces autophagy
in various cell lines [28,33,34], there is no information on whether hyperosmotic mannitol
stress could induce autophagy in NRK-52E cells. Western blot analysis was conducted
for the cells stimulated with hyperosmotic stress to evaluate the expression of the
autophagosome marker LC3-II. Treatment with 200 mM mannitol increased the
expression levels of LC3-II in the NRK-52E cells in a time-dependent manner (1 h, 1.43
+0.12;2h,1.90+0.19; 4 h, 1.83 £ 0.09 (P<0.05); 8 h, 2.87 £0.12 (P <0.05); and 12 h,
3.82 £0.35 (P <0.05); Fig. 5-1A). Likewise, stimulation of the cells with hyperosmotic
stress for 12 h significantly (P < 0.01) increased the expression of LC3-II in a mannitol-
dose-dependent manner (100 mM, 2.80 £+ 0.28; 200 mM, 4.16 = 0.91; Fig. 5-1B).
LC3-1II is partly degraded after autophagosome-lysosome fusion because it is present
in the outer and inner membranes of the autophagosome. Thus, a high degradation
capacity leads to a quick disappearance of LC3-II, which might be misinterpreted as a
defect in autophagosome synthesis [35]. The inhibition of lysosomal degradation using
bafilomycin Al (BafA) can aid in differentiating whether the reduction in the level of
LC3-II is due to the inhibition of the LC3 processing or the high rate of degradation [35].
Cotreatment with mannitol and BafA, which causes the accumulation of autophagosomes,
further enhanced the LC3-II expression (100 mM mannitol + BafA (P < 0.01 from 100
mM mannitol), 10.5 £ 0.85; 200 mM mannitol + BafA, 10.6 + 0.64; Fig. 5-1B). These
changes in the expression levels of LC3-II are consistent with the features of autophagic
flux, thus confirming that hyperosmotic mannitol stress enhanced the autophagic flux in

NRK-52E cells.
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Fig. 5-1 Effects of hyperosmotic mannitol stress on LC3-II expression in NRK-52E
cells. NRK-52E cells were treated with mannitol (200 mM) or cotreated with 10 nM
bafilomycin A1 (BafA) (A) Western blot analysis for LC3-IIfor 0, 1, 2, 4, 8, and 12 h (n
=5). Left: The representative bands obtained by Western blotting. GAPDH was used as
a loading control. Right: Quantification of the relative LC3-II expression normalized by
0 h. *p <0.05 (Steel test). (B) Western blot analysis in cells cultured with mannitol (100
or 200 mM) with or without 10 nM bafilomycin A1 (BafA) for 12 h (n = 4). Left: The
representative bands obtained by Western blotting. GAPDH was used as the loading
control. Right: Quantification of relative LC3-II expression normalized by the 0 mM
mannitol condition. **p < 0.01 vs. the data for mannitol (0 mM), *p < 0.01 (Steel-Dwass
test). Data are presented as box and whisker plots with average (%), median, IQR, and

minimum and maximum values.
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Unlike the results obtained after using mannitol, treatment with hyperosmotic urea did
not lead to any changes in the expression of LC3-II (1 h, 0.84 £0.03; 2 h, 1.14 = 0.14; 4
h, 1.01 £0.11; 8 h,1.07 £ 0.03; 12 h, 1.05 £ 0.06) in the current study (Fig. 5-2). These
findings indicate that the hyperosmotic stress-induced autophagy in NRK-52E cells
requires cell shrinkage concomitant with the osmotic gradient between the intracellular

and extracellular compartments as a result of water efflux from the cells.
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Fig. 5-2 Effect of hyperosmotic urea stress on LC3-II expression in NRK-52E cells.
Western blotting analysis of cells cultured with 200 mM urea for 0, 1, 2,4, 8,and 12 h (n
= 3). Left: The representative bands obtained by Western blotting. GAPDH was used as
the loading control. Right: Quantification of the relative LC3-II expression normalized
by the 0 h. Data are presented as box and whisker plots with average (%), median, IQR,

and minimum and maximum values.
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5.3.2 Actin cytoskeleton reorganization is required for hyperosmotic stress-induced
autophagosome formation.

Based on the results described in the previous section, I hypothesized that cell
shrinkage caused by hyperosmotic mannitol stress interferes with the structure and
organization of the cytoskeletal network by limiting the intracellular space. This
hypothesis was tested by focusing on the effect of hyperosmotic stress on cytoskeletal
structures, which are known to be responsible for mediating various important cellular
processes such as cell structural support and functional regulation [27]. Recent studies
have shown that the biogenesis and trafficking of autophagosomes depend not only on
the actin cytoskeleton, which is known to play an essential role in autophagy, but also on
the microtubule dynamics [30]. Therefore, I investigated the actin and microtubule
cytoskeletal changes in NRK-52E cells in response to hyperosmotic stress. The cells
treated with 200 mM mannitol for 0.5 h presented with disassembled actin filaments that
were organized concomitant with cell shrinkage, and then reorganized into thick stress
fibers at 12 h in the cytoplasm at 12 h (Figs. 5-3A-C). Similar results were observed with
regard to changes in the microtubule cytoskeleton (Figs. 5-3F-H). These findings are
consistent with those of a previous study, which demonstrated hyperosmolarity-induced
depolymerization and reorganization of the cytoskeleton as adaptive responses [27].

Cotreatment of the cells with cytochalasin D, an actin-depolymerizing agent, prevented
the reorganization of the actin cytoskeleton induced by mannitol (Fig. 5-3D) without
affecting the dynamics of the microtubule cytoskeleton (Fig. 5-31). A significant (P <
0.01) decrease in the level of LC3-II was observed in the cells stimulated with 200 mM
mannitol in the presence of cytochalasin D (Fig. 5-4A, Lane 3; 0.38 + 0.02) when

compared to those in the absence of cytochalasin D (Fig. 5-4A, Lane 1). LC3-II levels
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were evaluated in the presence and absence of BafA in order to determine the effects of
cytochalasin D on hyperosmotic stress-induced autophagic flux. LC3-II accumulation
was observed in the hyperosmotic mannitol-stimulated cells treated with BafA (Fig. 5-
4A, Lanes 1 and 2; 1.32 £ 0.28); however, the accumulation was prevented following the
addition of cytochalasin D (Fig. 5-4A, Lanes 2 [1.32 = 0.28] and 4 [0.57 + 0.06]; P <
0.01). These results suggest that the actin cytoskeleton reorganization in response to
hyperosmotic stress affected the process of autophagosome formation.

As in the case of cytochalasin D, cotreatment with nocodazole prevented the mannitol-
induced reorganization of the microtubule (Fig. 5-3J), without affecting the
reorganization of the actin cytoskeleton (Fig. 5-3E). The LC3-II levels in cells exposed
to 200 mM mannitol were not altered in the presence or absence of nocodazole (Fig. 5-
4B, Lanes 1 and 3; 0.97 = 0.15). Likewise, the LC3-II levels in cells treated with BafA
remained unchanged with or without incubation with nocodazole (Fig. 5-4B, Lanes 2
(1.44 £ 0.23) and 4 (1.39 + 0.32)). These results indicate that reorganization of the
microtubule cytoskeleton in response to hyperosmotic stress is not a requisite for

hyperosmotic stress-induced autophagy.
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Fig. 5-3 Effect of hyperosmotic mannitol stress on actin and microtubule dynamics

Oh 0.5h

actin filaments

microtubules

in NRK-52E cells. Typical fluorescence images of F-actin (red) and microtubule (green).
The NRK-52E cells were treated with 200 mM mannitol for 0, 0.5, and 12 h (A-C; actin
filaments, F-H; microtubules). The cells were co-treated with 200 mM mannitol and 0.1
pg/mL cytochalasin D (CytD) (D, actin filaments; I, microtubules) or 1 uM nocodazole

(NCZ) (E, actin filaments; J, microtubules) for 12 h. Bar, 25 pm.
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Fig. 5-4 Effect of the cytoskeleton on the hyperosmotic mannitol stress-induced
expression of LC3-II. (A) Western blotting analysis of cells cultured with 200 mM
mannitol in the presence or absence of 0.1 pug/mL CytD, with or without 10 nM
bafilomycin A1 (BafA) for 12 h (n = 5). Quantification of relative LC3-II expression
normalized by the 200 mM mannitol condition. Lane 1, 200 mM mannitol; Lane 2, 200
mM mannitol + BafA; Lane 3, 200 mM mannitol + CytD; Lane 4, 200 mM mannitol +
CytD + BafA. **p <0.01 and #p < 0.05 (Steel-Dwass test). (B) Western blotting analysis
of cells cultured with 200 mM mannitol in the presence or absence of 1 pM nocodazole
(NCZ), with or without 10 nM BafA for 12 h. (n = 6). Quantification of relative LC3-II
expression normalized by the 200 mM mannitol condition. Lane 1, 200 mM mannitol;
Lane 2, 200 mM mannitol + BafA; Lane 3, 200 mM mannitol + NCZ; Lane 4, 200 mM
mannitol + NCZ + BafA. Data are presented as box and whisker plots with average (%),

median, IQR, and minimum and maximum values.
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5.3.3 TFEB is localized to the nucleus in response to hyperosmotic mannitol stress.

As TFEB is a key regulator of transcription of autophagy-related genes [13], the author
first examined the subcellular localization of TFEB in the cytoplasm and nucleus in
response to hyperosmotic stress in NRK-52E cells using immunofluorescence staining
(Fig. 5-5). In the absence of extracellular osmolytes (isotonic conditions), the intracellular
localization of TFEB was demonstrated to be significantly higher in the cytoplasm
compared to the nucleus. When the cells were treated with 100 mM mannitol, TFEB
translocated from the cytoplasm to the nucleus (Fig. 5-5A). Similar results were observed
when treated with 200 mM mannitol (Fig. 5-5B). Quantitatively, hyperosmotic mannitol
stress (100 mM and 200 mM) significantly increased the ratio of nuclear and cytoplasmic
TFEB intensity in a time-dependent manner and reached a plateau level at 1 h (100 mM;
0h (0.51 £0.04), 0.25 h (0.74 £ 0.04), 0.5 h (0.97 £ 0.05), 1 h (1.00 = 0.06), 2 h (0.91 £+
0.05): 200 mM; 0 h (0.57 £ 0.05), 0.25 h (1.03 £ 0.06), 0.5 h (1.47 £ 0.10), 1 h (1.67 +
0.08), 2 h (1.30 £ 0.07)) (Figs. 5-5C and D).

Next, the author confirmed the TFEB nuclear translocation of NRK-52E cells under
urea-medicated hyperosmolarity to further understand the effect of hyperosmotic stress
on autophagy (Fig. 5-6). Unlike the result obtained with mannitol, treatment with
hyperosmotic urea (200 mM) resulted no change in nuclear fluorescence intensity of
TFEB compared with the control 0 h (0.47 £ 0.06), 0.25 h (0.56 = 0.05), 0.5 h (0.57 +
0.04), 1 h (0.57 £ 0.05), 2 h (0.45 + 0.03)) (Figs. 5-6A and B). The ratio of nuclear and
cytoplasmic TFEB intensity treated with 200 mM urea was smaller than those obtained
under treatment with 200 mM mannitol at the same time point; this result was statistically
significant (Fig. 5-6C).

Nuclear TFEB binds to the coordinated lysosomal expression and regulation (CLEAR)
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element, which is found in the promoter regions of genes involved in lysosomal
biogenesis and autophagy, upregulating the expression of its target genes [17]. In further
support of the transactivation of TFEB by hyperosmotic mannitol stress, the author
measured the expression levels of the well-known target genes of TFEB, i.e. LC3, VPSI8,
LAMPI, and LAMP2. When the cells were stimulated by hyperosmotic mannitol stress,
the mRNA expression levels of LC3 (1 h, 1.24 £0.06; 2 h, 1.26 = 0.06), VPS18 (1 h, 1.28
+0.21 (P<0.05);2h, 1.50£0.30 (P <0.05)), LAMP1 (1 h, 1.57+0.05; 2 h, 1.74 £0.17),
and LAMP2 (1 h, 1.59+0.04 (P <0.05); 2 h, 1.82+0.25 (P < 0.05)) were increased (Fig.
5-7).

Taken together, hyperosmotic mannitol stress enhanced TFEB nuclear translocation,
whereas hyperosmotic urea stress did not. These results suggest that TFEB was localized
to the nucleus soon after the application of hyperosmotic mannitol stress, resulting in the

activation of its target genes.
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Fig. 5-5 Effects of hyperosmotic mannitol stress on the TFEB nuclear translocation
of NRK-52E cells. (A, B) NRK-52E cells were treated with 100 mM (A) or 200 mM (B)
mannitol for 0, 0.25, 0.5, 1, and 2 h. Typical fluorescence images of Hoechst 33342 (blue),
TFEB (green), and combined (blue and green). Bar, 25 um. (C, D) Summaries of the
ratios between nuclear and cytosolic TFEB fluorescence of NRK-52E cells cultured with
100 (C) and 200 mM (D) mannitol. Data are presented as box and whisker plots with
average (%), median, IQR, and minimum and maximum values (100 mM; n = 30, 200

mM; n = 30). “P<0.01 from the data of 0 h (Dunnett’s test).
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Fig. 5-6 Effects of hyperosmotic urea stress on the TFEB nuclear translocation of
NRK-52E cells. (A) NRK-52E cells were treated with 200 mM urea for 0, 0.25, 0.5, 1,
and 2 h. Typical fluorescence images of Hoechst 33342 (blue), TFEB (green), and
combined (blue and green). Bar, 25 um. (B) A summary of the ratio between nuclear and
cytosolic TFEB fluorescence of NRK-52E cells cultured with 200 mM urea. Data are
presented as box and whisker plots with average (%), median, IQR, and minimum and
maximum values (n = 30). (C) A comparison between mannitol (200 mM) and treated
with urea (200 mM) from (B). The data of 200 mM mannitol (black bars) were identical
to those in Fig. 5-5D, which were shown for comparisons. Data are mean + SEM. P <

0.01 from the data of mannitol (200 mM) at the same time point (Student’s t-test).
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Fig. 5-7 Effects of hyperosmotic mannitol stress on the transcriptional activity of
TFEB. NRK-52E cells were treated with 200 mM mannitol, and mRNA expression was
analyzed by real-time PCR. Quantitation of the changes in LC3 (n =4), VPS18 (n = 4),
LAMPI1 (n = 4) and LAMP2 (n = 4). Relative gene expression levels were calculated
considering mannitol (0 h) as 1 and plotted. Data are presented as box and whisker plots
with average (%), median, IQR, and minimum and maximum values *P < 0.05, **P <0.01

from the data of 0 mM (Steel test).

5.3.4 Hyperosmotic stress-induced TFEB nuclear translocation was induced in a
calcineurin-dependent manner.

Ca?" is the primary regulator of autophagy and TFEB nuclear translocation [36] and,
in Chapter 3, the author reported that hyperosmotic stress increased intracellular Ca**
concentration in NRK-52E cells (Figs. 3-1 and 3-2). To clarify the role of Ca®" in the
TFEB localization, NRK-52E cells were treated with Ca** chelators before the application
of hyperosmotic mannitol stress. As a result, the treatment of a specific intracellular Ca**
chelator, BAPTA-AM (50 uM), strongly reduced hyperosmotic stress-induced TFEB
nuclear translocation (0.66 + 0.03 (P < 0.01)), but an extracellular Ca*>* chelator EGTA (4
mM) had no effects (1.64 + 0.10) compared to 200 mM mannitol (1.67 £+ 0.08) (Figs. 5-

8A and B). These results suggested that intracellular Ca** was required the
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hyperosmolarity-induced TFEB activation.

Since the primary mechanism of TFEB nuclear translocation is the Ca*"-dependent
dephosphorylation of TFEB by calcineurin [37], the author investigated whether
hyperosmotic stress modulates calcineurin activity. The activity of calcineurin was
evaluated by the nuclear localization of a transcription factor NFAT, which is translocated
from the cytoplasm into the nucleus on calcineurin-dependent dephosphorylation [38].
Immunofluorescence staining showed that treatment with 200 mM mannitol promoted
NFAT translocated from the cytoplasm to the nucleus (Fig. 5-8C). Quantitatively, after
incubation of NRK-52E cells with 200 mM mannitol for 0.25 h or 0.5 h, there was a
significant increase in the ratio of nuclear and cytoplasmic NFAT intensity (0 h, 0.44 +
0.04; 0.25h, 0.92 + 0.06 (P <0.01); 0.5 h, 0.92 + 0.06 (P < 0.01)) (Fig. 5-8D).

To further prove whether the calcineurin signaling pathway modulates hyperosmotic
stress-induced TFEB activation, I assessed the pharmacological impact of FK-506, a
calcineurin-specific inhibiter. Cotreatment with FK-506 effectively inhibited
hyperosmotic stress-induced TFEB nuclear translocation dose-dependent manner (200
mM mannitol, 1.67 + 0.08; FK-506 10uM, 0.93 =0.06 (P <0.01); FK-506 50uM, 0.69 +
0.05 (P <0.01)) (Figs. 5-8E and F). These results suggest that calcineurin activation was
involved in TFEB nuclear translocation in response to hyperosmotic stress in NRK-52E
cells.

Since the localization of TFEB is known as regulated not only by the phosphatase
calcineurin but also by a kinase mTORCI, the author further evaluated the effect of
hyperosmotic treatment on a mTORCI substrate, p70S6 kinase (p70S6K), whose
phosphorylation levels (P-p70S6K) are consistent with mTORC] activity [39]. Western

blot analysis showed that treatment with 200 mM mannitol did not alter the expression
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ratio of P-p70S6K to p70S6K (0.25 h, 1.07 £0.14; 0.5 h, 1.02 + 0.12) (Fig. 5-9). These
results suggest that the hyperosmotic stress promoted TFEB nuclear translocation in a

mTORCI1-independent manner in NRK-52E cells.
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Fig. 5-8 Effects of hyperosmotic mannitol stress on the calcineurin activity of NRK-
52E cells. (A) NRK-52E cells were cotreated with mannitol (200 mM) and EGTA (4 mM)
or BAPTA-AM (50 uM) for 1 h. Typical fluorescence images of Hoechst 33342 (blue),
TFEB (green), and combined (blue and green). Bar, 25 pm. (B) A summary of the ratios
between nuclear and cytosolic TFEB fluorescence intensities of NRK-52E cells. The data
of 200 mM mannitol alone were identical to those in Fig. 5-5D, which were shown for
comparisons. Data are presented as box and whisker plots with average (x), median, IQR,
and minimum and maximum values (200 mM mannitol + 4 mM EGTA (n = 20), 200 mM
mannitol + 50 uM BAPTA-AM (n =21)). **P < 0.01 from the data of 200 mM mannitol
(Dunnett’s test). (C) NRK-52E cells were treated with 200 mM mannitol for 0, 0.5, and 1
h. Typical fluorescence images of Hoechst 33342 (blue), NFAT (red), and combined (blue
and red). Bar, 25 um. (D) A summary of the ratios between nuclear and cytosolic NFAT
fluorescence intensities of NRK-52E cells cultured with 200 mM mannitol. **P < 0.01
from the data of 0 h (Dunnett’s test). Data are presented as box and whisker plots with
average (%), median, IQR, and minimum and maximum values (n = 30). (E) NRK-52E
cells were cotreated with mannitol (200 mM) and FK-506 (10 uM or 50 uM) for 1 h.
Typical fluorescence images of Hoechst 33342 (blue), TFEB (green), and combined (blue
and green). Bar, 25 pm. (F) A summary of the ratios between nuclear and cytosolic TFEB
fluorescence intensities of NRK-52E cells. The data of 200 mM mannitol alone were
identical to those in Fig. 5-5D, which were shown for comparisons. Data are presented as
box and whisker plots with average (x), median, IQR, and minimum and maximum values
(200 mM mannitol + 10 uM FK-506 (n = 24), 200 mM mannitol + 50 uM FK-506 (n =

20)). **P < 0.01 from the data of 200 mM mannitol (Dunnett’s test).
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Fig. 5-9 Effects of hyperosmotic mannitol stress on the protein expression levels of
P-p70S6K and p70S6K. NRK-52E cells were treated with 200 mM mannitol for 0, 0.25,
and 0.5 h. Western blot analysis for P-p70S6K and p70S6K (n = 4). Left: The
representative blot images obtained by Western blotting. GAPDH served as a loading
control. Right: Quantification analysis of the ratio of P-p70S6K to p70S6K. The
expression of P-p70S6K and p70S6K were normalized by that of GAPDH. Relative
expression of P-p70S6K/p70S6K was calculated as normalized to 0 h. Data are presented
as box and whisker plots with average (%), median, IQR, and minimum and maximum

values.

5.3.5 Cotreatment with ML-SI3 inhibits hyperosmotic stress-induced TFEB nuclear
translocation.

The TRPML1 channel is predominantly localized on the membranes of late endosomes
and lysosomes in NRK-52E cells [40]. Previous studies have reported that TRPML1 plays
an important role in the activation of calcineurin and consequent TFEB
dephosphorylation [41]. Therefore, I investigated the potential role of TRPML1 channels
in hyperosmotic mannitol-induced TFEB nuclear translocation in NRK-52E cells.

Treatment with ML-SI3, a TRPML1 antagonist, attenuated the nuclear localization of

TFEB in response to 200 mM mannitol, and the effect was most significant at a high-dose
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condition (ML-SI3 1uM, 1.47 + 0.07; ML-SI3 10uM, 0.89 + 0.06 (P < 0.01)) (Figs. 5-
10A and B). Similar results were observed for nuclear translocation of NFAT (ML-SI3
1uM, 0.80 + 0.06; ML-SI3 10uM, 0.32 + 0.04 (P < 0.01)) (Figs. 5-10C and D).
Moreover, to observe the effects of TRPML1 in autophagy in response to hyperosmotic
stress, NRK-52E cells were cotreated with ML-SI3 and mannitol, and Western blotting
was used to detect the protein level of LC3-II (Fig. 5-11). When the cells were stimulated
with 200 mM mannitol, the expression of LC3-II was significantly increased in a time-
dependent manner (1 h, 1.21 £0.22; 2 h, 1.88 £ 0.45; 4 h, 1.83 £0.3; 8 h, 2.56 £ 0.25 [P
< 0.01]; and 12 h, 2.09 £+ 0.10; Figs. 5-11A and B). Even under the hyperosmotic
conditions, treatment with ML-SI3 attenuated the increase of LC3-II expressions similar
to the control levels (1 h, 0.97 £ 0.08; 2 h, 0.96 £ 0.10; 4 h, 0.82 = 0.06; 8 h,0.86 = 0.05
(P <0.05 from 200 mM mannitol); 12 h, 0.97 = 0.07 (P < 0.01 from 200 mM mannitol);
Figs. 5-11A and B). These findings show that TRPMLI-mediated TFEB nuclear
translocation may play an important role in hyperosmotic stress-induced autophagy in

NRK-52E cells.
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Fig. 5-10 Effects of ML-SI3 on the hyperosmotic mannitol stress-induced TFEB
nuclear translocation of NRK-52E cells. (A) NRK-52E cells were cotreated with
mannitol (200 mM) and ML-SI3 (1 uM or 10 uM) for 1 h. Typical fluorescence images
of Hoechst 33342 (blue), TFEB (green), and combined (blue and green). Bar, 25 um. (B)
A summary of the ratios between nuclear and cytosolic TFEB fluorescence intensities of
NRK-52E cells. The data of 200 mM mannitol alone were identical to those in Fig. 5-5D,
which were shown for comparisons. Data are presented as box and whisker plots with
average (%), median, IQR, and minimum and maximum values (200 mM mannitol + 1
uM ML-SI3 (n = 29), 200 mM mannitol + 10 uM ML-SI3 (n = 20)). **P < 0.01 from the
data of 200 mM mannitol (Dunnett’s test). (C) NRK-52E cells were cotreated with

mannitol (200 mM) and ML-SI3 (1 puM or 10 uM) for 1 h. Typical fluorescence images
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of Hoechst 33342 (blue), NFAT (red), and combined (blue and red). Bar, 25 um. (D) A
summary of the ratios between nuclear and cytosolic NFAT fluorescence intensities of
NRK-52E cells. The data of 200 mM mannitol alone were identical to those in Fig. 5-8D,
which were shown for comparisons. Data are presented as box and whisker plots with
average (%), median, IQR, and minimum and maximum values (200 mM mannitol + 1
uM ML-SI3 (n = 28), 200 mM mannitol + 10 uM ML-SI3 (n = 30)). **P < 0.01 from the

data of 200 mM mannitol (Dunnett’s test).
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Fig. 5-11 Effects of ML-SI3 on the hyperosmotic mannitol stress-induced LC3-II
upregulation of NRK-52E cells. (A, B) NRK-52E cells were treated with 200 mM
mannitol or cotreated with ML-SI3 (10 uM) for 0, 1, 2, 4, 8, and 12 h. GAPDH served as
a loading control. (A) The representative blot images were obtained Western blot treated
with 200 mM mannitol (Top) or cotreated with ML-SI3 (Bottom). (B) Relative LC3-11
expression was calculated considering 0 h as 1 and plotted (means =SEM.). **p < 0.01

vs. the data for 0 h (Steel test), “p < 0.05, #p < 0.01 from the data of 200 mM mannitol

(Student’s t-test).
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5.4 Discussion

The purpose of this chapter was to explore the role of hyperosmolarity in the autophagy
of proximal tubular epithelial cells. The novel findings are as follows (1) hyperosmotic
mannitol stress could induce autophagy, (2) reorganization of the actin cytoskeleton is
essential for hyperosmotic stress-induced autophagy, and (3) the TRPML1-calcineurin-
TFEB pathway is partly involved in the mechanism for the hyperosmotic stress-induced
autophagy (Fig. 5-12). Tubular epithelial cells release Ca** from lysosomes via TRPML1
in response to hyperosmotic stress. Increased intracellular Ca** concentration triggers the
activation of calcineurin and TFEB was translocated from the cytoplasm to the nucleus,
which enhances the expression of autophagy-related genes. Hyperosmotic stress also
affects the cytoskeleton, and reorganization of the actin cytoskeleton was essential for the
induction of autophagy. In the present study, we have not examined the relationship
between TFEB and the actin cytoskeleton. Considering that nuclear translocation of
TFEB is an event that precedes the reorganization of the actin cytoskeleton, it would be
interesting to examine the relationship between the TRPML 1-calcineurin-TFEB pathway

and the actin cytoskeleton.
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Fig. 5-12 Schematic illustration of the mechanism of hyperosmotic stress-induced
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autophagy. Hyperosmotic stress promotes Ca?*" release from lysosomes via TRPMLI,
which then dephosphorylates TFEB via intracellular calcium signaling and promotes
TFEB activation (nuclear translocation). Reorganization of actin cytoskeleton observed

up to 12 h also contributes to hyperosmotic stimulus-induced autophagy.

The autophagic activity of proximal tubular epithelial cells is very low under
physiological conditions [42], whereas higher rates of autophagy are essentially observed
in cells under stress. The deletion of the autophagy-related genes Atg5 or Atg7 resulted
in proximal tubular cell-specific autophagy defects leading to cell cycle arrest at the G2/M
phase, increased tubulointerstitial fibrosis, and progressive renal injury [43-45], thereby
suggesting that induction of autophagy is renoprotective during kidney injury.

Reorganization of the cytoskeleton under osmotic stress is critical for the osmo-
protective response [46]; nonetheless, the underlying mechanisms involved in this
process remain poorly understood. The membrane-permeable osmolarity regulator, urea,
did not induce autophagy in the current study; furthermore, the mannitol-induced
autophagy was triggered by the shrinkage of the cell (not by the hyperosmotic stress),
owing to osmotic differences between the cytosol and the extracellular compartment (Figs.
2-2 and 5-1). Recently, several studies have shown that hyperosmotic stress might be a
risk factor for the progression of renal injury [47-50]. The findings of the present study
suggest the importance of facilitating the reorganization of the actin cytoskeleton under
hyperosmotic conditions to promote autophagy in order to limit the progression of renal
injury.

The reorganization of the actin cytoskeleton plays a critical role in the induction of

hyperosmotic stress-induced autophagy. The cytoskeleton is thought to be exposed to
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compressive stress arising from hyperosmotic stress, which may perturb the actin
filaments and lead to their rapid depolymerization. Previous studies have shown that
depolymerization of the actin cytoskeleton decreases the degradation of long-lived
proteins and prevents the accumulation of autophagosomes [51,52]. In the current study,
prevention of the hyperosmotic stress-induced reorganization of the actin cytoskeleton
impaired the autophagic flux by reducing the expression of LC3-II (Figs. 5-3 and 5-4).
However, the underlying mechanism involved in this process remains unclear.
Reorganization of the actin cytoskeleton is thought to be necessary for the biogenesis of
autophagosomes [30,52,53]. Actin reorganization, mainly polymerization, affects the first
stage of the formation of autophagy vesicles [52]. Then, F-actin is localized on the
isolated membranes of the autophagosomes along with omegasome-associated proteins
such as DFCP1 (double FYVE-containing protein 1), ATGS (autophagy-related 5), and
ATG16; this indicates that the assembly of an actin scaffold inside the isolation membrane
(the autophagosomal precursor) is essential for the shaping of the autophagosomal
membrane [54]. Furthermore, the Arp2/3 (actin-related protein 2/3) complex regulates the
initiation of actin polymerization and formation of branched actin networks, which
provide mechanical forces for autophagosome biogenesis [30]. Inhibition of the Arp2/3
complex with CK-666, a small molecule inhibitor, results in a decrease in LC3-II
expression levels and the number of autophagosomes [55]. In addition, several reports
have demonstrated the roles of JIMY (junction-mediating and regulatory protein) and
WHAMM (WASP homolog-associated protein with actin, membranes, and microtubules)
in the activation of the Arp2/3 complex relating the accumulation of actin in
autophagosome [55]. Hyperosmotic stress-induced reorganization of the actin

cytoskeleton in the present study may be involved in the formation of autophagic vesicles
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and the early events of autophagy via the Arp2/3 complex for autophagosome biogenesis.

Microtubules have been implicated in the formation of autophagosomes and their
fusion with lysosomes [30,51]. In a previous study, the disassembly of both labile and
stable microtubule networks induced by extensive nocodazole treatment led to complete
inhibition of the autophagic flux, whereas limited treatment with nocodazole resulted in
labile microtubule disassembly and prevented the formation of starvation-induced
autophagosomes [56]. Interestingly, inhibition of the microtubule dynamics by
nocodazole did not alter the expression of LC3-II under mannitol-induced hyperosmotic
conditions in the present study (Fig. 5-4B). Although the role of microtubule dynamics in
starvation-induced autophagy may be fundamentally different from that in hyperosmotic
stress-induced autophagy, additional studies are required to elucidate the role of
microtubule reorganization in autophagy under hyperosmotic conditions.

Autophagy deletion in proximal tubules worsened tubular injury and renal function,
highlighting that enhanced autophagic activities are renoprotective in various
pathological models [57-59]. In addition, both mRNA and protein expression levels of
TFEB are decreased and misfolded proteins accumulate due to reduced TFEB-mediated
autophagy activity in the kidneys of patients with diabetic kidney disease [60]. Thus,
pharmacological approaches to modulate autophagy focused on TFEB could hold
promise for treating kidney disease. One class of candidate drugs that enhance autophagic
activities are mMTORCI1 inhibitors. Indeed, previous studies have shown that the abnormal
mTORCI hyperactivation, leading to TFEB inactivation, is involved in the pathogenesis
of tubular damage in diabetic kidney disease [61]. However, according to a meta-analysis
of randomized clinical trials, the relative risk of all grades of AKI in patients taking

mTOR inhibitors is significantly higher than in patients not taking mTOR inhibitors,
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indicating that renal toxicity is a potential complication of mTOR inhibitor use [62]. Our
data revealed that hyperosmotic stress promotes TFEB nuclear translocation independent
of mMTORCI inhibition (Fig. 5-9). The activation of calcineurin by hyperosmotic stress
could potentially lead to TFEB activation, as calcineurin is known to enhance the nuclear
translocation of TFEB (Fig. 5-8). Several positive effects of calcineurin activation have
been reported so far, including enhancement of B-cell function or muscle endurance
capacity, preserving organelle function, and improvement of the metabolic profile [63-
65]. Although this study only focused on calcineurin as the activation mechanism of
TFEB, further elucidation of the mechanism in response to hyperosmotic stress may
provide a significant insight into drug development targeting mTORC]1-independent
autophagy pathway for the treatment of kidney disease.

TRPMLI channels localized to lysosomes may account for some of this phenomenon,
as a TRPMLI antagonist, ML-SI3, significantly reduced hyperosmotic mannitol-induced
TFEB nuclear translocation (Fig. 5-10). Since the main compartmentalized Ca*" stores in
cells are the endoplasmic reticulum and mitochondria as well as lysosomes [66], other
Ca’" release mechanisms may thus be involved in mediating or compensating for the
increased intracellular Ca®* and in activating calcineurin. The effects of hyperosmolarity
on the effects of other Ca®" channels can help to clarify the mechanism underlying
changes in the TFEB activation in proximal tubular epithelial cells.

ML-SI3, a chemical compound that acts as an antagonist of the TRPML family,
abolished hyperosmotic-induced TFEB nuclear translocation (Fig. 5-10). ML-SI3 is a
potent inhibitor of TRPML1 (IC50: 1.6 uM) and TRPML2 (IC50: 2.3 uM); it is also a
less effective inhibitor (IC50: 12.5 uM) of TRPML3 [67]. TRPMLI is ubiquitously

expressed in mammalian cells and mainly localized to lysosomes, whereas TRPML2 and
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TRPML3 are expressed in specialized cells (e.g. immune cells and melanocytes) [18],
emphasizing the importance of Ca®* release through the activation of TRPML1 channel
in the present results. TRPMLI activation could account for some of TFEB activation in
response to hyperosmolarity, which is consistent with previous studies that TRPML1
contributes to autophagy by inducing the nuclear translocation of TFEB during starvation
[68,69]. Although there is still a lot of uncertainty about the mechanisms by which
TRPMLI is activated under hyperosmotic conditions, one of the first topics to be
addressed is the endogenous ligand of TRPMLI1. TRPMLI can be activated by
phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) [66]. PI(3,5)P2 is generated from
PI(3)P through a PI5 kinase and its deficient cells exhibit enlarged endolysosomes and
trafficking defects in endocytic pathways [70-72]. Thus, both TRPML1 and PI(3,5)P2
involves in membrane-fusion processes such as lysosomal fusion with autophagosomes.
Of interest, hyperosmotic stress reportedly increases PI(3,5)P2 levels more than 20-fold
within a few minutes [66]. Considering that ML-SI3 can negatively regulate the P1(3,5)P2
activation of TRPML [73], the finding of this chapter that ML-SI3 attenuated
hyperosmotic stress-induced autophagy suggests the involvement of calcium signaling,

via PI(3,5)P2/TRPML/TFEB in these responses (Fig. 5-11).

5.5 Conclusion

In the present chapter, the activation of TRPML1 in response to hyperosmotic mannitol
may be one of the mechanisms responsible for the calcineurin-dependent activation of
TFEB of proximal tubular epithelial cells. The present findings suggest that mTORC1 -
independent autophagy activation mimicking hyperosmotic stress might prove beneficial

in providing a protective effect on the kidneys. (Fig. 5-13)
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Fig. 5-13 Schematic illustration of the mechanism of hyperosmotic stress-induced

autophagy. Under normal conditions, TFEB is phosphorylated and retained in the
cytoplasm. During hyperosmotic stress, Ca** is released from the lysosome through
TRPMLI channel, resulting in calcineurin activation which in turn dephosphorylates and
activates TFEB independent of mTORCI1 inhibition. Dephosphorylated TFEB can
translocate from the cytoplasm to the nucleus where it activates the transcription of

lysosomal-autophagic gene expression and thereby increases autophagy.
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Chapter 6

Concluding remarks

6.1 A review of the study aims and objectives

The purpose of this dissertation is to propose new therapeutic targets for the treatment
of chronic kidney diseases (CKD) by revealing the cellular responses to hyperosmotic
conditions and their mechanisms from the perspective of cell biomechanics. The author
examined the effects of hyperosmotic stress on epithelial-mesenchymal transition (EMT)
and autophagy of proximal tubular epithelial cells, which have been identified as key
mechanisms involved in the progression and suppression of renal fibrosis. The author also
investigated the molecular mechanisms of cellular hyperosmotic responses and attempted

to identify key molecules that could lead to new drug targets.

6.2 Synthesis of the main findings

The main findings of this study are as follows (Fig. 6-1): Increased proximal tubular
hyperosmotic stress responds to mechanical stress promotes reorganization of focal
adhesions (FAs) in proximal tubular epithelial cells and induces EMT. The mechanism of
EMT involves Ca?" influx from outside the cell through transient receptor potential (TRP)
vanilloid 4 (TRPV4) channels, which are known as mechanoreceptors. Furthermore,
changes in the actin cytoskeleton induced by hyperosmotic stress are important for the
induction of autophagy, a cytoprotective mechanism, and the activation of calcineurin-
TFEB pathway through TRP mucolipin 1 (TRPML1) channels-mediated Ca** release

from lysosomes is thought to be partly involved in the mechanism for the autophagy.

144



The current study on mechanisms underlying hyperosmotic responses of EMT and
autophagy suggests the utility of TRPV4 and TRPMLI channels as potential therapeutic

targets for renal protection.

Biomechanical approach Phenotypes

Hyperosmotic TRPV4 channel EMT
stress activation

Actin Extracellular
influx

Hyperosmolarity induces EMT and autophagy

2+ ) 3
Increase Ca concomitant with
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Ca?+
S Ca?
Tubular epithelial cell car i -2 Intracellular
i o release TRPML1 channel

activation - Autophagy

Fig. 6-1 Schematic illustration of the synthesis of the main findings.

6.3 The utility of TRPV4 and TRPML1 channels as new drug targets for CKD

The TRP protein superfamily of ion channels is important in renal physiology [1].
Several subfamilies of TRP channels including TRPC (Canonical), TRPP (Polycystin),
TRPM (Melastatin), TRPV, and TRPML have been reported in different parts of nephron
(Fig 6-2) [2]. TRPCI1, TRPC3, TRPCS, and TRPC6 are expressed in glomeruli, and
TRPC1, TRPC3, TRPC5, TRPC6, TRPP2, TRPM6, TRPV4-6, and TRPMLI1 are
expressed in tubules. Moreover, TRPC1, TRPV4, and TRPML1 are expressed in proximal
tubules. The distinct distribution of these cation channels along the nephron supports their

importance in the regulation of many renal physiological processes.
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Fig. 6-2 Distribution of TRP channels along the nephron (Modified from Hsu et al.,
2007 [2]). Abbreviations: G, glomerulus; PT, proximal tubules; DTL, descending thin
limb; ATL, ascending thin limb; TAL, thick ascending limb, DCT, distal convoluted

tubule; CNT, connecting tubule; CD, collecting duct.

Several TRP channels are known to be involved in renal disease (Table 6-1). TRPC6
expression is significantly increased in renal fibrosis mouse models [3], and the
knockdown of TRPC6 significantly reduced glomerular sclerosis but did not affect
tubulointerstitial inflammation and fibrosis [4,5]. The beneficial effects of TRPCS
blockers on renal disease models reveal TRPCS as a tractable therapeutic target for focal
and segmental glomerulosclerosis (FSGS), a common cause of renal failure [6]. In
addition, genetics point to two additional TRP channels as plausible therapeutic targets:
TRPP2 in autosomal dominant polycystic kidney disease (ADPKD) [7], and TRPM6 in

familial hypomagnesemia with secondary hypocalcemia (HSH) [8,9].
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Table 6-1 TRP channels related to kidney diseases

Isoform Proposed function in kidney Kidney diseases

TRPC5/6 | Regulate slit diaphragm function and permeability to protein FSGS
TRPP2 Interaction with each TRPP1 channels as mechanoreceptors ADPKD
TRPM6 | Renal Mg?* reabsorption HSH

Abbreviations: FSGS, focal segmental glomerulosclerosis; ADPKD, autosomal dominant

polycystic kidney disease; HSH, hypomagnesemia with secondary hypocalcemia

The current status of drug development targeting TRPV4 channels is shown in Table
6-2. The most advanced drug in development for diabetic macular edema is in clinical
phase 1. However, there are no drugs that target for kidney disease. TRPV4 channels are
widely expressed in various renal cells, including renal tubular epithelial cells and
endothelial cells [2]. A previous study reported that using an ischemia-reperfusion-
induced acute kidney injury model of the renal tubules, serum creatinine levels, that
reflect damage to the kidneys, were higher in trpv4 ", as compared to the wild-type
animals [10]. Thus, the results of this study suggested that TRPV4 could play a protective
role against acute kidney injury. In this study, [ showed that TRPV4 activation in response
to hyperosmotic stress is one of the mechanisms underlying EMT of proximal tubular
epithelial cells. The findings suggest that TRPV4 channels could be useful therapeutic
targets for controlling the progression of EMT-mediated renal disease. Further studies
will be needed to examine the effects of TRPV4 channels in other nephropathy models to

determine whether TRPV4 channel inhibitors can be used in kidney disease in general.
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Table 6-2 Development status of TRPV4 channel inhibitor

Originator Company Active Indications Status Technologies Ref
GlaxoSmithKline Inc Diabetic macular edema | Phase 1 Small molecule [11]
GlaxoSmithKline Inc Pulmonary edema Preclinical | Small molecule [12]
AsahiKasei Pharma Osteoarthritis Preclinical | Small molecule [13]
AdAlta Pty Ltd Unidentified indication Preclinical | Humanized antibody [14]

TRPMLI is a lysosomal Ca** channel involved in the regulation of lysosomal function
and intracellular trafficking [15]. To date, there are no reports of clinical trials using
TRPMLI1 channels as a therapeutic target. One reason is that despite the understanding
that organelles can play their functions and form a network of organelle interactions in
various diseases, drug delivery targeting the organelle has been a research challenge [16].
A drug delivery system that can efficiently deliver drugs to TRPMLI-expressing
lysosomes may be needed. On the other hand, basic findings on the association between
TRPMLI and kidney diseases are being reported.

Ca?" released through TRPMLI channels induces nuclear translocation of TFEB and
initiates transcription of lysosomal and autophagy genes [17,18]; TRPML1 and TFEB
form a positive feedback loop [18,19]. A previous study reported the reduction in TFEB
mRNA and protein levels in the tubulointerstitium in individuals with diabetic kidney
disease in comparison to individuals without diabetes and with normal kidney function
[20]. According to another study, inadequate renal autophagy was observed histologically
in diabetic patients with massive proteinuria, but not in patients with no or minimal
proteinuria [21]. In this study, I showed that TRPMLI1 activation in response to
hyperosmotic stress is one of the mechanisms underlying autophagy of proximal tubular
epithelial cells. Taken together, I believe that developing drugs that modulate TRPMLI1

activity or restore its function could have therapeutic potential for renal diseases
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associated with autophagy and lysosomal dysfunction. However, it is important to note
that TRPMLI1 is a complex channel with multiple functions, and its precise roles in
various renal diseases are still being elucidated. Further research is necessary to determine
the therapeutic potential and safety of targeting TRPML1 for renal diseases.

In conclusion, this study conducted from a biomechanical perspective has revealed a
novel therapeutic target for the treatment of kidney disease. By investigating the
hyperosmotic stress exerted on proximal tubular cells, the author identified the
involvement of the TRPV4 and TRPMLI1 channels in mechanotransduction and cellular
response. | believe that the results of this dissertation open up possibilities of targeted

interventions to treat CKD by modulating the activity of TRPV4 and TRPML1 channels.

6.4 Limitations of this study

The primary strength of this dissertation is that the author focused on cell biomechanics,
which is a different viewpoint from most pharmacological studies, and was able to
propose new drug targets for kidney disease. However, there are several limitations.

First, because these were in vitro experiments, their experiments typically lack the
physiological context that is present in living tissues and organs. The absence of other
organ systems, blood circulation, immune responses, and neuronal interactions can limit
the understanding of how drugs or biomechanical factors might behave in the context of
a whole organism. Additionally, cells in the body are influenced by a variety of factors,
including signals from neighboring cells, communication through chemical signaling
molecules, and physical forces. In vitro experiments often overlook these intricate
interactions, which can impact the behavior and response of cells or tissues to drugs or

biomechanical stimuli. To overcome this limitation, further studies are needed to evaluate
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the potential of the targets in a physiological context, such as animal models.

Second, although EMT and autophagy are complex and systemic, the present study
investigated only one aspect of the phenomena. For instance, I used only E-cadherin, a-
SMA, and LC3 as markers of EMT and autophagy, but the phenomena are regulated by
multiple signaling pathways and involve the activation or suppression of numerous genes
and proteins. In addition, the localization of LC3-positive puncta has not been confirmed.
Investigation of the relationship between the localization of LC3 and the dynamics of the
cytoskeleton can further elucidate the mechanism underlying the effects of cytoskeletal
changes on autophagy. A systematic analysis of the other markers can capture the diverse
aspects of these processes and lead to a more comprehensive understanding of
hyperosmotic stress-induced these processes. Nevertheless, the present results are
potentially important that the hyperosmolarity-induced cytoskeletal changes may trigger
the induction of this phenomenon. Investigating the effects of hyperosmolarity on the
changes in intracellular contraction forces can further elucidate the mechanism
underlying the effects of cytoskeletal changes on pathogenesis.

Third, the current study focused on mechanisms of EMT and autophagy and proposed
TRPV4 and TRPMLI channels as potential therapeutic targets, respectively, but no
analysis was performed for the relationship between EMT (TRPV4 channel) and
autophagy (TRPML1 channel). A previous study has shown that autophagy induced by
rapamycin, an mTOR inhibiter, can alleviate renal fibrosis by inhibiting EMT in
obstructive nephropathy fibrosis [22]. For instance, it would be very interesting to
examine the effect of autophagy induced by TRPMLI activation on TRPV4-mediated

EMT.
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