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CHAPTER 1

General introduction, significance & contribution

1.1 Motivation

Chronic kidney disease (CKD) is the ninth leading cause of death in the United States and affects 15% of the
adult population (CDC, 2021). CKD affects an estimated 37 million Americans. Due to the asymptomatic
nature of CKD progression, approximately 90% of those with it are unaware until it progresses to irreversible
end-stage renal disease (ESRD), making it an under-recognized public health crisis (CDC, 2021). Most
Americans with kidney failure are treated with in-center dialysis, an expensive and burdensome treatment
course with high morbidity rates. In the US, hemodialysis has a total annual cost exceeding $42 billion, yet
only a 35% five-year survival rate. (USRDS, 2022). Transplantation, the best and most economical treatment,
is severely limited by the scarcity of donor organs. On average, over 3,000 patients are added to the kidney
wait list per month and 13 people pass away each day waiting for a transplant (USRDS, 2022).

One solution to eliminating this scarcity problem and treating kidney failure is to bioengineer a mass-
produced universal donor kidney. The current barrier to developing a universal donor kidney is producing fully
differentiated human renal tubule epithelial cells (HREC) in vitro. HREC are highly specialized, polarized
cells that consume large amounts of energy to transport solutes against concentration gradients within the
kidney. Present cell culture techniques are unable to accurately reproduce HREC function. In vitro, these cells
poorly recapitulate their original corresponding in vivo counterparts and exhibit a flattened morphology and
loss of apical brush border phenotype. This dedifferentiation limits HREC in vitro use in a wide variety of
health-related fields, including drug development, mechanistic discovery, toxicity screenings and artificial
organ development. We seek to understand the molecular mechanisms underlying these changes to establish

culture conditions that restore differentiated morphology to HREC in vitro.

1.2 Goal

This dissertation seeks to determine the specific mechanisms guiding renal tubule epithelial cell differentiation.
Native renal epithelia are characterized by an elaborate array of sodium transporters which enable the
orchestrated reabsorption and secretion of a diverse array of ions whilst maintaining normal cell homeostasis.
The described studies will help clarify the role of substrate stiffness-mediated pathways and metabolic activity
in governing renal tubule epithelial cell differentiation. Understanding the interplay of stiffness sensing,
metabolism, and differentiation is critical to understanding kidney disease pathogenesis and for creating

more accurate models of the renal tubule epithelia for application in the bioartificial kidney. Elucidation of



interactions between TGF-f dependent mechanosensing and AMPK-mediated metabolic sensing will also

provide the opportunity to identify therapeutic targets for the treatment of CKD and renal fibrogenesis.

1.3 Specific Aims
1.3.1 Aim 1: Inhibition of TGF-§ improves primary renal tubule cell differentiation in long-term
culture

In Chapter 4, we demonstrate that control of the TGF-f signal transduction pathway is sufficient to reverse the
erosion of some functional phenotypes associated with renal tubule epithelial cell culture in conventional flat
inelastic scaffolds. TGF-f inhibition in vitro leads to the appearance of functions characteristic of native tubule
cells, including diuretic-inhibitable fluid transport, phlorizin-inhibitable glucose uptake, probenecid-inhibitable
organic anion excretion, and apical acid extrusion. We demonstrate that these interventions are sufficient to

maintain renal cell differentiation for extended periods of time (more than 40 weeks).

1.3.2 Aim 2: Metformin and TGF-J inhibition direct renal tubule cell metabolism toward increased
glycolysis and oxidative phosphorylation
In Chapter 5, we demonstrate that AMP-activated protein kinase (AMPK) activation and TGF-f inhibition
additively increase the expression and activity of renal tubule epithelial cell glycolytic and mitochondrial
metabolic machinery. AMPK activator metformin increases anaerobic glycolysis and reduces electron transport
chain glucose dependency, thus decreasing coupling efficiency while increasing spare respiratory capacity.
Conversely, TGF-f inhibitor SB431542 reduces glycolysis while increasing cell oxidative phosphorylation
and electron transport chain dependency. When administered together, the two treatments have a synergistic
effect that increases both glycolytic and oxidative phosphorylation capacities, imparting greater metabolic
flexibility. In terms of substrate dependency, when administered separately metformin and SB431542 both
increase fatty acid oxidation dependency, but not when administered together. In summary, metformin and
SB431542 ameliorate the metabolic dysregulation brought on by cell culture stress by increasing the flux of

glucose and fatty acids towards oxidative phosphorylation.

1.3.3 Aim 3: Canonical Smad-dependent TGF-§ signaling governs NKCC2 expression via HNF-1¢ in
renal tubule epithelial cells

In Chapter 6, we demonstrate that TGF-f signaling suppresses Na-K-2Cl cotransporter 2 (NKCC?2) tran-

scription through the Smad/Snail signaling axis which represses the transcription factor Hepatic Nuclear

Factor 1o (HNF-1a). The role of the TGF-f receptor 1 (ALKS) is confirmed. We find that non-canonical

TGF-f signaling pathways are not involved in the the transcriptional repression of NKCC2. Genetic knockout



of the canonical TGF-f intermediate Smad? increases protein expression of NKCC2, while genetic rescue
Smad2, Smad3, Smad4 and Snaill attenuates NKCC2 expression. We find that Smad2 knockout is sufficient
to increase activity of the HNF-1o promoter, while Smad2, Smad3, and Smad4 rescues suppress HNF-1¢
promoter activation. Finally, genetic overexpression of HNF-1¢ is demonstrated to be sufficient to increase
NKCC?2 expression. In short, the roles of Smad2, Smad3, Smad4, Snaill and HNF-1¢ on renal NKCC2

expression are demonstrated.

1.4 Innovations & list of contributions

The proposed studies will establish new genetic targets for the in vitro differentiation of renal tubule epithelial
cells and provide greater insight to the mechanisms of tubulointerstitial fibrosis and metabolic dysregulation
driving CKD. This will provide a valuable resource for the wider scientific community to pursue the study of
immunosuppression-free transplants that have not previously been possible due to the limitations of existing
cell models. Hereafter are gathered the publications resulting from research conducted throughout this PhD:

* Hunter K, Love H, Fissell W. Canonical Smad2 TGF-B signaling governs HNF-1a-dependent NKCC2
transcription and fluid transport in renal tubule epithelial cells. In preparation.

* Hunter K, Yao N, Love H, Fissell W. Metformin and TGF-f3 inhibition direct renal tubule cell metabolism
toward increased glycolysis and oxidative phosphorylation. In preparation.

* Hunter K, Love H, Evans R, Roy S, Zent R, Harris R, Wilson M, Fissell W. Inhibition of TGF-3
improves primary renal tubule cell differentiation in long-term culture. Tissue Engineering Part A.
https://doi.org/10.1089/ten. TEA.2022.0147.

* Love H, Evans R, Hunter K, Roy S, Fissell W. Functionalizing Polyacrylamide Hydrogels for Renal
Cell Culture Under Fluid Shear Stress. Tissue Engineering Part A. Vol. 28, No. 19-20. October 2022.
https://doi.org/10.1089/ten.tea.2022.0079.

1.5 Outline of the dissertation
In this Section, we provide a detailed overview of the contributions of this thesis. For each chapter, we first
introduce the underlying problem of interest and present the contributions.

Chapter 2 provides relevant background material on the classification and prevalence of CKD. Approaches
to preserving kidney function are described. A brief overview of existing renal replacement therapies and
current advances in renal bioengineering is given.

Chapter 3 describes further background on the molecular mechanisms underlying the development of
CKD. Information on the anatomy and physiology of the kidney is presented, as well as discussion on renal

tubule cell metabolism. Renal metabolic reprogramming is introduced. We uncover the mechanistic roles of


https://doi.org/10.1089/ten.TEA.2022.0147
https://doi.org/10.1089/ten.tea.2022.0079

energy sensor AMPK and its activator, hypoglycemic drug metformin. We follow by defining the TGF-3
signaling pathway and its roles in the development of CKD and metabolic dysregulation. An overview of the
canonical Smad and non-canonical TGF-f3 signaling pathways is given. Related work on renal Smad knockout
models is presented.

Chapter 4 details the first reported study demonstrating the role of TGF-f3 in governing phlorizin-inhibitable
glucose uptake and probenecid-inhibitable organic anion excretion in renal tubule epithelial cells, as detailed
in Aim 1.3.1. The roles of canonical Smad signaling and metformin are also explored.

Chapter 5 covers the first reported study demonstrating the role of TGF-f8 and metformin in governing renal
tubule epithelial cell anaerobic glycolysis, oxidative phosphorylation and substrate dependency, as detailed in
Aim 1.3.2. Mechanisms of tubule cell metabolic reprogramming are explored.

Chapter 6 presents the first reported study demonstrating the role of Smad-dependent TGF-f3 signaling
in governing Na-K-Cl cotransporter 2 (NKCC2) expression. This study describes the Smad/Snail/HNF-
1a/NKCC2 signaling axis, as detailed in Aim 1.3.3.

Chapter 7 concludes and depicts future research directions closely related to contributions from this

dissertation. We also illuminate perspectives set forth within these contributions.



CHAPTER 2

Chronic kidney disease, approaches to preserving kidney function, and renal bioengineering

2.1 Introduction to chronic kidney disease

Chronic kidney disease (CKD) is responsible for about 1.2million deaths globally each year and is estimated
to become the fifth leading cause of death worldwide by 2040 (Foreman et al., 2018). CKD is estimated to
affect approximately 15% of the adult population, yet due to the asymptomatic nature of CKD progression,
about 90% of those with CKD are unaware until it progresses to irreversible end-stage renal disease (ESRD),
making it an under-recognized public health crisis (CDC, 2021). The increasing prevalence of CKD is caused
in part by an increase in the prevalence of the factors that contribute to its, including type 2 diabetes mellitus,
obesity, hypertension, and cardiovascular disease. Improved longevity of the general population, a reduction
in the mortality of dialysis patients, increases in CKD incidence, broadening of renal replacement therapy
(RRT) acceptance criteria, and greater access to dialysis in low and middle income countries also contribute to
the increasing prevalence of CKD. There are many causes of CKD, including diabetes, glomerulonephritis,
and cystic kidney diseases but the causation of CKD is not yet fully elucidated.

CKD is a progressive condition characterized by the stiffening of the renal parenchyma and loss of structural
and functional characteristics of renal tissue. During the progression of CKD, renal function is impaired due
to the loss of nephrons and the development of renal tubulointerstitial fibroisis. Excessive accumulation of the
extracellular matrix (ECM), is accompanied by a reduction in glomerular filtration rate (GFR) and abnormal
albuminuria (albumin protein in the urine) (Glassock et al., 2017). CKD is typically diagnosed an estimated
glomerular filtration rate of less than 60mL/min/1.73m? (Webster et al., 2017). Clinically CKD is characterized
using markers of kidney damage, such as albuminuria, hematuria (blood in urine), or proteinuria (protein in
urine) (Evans et al., 2022). The rate of loss of kidney function varies due to etiology and the presence of risk
factors, but in most cases progression to kidney failure/end stage renal disease (ESRD) takes between months
and decades. If left untreated, ESRD is fatal.

Impaired kidney function can result in the emergence of other health conditions. This most frequently
manifests as heart failure and cardiovascular issues, due to the kidneys’ role in waste and fluid management,
blood pressure, vitamin D and erythropoietin production, and acid-base balance. In clinical settings, blood
creatinine levels and proteinuria are used to monitor kidney function. Biomarkers like hyperkalemia (blood
potassium levels), metabolic acidosis (systemic acid accumulation), hyperphosphatemia (blood phosphate

accumulation), vitamin D deficiency, secondary hyperparathyroidism, and anemia are also monitored in the



development of CKD. Hypertension is one of the primary factors influencing the onset of CKD. Lifestyle
management, including diet, physical activity, and weight loss, is also an important component of maintaining
renal function for those with CKD. Reducing sodium intake and increasing exercise can be used to reduce
hypertension. Proteinuria can be reduced by controlling protein intake. Techniques for managing CKD include
cardiovascular risk reduction, avoidance of potential nephrotoxins (e.g., nonsteroidal anti-inflammatory drugs),
and adjustments to drug dosing. Angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor
blockers (ARBs) are used to help protect kidney function by reducing proteinuria and blood pressure.

Renal replacement therapies (RRT) provide life sustaining treatment for those with kidney failure. The
vast majority of Americans with ESRD are treated with in-center hemodialysis, an expensive and burdensome
treatment course with high morbidity rates. Conservative care strategies of preserving kidney function without
the use of dialysis or transplantation are emerging (Brown et al., 2015; Teruel et al., 2015). The primary goals
of conservative care are symptom management and maintaining patient quality of life. Globally, millions of
people die annually due to a lack of access to RRT, and often without supportive or palliative care. According
to estimates, RRT is not available to over 90% of ESRD patients in low- and middle-income countries. It
is estimated that the number of people who die prematurely due to a lack of RRT access is three times the

number of those receiving treatment (Thurlow et al., 2021).

2.2 Renal replacement therapies

ESRD can be treated by RRT. The goals of RRT include replacing renal function while improving patient
survival and well-being. There are currently several modalities of RRT that are used to treat kidney disease.
These include hemodialysis, peritoneal dialysis, and kidney transplantation. Hemodialysis and peritoneal
dialysis are procedures that filter waste products from the blood, while kidney transplantation is the process
by which a diseased kidney is surgically replaced with an allograft donor kidney. Due to the limited supply
of donor kidneys and comorbidities that preclude many would-be transplant recipients from transplantation,
dialysis remains the prevailing treatment option for most people with ESRD (Thurlow et al., 2021). Current

advances and technical challenges of each RRT modality are described in this section.

2.2.1 Hemodialysis

Hemodialysis is the most common form of dialysis, accounting for approximately 90% of dialysis patients.
Approximately 2.6 million people are estimated to have received hemodialysis in 2010, and this number is
expected to double by 2030 (Liyanage et al., 2015). During hemodialysis, a machine called a dialyzer is used
to filter wastes and water from the blood. In this machine, blood passes through hollow fibers surrounded

by dialysis solution, creating an osmotic gradient for the dilution of solutes. Hemodialysis is a burdensome



treatment course that is typically administered three times per week for four hours at a time. Night and home
dialysis are lesser implemented alternatives that offer increased flexibility.

Patient experiences and outcomes can be strongly impacted by the circumstances surrounding the start
of dialysis and the modality and access choices taken. Compared to the general population, hemodialysis
patients experience poorer health-related quality of life (Yang et al., 2015; Chuasuwan et al., 2020). Urgently
initiated dialysis and less preparation are also linked to lower survival and increased morbity (Hasegawa
et al., 2009; Tennankore et al., 2012). Surgery is typically conducted prior to commencing treatment to create
vascular access, but catheters may be used in cases where this is not possible. Patients and clinicians may
have divergent and conflicting goals for hemodialysis treatment which present an additional challenge in its
implementation. Clinicians often focus on outcomes such as mortality and biochemical markers, while patients
prioritize well-being and lifestyle (Evangelidis et al., 2017). Small solute clearance has traditionally been used
to assess the efficacy of dialysis, but there is growing evidence that small solute clearance reflects only one of
many factors that influence the outcomes of dialysis (Vanholder et al., 2015). The significance of considering
patient preferences and satisfaction when making decisions and assessing dialysis as a treatment option is
becoming more widely acknowledged (Walker et al., 2015; Perl et al., 2016).

Although hemodialysis is the most prevalent RRT, it has its own limitations. In high-income countries,
25% of patients die within a year of starting hemodialysis.This figure is even higher in low- and middle-income
countries, which underscores the importance of preserving renal function in patients with, or at high risk of
developing CKD (Kalantar-Zadeh et al., 2021). The low patient survival rates is underscored by the high
cost of hemodialysis. In the US, hemodialysis has a total annual cost exceeding $42 billion, yet only a 35%
five-year survival rate (USRDS, 2022) demonstrating the need to develop more economical and life-preserving

solutions to ESRD.

2.2.2 Peritoneal dialysis

Peritoneal dialysis (PD) is an alternative to hemodialysis, that consists of using the peritoneum to dialyze
wastes from the body rather than an external apparatus. A catheter is surgically placed in the abdomen. This
catheter is then used to fill the peritoneum with liquid, composed of electrolytes (e.g. sodium, chloride,
calcium, and magnesium), an osmotic agent (e.g. glucose), and lactate. Osmotic forces drive wastes from the
blood to this liquid, which is later removed (Crabtree et al., 2019). Due to its continuous nature, PD offers
much more flexibility than hemodialysis, and has improved tolerability for those with heart disease. Due
to the need for abdominal access, PD, however, is not suitable for patients with prior abdominal surgery or
inflammatory bowel disease.

Issues may arise because PD requires some technical expertise. PD-related peritonitis (infection of the



peritoneum) may result from touch contamination of the access port. To avoid an excessive fluid loss, the
volume of the dialysis must be closely monitored. Large volume gains can lead to edema and hypertension,
while large volume losses can result in hypovolemic shock or hypotension. Long-term use of peritoneal
dialysis is associated with fibrosis of the peritoneum and can lead to peritoneal sclerosis. Peritoneal sclerosis
is a potentially fatal complication wherein the bowels become obstructed due to fibrotic deposition. The high

volume of glucose in PD liquid can also lead to hypertriglyceridemia and weight gain (Lo, 2016).

2.2.3 Kidney transplantation

Kidney transplantation is the best option for patients with ESRD to increase survival and quality of life
(Abecassis et al., 2008). The number of kidney transplants being performed in the US is increasing year over
year. In 2019, 23,401 kidney transplants were performed (Sawinski and Poggio, 2021). Recent advances in
surgical, immunosuppressive, and postoperative protocols have led to a one-year kidney allograft survival
rate of over 95% (Poggio et al., 2020). Despite these advances, achieving long-term graft viability is still a
challenge, with the median kidney transplant survival in the US being only 11.2 years (Merion et al., 2018).

Kidney transplantation is severely limited by the scarcity of donor organs. On average, over 3,000 patients
are added to the kidney wait list per month and 13 people pass away each day waiting for a transplant (USRDS,
2022). Mismatch in organ supply and increasing transplant demand has led to greater use of more “marginal”
kidneys for transplantation, which negatively contributes to national allograft survival rates (Munagala and
Phancao, 2016). Donor kidneys can come from either deceased or living donors. Living donor candidates
undergo medical, surgical, and psychological evaluation by a transplant assessment team to ensure suitability
for organ donation. Living donor transplants have better long-term graft survival and reduced risks of rejection
and delayed graft function in comparison to deceased donor transplants (Hilbrands, 2020). Living donor
transplants are also better from a pragmatic standpoint as recipients do not have to wait on the transplant
list and transplant surgery can be planned. Studies have demonstrated that living donors are unlikely to
develop serious long-term complication (Caliskan et al., 2022; Lentine and Segev, 2017). Deceased donor
transplants, however, remain the predominant transplant organ supply accounting for approximately 64% of
donor kidneys (Poggio et al., 2020).

Transplantation is a rigorous process that requires donor match, major surgery and a lifetime regiment
of post-transplantation immunosuppression to prevent rejection. Prior to beginning the transplant process,
patients are screened to ensure they are physically and psychologically suitable for the process. Tests are
conducted to match recipients to donors and prevent ABO (i.e. blood type) and human leukocyte antigen
(i.e. HLA) mismatches. Once a donor match is made, surgery is scheduled. During transplantation surgery,

the recipient is placed under general anesthesia and the donor kidney is placed in the iliac fossa. The donor



kidney renal blood vessels are connected to the recipient’s blood vessels and bladder. The removal of the
old kidneys has been shown to increase surgical morbidity, so they are typically left in place, unless they are
cancerous, infectious or cause high blood pressure as removal has been shown to increase surgical morbidity.
After transplantation, immunosuppressive medications are required for the rest of the patient’s life because the
donor kidney is treated as a foreign object.

There are numerous challenges in kidney transplantation that contribute to poor long-term allograft and
patient survival. The kidney transplant recipient population is getting older and has more co-morbidities
which increases medical complexity and diminishes graft survival. The number of recipients over age 65
has doubled since 2001 and there is an inverse relationship between donor age and 10-year patient survival
rates (Ghelichi-Ghojogh et al., 2021). Following national health trends, body mass index has also risen in
transplant recipients, as has the number of patients with long dialysis. Although kidney transplant recipients
are rigorously screened, cardiovascular disease is the primary cause of mortality among transplant recipients
(Rangaswami et al., 2019). Hypertension is also common in kidney transplant recipients (Ponticelli et al., 2011).
Chronic and acute antibody-mediated rejection can also cause kidney allograft failures. Non-immunological
complications, such as the recurrence of primary kidney disease, cardiovascular diseases, infections, and
malignancy also contribute to transplant failure. Solid organ infection is the second highest cause of mortality
for donor kidney recipients, most commonly due to viruses. Late graft loss is usually multifactorial, caused by
immunologic and nonimmune-mediated mechanisms. Transplant failure presents itself as slow, progressive
kidney dysfunction characterized by the accumulation of interstitial fibrosis and tubular atrophy. After graft
failure, patients may either transition back to dialysis or be evaluated for re-transplantation.

Posttransplant use of immunosuppressive medications is often associated with the incidence of metabolic
complications. Transplant patients are often given corticosteroids, calcineurin inhibitors (CNIs), and mTOR
inhibitors to reduce the likelihood of posttransplant rejection. CNIs directly damage pancreatic islet cells,
which impairs insulin sensitivity and secretion and can lead to metabolic issues. Additionally, weight gain
is common in kidney transplant recipients as immunosuppressive agents, surgical stress and inflammation
increase the risk of hyperglycemia (Cannon et al., 2013). Immunosuppression, proteinuria, and post-transplant
diabetes can lead to the development of posttransplant dyslipidemia (Holdaas et al., 2005). These issues

underscore the need to further study mechanisms of metabolic dysregulation in the kidney.

2.3 Renal bioengineering
In this section, four major fields of renal bioengineering are described. First Section 2.3.1 explores the use of
Decellularized kidney scaffolds, Section 2.3.2 presents kidney organoids, and Section 2.3.3 introduces the

concept of Kidney-on-a-chip platforms. Finally, Section 2.3.4 closes on the development of the bioartificial



implantable kidney.

2.3.1 Decellularized Kidney scaffolds

Decellularized organ scaffolds are a promising solution to certain types of end-stage organ failure that could
be used to meet the donor supply shortage. Unlike allogeneic donor organs, which necessitate the life-long use
of immunosuppressants to prevent donor organ rejection, decellularized organ scaffolds would utilize patient-
derived cells and may enable the use of donor organs that would otherwise be ineligible for transplantation
(Orlando et al., 2013). Research in the field of decellularized organ scaffolds has been applied to the heart,
lungs, liver, pancreas and kidney. Here we will focus on advances in decellularized kidney scaffolds.

One of the primary challenges to the development of decellularized kidney scaffolds is to remove cells while
preserving the extracellular matrix (ECM), the three-dimensional network of extracellular macromolecules
that provide structural support to cells. There are several methods used for decellularization, including
perfusing detergents or enzymes through the renal vascular network, and mechanical or physical separation.
Decellularized kidney scaffolds maintain the complex anatomical macro- and micro-structures, such as the
glomeruli and peritubular capillaries, which is advantageous in facilitating cell differentiation toward kidney-
specific functions of filtration, secretion, and reabsorption. Retention of cell membrane epitopes or DNA,
however, can cause adverse immune responses upon implantation, so scaffolds are often disinfected and
dehydrated or lyophilized and sterilized after decellularization.

Once the cellular components have been removed from the scaffold, it must be recellularized to enable
the organ to recapitulate its in vivo functionality. The kidney scaffold can be repopulated with cells through
perfusion of the renal artery, renal vein, and the ureter. Vascular perfusion, however, is limited by the vascular
basement membrane which prevents the perfusion of cells to the interstitial compartment (Ciampi et al., 2019).
Methods are being developed to encourage the extravasation of cells to the perivascular and peritubular space
to increase cell seeding efficiency. It has been demonstrated that when the renal artery is reperfused with high
pressures after cell seeding, cells translocate from the microcirculation into the perivascular space (Caralt et al.,
2015). Cell extravasation can also be improved when cells are infused under a vacuum (Leuning et al., 2019).

Rudimentary solid organs that utilize decellularized whole organ scaffolds as a substrate have been
demonstrated in vitro and in small animal models. Fedecostante et al. (2018) developed a three-dimensional
nephrotoxicity platform based on decellularized rat kidney scaffolds that was repopulated with conditionally
immortalized human renal proximal tubule epithelial cells. Compared to two dimensional cultures, these
recellularized scaffolds showed increased sensitivity to nephrotoxic agents cisplatin and tenofovir. Song et al.
(2013) created a recellularized rat kidney that produced urine when implanted orthotopically. The functionality

of decellularized kidney scaffolds has been further explored using a variety of cells. Hsu et al. (2022) produced
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a decellularized kidney scaffold that was recellularized with renal progenitor and differentiated cells. When
cultured in a whole-organ bioreactor, the organ was able to produce urine, and reabsorb albumin, glucose, and
calcium.

Although there has been significant advancement in the creation of decellularized kidney scaffolds, there
are challenges that limit their functional fidelity and clinical utility. Due to the complexity of the renal anatomy,
high cell seeding efficiency has not yet been accomplished. Current methods of kidney decellularization have
low throughput and techniques for decellularization have not yet been scaled up to the size of a human kidney.
Another problem that has not been fully resolved is the harm that decellularization and sterilization cause
to ECM proteins. To achieve translational viability, methods to reduce graft immunogenicity must also be

improved. Importantly, transport properties do not yet correspond to those required to achieve clinical viability.

2.3.2 Kidney organoids

Organoids are three-dimensional, self-patterning cell cultures that can model the basic structure and function of
organs. Compared to conventional two-dimensional cell culture methods, organoids better represent the in vivo
cell microenvironment. In terms of physiological modeling, organoids are multicellular systems with a high
degree of organization. The development of kidney organoids has been driven by increases in understanding
of the processes underlying renal organogenesis. Kidney organoids have potential uses in vitro drug screening
and as therapeutic regenerative organs. They are currently used to study kidney tubular damage and model the
genetics underlying various kidney diseases.

In vivo renal organogenesis requires the coordinated migration of and spatiotemporal signaling of several
distinct cell populations (Rad et al., 2020). A variety of cell types has been explored for the development
of kidney organoids. Embryonic stem cells, undifferentiated nephron progenitor cells and human induced
pluripotent stem cells (iPSCs) are all commonly used for the development of renal organoids (Nishinakamura,
2019). Adult differentiated cells have also been used to create three-dimensional organoid models without the
use of genetic editing (Ding et al., 2020). This is a promising advance for potential therapeutic applications as
cells are proliferated and differentiated without the use of foreign DNA.

Chimeric renal organoids derived from cells of multiple species are currently being explored. Saito et al.
(2022) explored the differentiation and maturation of chimeric renal organoids using mouse- and rat-derived
cells. When implanted in immunodeficient mice, these multi-species derived organoids showed milder rejection
after implantation than fully xenograft organoids. Xinaris et al. (2016) generated functional podocytes from
a combination of murine embryonic stem cells and human stem cells. These podocytes developed complex
three-dimensional filtering structures resembling native glomerular slits and accomplished selective glomerular

filtration and tubular reabsorption. When these organoids were mixed with human amniotic fluid stem cells,
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the resulting organoids formed vascularized glomeruli and tubules.

Complex structures that mimic different aspects of native renal anatomy and function have been achieved
in kidney organoid development. Branching three-dimensional ureteric buds (UB) have been generated from
primary UB progenitor cells and human fetal kidneys (Zeng et al., 2021). These UB organoids generate
structures that mimic the native collecting duct with differentiated principal and intercalated cells. Zeng
et al. (2021) demonstrated that genetic modification of these UB organoids can be used to model congenital
disorders of the kidney and urinary tract. Shankar et al. (2021) used iPSCs to create kidney organoids that
produce renin, an enzyme critical to blood pressure regulation secreted by the kidneys in vivo, when implanted
in a murine model. This model will enable researchers to study the role of the renin-angiotensin system (RAS)
during kidney development and evaluate new RAS-targeting therapeutics.

Kidney organoids are being increasingly used to study renal disease pathogenesis. Freedman et al. (2015)
developed nephron-like organoids capable of modeling nephrotoxic renal epithelial injury. These organoids
were later used to study polycystic kidney disease (PKD) via genetic knockout of the podocalyxin-like protein
1 (PODXL) and PKD1/2 genes, which are responsible for the occurrence of PKD (Cruz et al., 2017). It was
later found that the deletion of PODXL lead to defects in cell attachment and adhesion, indicating that PODXL
is important to junctional migration of developing podocytes (Kim et al., 2017). Low et al. (2019) developed a
model of autosomal recessive PKD, an early-onset form of PKD that manifests during childhood, using iPSC
of an autosomal recessive PKD patient. CRISPR-Cas9 gene editing was effective in preventing the cystic
phenotype. Hale et al. (2018) used hiPSCs have been used to model nephrotic syndrome. Calandrini et al.
(2020) developed tubuloids from Wilms tumors, which has enabled the creation of a biobank for childhood
renal cancers for use in identifying patient-specific dug sensitivities. Organoids have also been used to study
glomerulopathies (Harder et al., 2019).

Although kidney organoids are increasingly used as tools in basic research, clinical application of these
tools is still in its infancy. Currently, kidney organoids are unable to fully recapitulate native tissue structures
that are necessary for use as transplantable organs. Kidney organoids lack vascularization, which limits
their growth capacity. Single-cell RNA sequencing studies also reveal that organoids to not mature further
than an embryonic kidney, even with prolonged cell culture (Wu et al., 2018). The cell composition of
lab-grown organoids is an emerging problem. Using RNA sequencing Wu et al. (2018) found that renal
organoids are comprised of up to 10 to 20% off-target cells, which presents a problem to their long term
use. Technical developments to overcome these limitations will require attention to cellular composition,
appropriate incorporation and vascularization to host tissues, and improved functionality. Nonetheless, kidney

organoids offer great potential for new directions in the field of renal regenerative therapies.
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2.3.3 Kidney-on-a-chip

The tissue engineering approach of culturing cells in microchannels and microfluidic systems has been applied
to renal bioengineering to create kidney-on-a-chip platforms that recapitulate important tissue- and organ-level
renal functions. Kidney-on-a-chip platforms are typically made from inert, biocompatible materials to avoid
chemical leaching, and have a pump or syringe apparatus to apply constant flow to the apical compartment
(Wilmer et al., 2016). In comparison to conventional static cultures, this approach promotes cell differentiation
in terms of tight junction formation, biomarker expression and cellular transport function. It also enables the
integration of sensors for precise analysis of cellular metabolites.

Microfluidic systems enable the co-culture of different cells types, and the ability to integrate sensors for
continuous measurement of cellular behavior. iPSC-derived podocytes have been used to develop a glomerulus-
on-a-chip (Musah et al., 2017). Sciancalepore et al. (2014) developed a multi-layered renal microdevice
embedded with adult renal stem/progenitor cells. Kidney-on-a-chip models circumvent the limitations of two-
dimensional cell culture and animal models. Increased cell function and ability to closely monitor metabolite
excretion/formation. Schutgens et al. (2019) combined kidney organoids with microfluidic organ-on-a-chip
plates to create “tubuloids” with a tubuloid structure and active transport function. Kidney-on-a-chips with
circulatory cells and non-epithelial renal cells are being developed for disease modeling. Weinberg et al. (2008)
developed a nephron-on-a-chip with an inlet for blood, an outlet for blood, and an outlet for urine.Mu et al.
(2013) created a three-dimensional vascular network for in vitro modeling of mass transfer.

Kidney-on-a-chip has many potential applications in drug development and testing. Nephrotoxicity is
often not discovered until testing is initiated in humans in phase III and phase IV clinical trials (Tiong et al.,
2014). Preliminary nephrotoxicity testing is typically performed in animal models, which is expensive and
slow. Further, animal models may fail to predict human nephrotoxicity due to species-specific physiology. Yin
et al. (2020) developed a multi-layer microfluidic chip comprised of a microfluidic device for generating drug
concentration gradients and a platform for renal cell culture for nephrotoxicity screening. The in vitro use of
cell lines offers a less expensive alternative that circumvents the ethical concerns of animal models. Although
many cell lines do not fully recapitulate the structure and function of the native renal epithelia, kidney-on-a-chip
platforms may be able to leverage novel bioengineering techniques to enhance cell differentiation in vitro.

While current kidney-on-a-chip models are useful for disease modeling and nephrotoxicity screening in
comparison to conventional static culture, there are still limitations that limit their utility. Species-dependent
variations may limit the utility of animal-derived cell lines in human disease models and nephrotoxicity
screening. While human-derived primary cells and cell lines are commonly used in kidney-on-a-chip studies,

current models only partially reproduce normal physiology and inadequately model tubular drug transporters
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Figure 2.1: A representation drawing of the implantable bioartificial kidney The device is implanted in
the iliac fossa and connected the patient’s blood supply. A hemofilter with silicon nanoporous membranes
mimic the slit-shaped pores of podocytes filters the blood. The ultrafiltrate then flows through the cellular
bioreactor which contains living renal tubule epithelial cells, which resorb solutes from the ultrafiltrate, much
like the native kidney. Wastes in the concentrated ultrafiltrate are routed from the cell bioreactor to the bladder.
Adapted from (Salani et al., 2018)

and metabolic enzymes.

2.3.4 Bioartificial kidney
Dialysis and kidney transplantation are currently the only viable RRT options for patients with ESRD. Both
treatment modalities, however, have limited long-term efficacy. A bioartificial kidney seeks to create a fully
functional kidney by utilizing a cell-based bioengineering approach. The bioartificial kidney is designed to
mimic many functions of the natural kidney by linking a hemofilter and bioreactor in series, much like the
glomerulus and the nephron in the native organ. The bioartificial kidney would be surgically implanted in
the iliac fossa to establish a permanent connection to the blood supply. The hemofilter, which is based on
silicon nanopore membranes (SNM), will function like the glomerulus of the native kidney by selectively
filtering solutes from the blood based on molecular size. The second component of the bioartificial kidney will
consist of a cellular bioreactor of renal tubule epithelial cells seeded onto the SNM scaffold. This portion of
the bioreactor would mimic the native tubules by reabsorbing water and solutes from the filtrate and excreting
waste. This configuration enables the bioartificial kidney to perform ultrafiltration using the body’s blood
pressure, thereby negating the need for pumps or an external power supply (Groth et al., 2022).

The SNM will provide mechanical support for the cells and isolate them from the host immune system.
The SNM will have a uniform slit pore design that increases hydraulic permeability and selectivity compared to

the circular pores in standard hollow-fiber membranes (Kanani et al., 2010). SNM have several characteristics
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which make them a well-suited hemofilter. SNM pores can be as small as 5 nanometers, and selectivity has
been demonstrated in vitro using various globular proteins (Fissell et al., 2009). SNM membranes have high
hydraulic permeability that can achieve a rate of 30mL/min using only the arterial-venous pressure differential,
which negates the need for an internal or external pump to drive filtration (Fissell et al., 2009). filters blood
continuously, which mitigates the inconveniences and morbidities associated with hemodialysis.

Cell sources for the bioartificial kidney are still being explored. While immortalized cell lines are commonly
used to study renal biology and in renal bioengineering models, cell lines do not fully recapitulate native cell
phenotypes or display full functional differentiation (Jenkinson et al., 2012; Jang et al., 2013). Immortalized
cell lines exhibit continued growth, which while useful in populating platforms, may lead to poor long-term
viability due to overgrowth (Ozgen et al., 2004). Additionally, species-dependent variations in tubular function
may cause adverse zoonotic reactions. Primary cells achieve better in vitro differentiation than immortalized
cell lines but are limited by the number of population doublings they can achieve (Sanechika et al., 2011).
Induced pluripotent stem cells (iPSCs) have been explored, but there are ethical concerns over using human
embryos and fetal cells for organ development.

Development of the bioartificial kidney has the potential to increase access to donor organs and increase
global healthcare equity. Despite this, challenges remain in its development, including improvement of
chip-level filtration efficiency, cell sourcing and maintenance of cell phenotype in vitro. Functional studies,
such as water reabsorption assays, must be completed to demonstrate intracorporeal viability. Nonetheless,
success in creating a bioengineered kidney could change the paradigm of renal replacement therapy and

improve access to treatment and quality of life for those experiencing ESRD.
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CHAPTER 3

Metabolic reprogramming and renal fibrosis in chronic kidney disease

3.1 Introduction to renal tubule epithelial cell metabolism

The kidneys are the primary regulators of body fluid and electrolyte homeostasis. An individual kidney filters
about 180 liters of plasma and reabsorbs more than 99% of filtered sodium (over one kilogram) each day,
through a diverse number of transporters, channels, and pumps (Moe, 2012). The kidney is comprised of
two main compartments, the glomerulus, and the nephron. The glomerulus filters blood to produce a primary
filtrate of water and solutes (e.g., Na™, KT, HCOg3, urea). Filtrate from the glomerulus flows into the lumen of
the nephron, a gland-like structure surrounded by capillaries. Along the nephron, renal tubule epithelial cells
perform absorption, resorption and excretion, to modify the ultrafiltrate produced by the glomeruli.

The nephron is comprised of 14 functionally and anatomically discrete segments containing at least 16
distinct epithelial cell types (Georgas et al., 2008; Lee, 2015; Harding et al., 2003). Each cell type has its own
characteristic set of cellular functions which depends highly on gene expression (Lee, 2015). Deep RNA
sequencing of micro-dissected renal tubules has achieved quantitative transcriptomic profiling of each tubule
segment. This data revealed that there are unique patterns of the distribution of region-specific transcription
factors, metabolic enzymes, transporters, and G protein-coupled receptors along the nephron (Lee, 2015).

The renal tubule segments are summarized in Figure 3.1. The proximal tubules reabsorb the majority of
H,O0 and electrolytes, while solutes are secreted into the filtrate (Zhuo and Li, 2013). The Loop of Henle,
which is comprised of the thin descending, thin ascending, thick ascending, and cortical thick ascending
limbs, is responsible for solute concentration. Here the “thick” and “thin” terminology denote the size of the
epithelial cells in each section, rather than the size of the lumen. The distal tubule and collection duct perform
highly regulated solute transport. The proximal tubule and thick ascending limb, which perform most water

reabsorption, have the highest mitochondrial density of any nephron segment (Soltoff, 1986).
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Figure 3.1: Major renal tubule segments. Adapted from (Yu et al., 2015b)

In the renal tubule, active transport is coupled to the electrochemical gradient generated by sodium-
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potassium ATPase (Na™-K™ ATPase) (Palmer, 2015). Na*-K™ ATPase is a basolateral transmembrane pump
that generates electrochemical gradients that directly and indirectly drive other cell transport activities (Mandel
and Balaban, 1981). A vast amount of ATP is required to accomplish this transcellular transport. This high
ATP requirement necessitates high mitochondrial density, making renal tubule epithelial cells the second most
metabolically active cells in the body, second only to cardiac myocytes.

In a healthy kidney, dynamic mitochondrial turn over through fission and fusion reactions maintain a
healthy mitochondrial pool. f3-oxidation of fatty acids provides fuel substrate for oxidative phosphorylation
and mitochondria have sufficient NAD co-factors to create abundant ATP. As shown in Figure 3.2, a variety of
substrates, including free fatty acids, pyruvate, lactate, glutamine, and citrate, are broken down into metabolites

that feed the tricarboxylic acid (TCA) cycle, to produce NADH and FADH; for OXPHOS.
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Figure 3.2: Primary metabolic pathways in the renal tubule

The kidneys contribute to glucose homeostasis via reabsorption, production, and utilization. In the healthy
kidney, about 95% of ATP production occurs via oxidative phosphorylation (OXPHOS), while anaerobic
metabolism is more prevalent in the hypoxic renal medulla (Soltoff, 1986). In both cases, cytosolic glucose
undergoes glycolysis to produce pyruvate. In healthy renal tubule cells, pyruvate is then imported to the
mitochondria and converted to acetyl-CoA. Acetyl-CoA then enters the tricarboxylic acid (TCA) cycle
to produce reducing agents, NADH and FADH,, for OXPHOS in the electron transport chain (ETC). A
dysfunctional ETC increases glycolysis, which causes an increase in lactate and pyruvate as glucose is no
longer directed toward full oxidative metabolism. Most ATP is produced via fatty acid 3-oxidation (FAO) by
RPTEC in vivo because it generates more ATP per molecule than glucose oxidation, which is advantageous

given the high energy demands of these cells.

3.1.1 Fatty acid oxidation
Human renal tubule epithelial cells (HREC) produce much of their ATP in the mitochondrial and peroxisomal

compartments via fatty acid -oxidation (FAO). Fatty acid (FA) uptake occurs through membrane diffusion
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or facilitated transport by membrane proteins. Transport rates depend on FA size and number of saturations,
membrane lipid composition, and protein composition. Long chain fatty acid (LCFA) uptake is facilitated
by LCFA transporter cluster of differentiation 36 (CD36). Lipids are usually transported by associating with
hydrosoluble lipoprotein particles, which enables controlled recognition and delivery in vivo. Non-esterified
FAs are mainly transported with serum albumin, a protein abundant in plasma and interstitial fluids that
can bind FA and other lipophilic molecules. In in vitro systems, albumin-promoted FA delivery follows the
“pseudofacilitation model” in which FAs are delivered as a function of their unbound concentration in the
media at physiological concentrations of albumin ( 200uM) (Alsabeeh et al., 2018). At lower concentrations
(<150uM) delivery depends on albumin concentration. In addition to acting as an energy source, FA also
act as signaling molecules and are incorporated into membranes as triacylglycerols. De novo lipid synthesis
is regulated by fatty acid synthase (FAS), and its upstream effectors ATP citrate lyase (ACLY) and acetyl-
coenzyme A carboxylase alpha (ACACA).

Fatty acid metabolism requires mitochondrial import, which is mediated by carnitine palmitoyl-transferase
1 (CPT1). CPT1 is considered the rate-limiting enzyme in FAO. The peroxisome proliferator-activated receptors
(PPAR) and PPAR-7 coactivator-1oc (PGC1la) are key transcription factors that regulate the expression of
proteins involved in FA uptake and oxidation. Normally, FA uptake, oxidation and synthesis are tightly
balanced to avoid intracellular lipid accumulation. Tubular accumulation of triglycerides may induce cellular
lipotoxicity that contributes to fibrosis development (Herman-Edelstein et al., 2014; Decleéves and Sharma,
2015).

When cells are placed under biological stress (e.g. transient hypoxia) FAO is shut down for a period of
time that outlasts injury. In these situations carbohydrate oxidation does not take over (Kang et al., 2015).
Facing these metabolic constraints, surviving tubular epithelial cells exhibit a phenotypic switch that includes
increased glycolysis, cytoskeletal rearrangement and increased production of extracellular matrix (ECM)
proteins. In vitro experiments indicate that inhibition of FAO causes ATP depletion, cell death, dedifferentiation
and intracellular lipid accumulation. In vivo, dysregulation of FAO profoundly affects the fate of tubular
epithelial cells, promoting epithelial-mesenchymal transition (EMT), inflammation, and eventually interstitial

fibrosis.

3.1.2 Renal metabolic reprogramming

In vitro and in diseased kidneys, mitochondrial biogenesis decreases and metabolic pathways become dysregu-
lated. As shown in Figure 3.3, damaged mitochondria release cytotoxic components, f3-oxidation decreases,
fatty acids accumulate and become peroxidation products that cause inflammation. Diseased mitochondria

have insufficient NAD co-factors to produce adequate ATP.
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Figure 3.3: Kidney injury leads to dysregulation of metabolic pathways. Adapted from (Kang et al., 2015)

Mammalian cells primarily utilize two distinct catabolic pathways for generating cellular energy, glycolysis
and oxidative phosphorylation (OXPHOS). Anaerobic glycolysis produces 2 ATP per glucose molecule, while
the oxidation of glucose by OXPHOS can produce up to 36 ATP per glucose molecule. Differentiated cells
primarily rely on mitochondrial OXPHOS to metabolize glucose into carbon dioxide through the oxidation of
pyruvate in the tricarboxylic acid (TCA) cycle. In the absence of oxygen, differentiated cells utilize anaerobic
glycolysis to produce ATP from glucose. In contrast, proliferative cells rely on glycolytic metabolism even
in the presence of oxygen, even though OXPHOS is about fifteen times more effective at producing ATP
than glycolysis, because it allows for the accumulation of intermediary metabolites while producing a modest
amount of ATP.

Metabolic reprogramming is a common phenotype in cancer that allows cancer cells to exhibit high growth
rates and sustain cell proliferation. It was originally hypothesized that cancer cells develop a mitochondrial
defect that impairs normal respiration (Heiden et al., 2009; Warburg, 1956). It has, however, since been shown
that mitochondrial function is not impaired in most cancer cells. The metabolic reprogramming of cancer cells
is primarily driven by the deregulation of growth factors and nutrient-sensing signaling pathways.

Metabolic status is emerging as a dynamic regulator of cell phenotype rather than a static process involved
in cellular homeostasis. In normal proliferating tissues, such as the developing embryo or during wound

healing, growth factor signals stimulate cells to utilize metabolic intermediates for anabolic growth processes,
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Figure 3.4: Diagram of metformin’s mechanism of action A. Metformin enters the cell through OCT1/3
transporters. B. Metformin inhibits electron transport chain (ETC) Complex I ND3 subunit to suppress
ETC ATP generation and reduce mitochondrial transmembrane potential (A¥). C. Metformin also inhibits
mitochondrial glycerophosphate dehydrogenase (mGPDH), thus reducing NADH oxidation.

whereas differentiated cells direct nutrients towards full metabolic extraction. Metabolite fluctuation can
both, directly and indirectly, influence differentiation by influencing epigenetic states and the expression
of metabolic pathways. Metabolites such as acetyl-CoA, a-ketoglutarate, 2-hydroxyglutarate, and butyrate
are donors, substrates, cofactors, and agonists for epigenetic modification and the activities of epigenetic
modifying complexes (Chisolm and Weinmann, 2018). Epigenetic regulatory events provide a mechanistic

link between metabolism and differentiation programs.

3.1.3 Metformin
Renal metabolic dysregulation is commonly treated with the drug metformin. Metformin (N-N-dimethylbiguanide
hydrochloride) is a first-line, standard clinical hypoglycemic drug that is used for the treatment of type II
diabetes mellitus (T2DM) and polycystic ovary syndrome (PCOS). Metformin is a biguanide extracted from
the herb Galega officinalis (a.k.a. French lilac, Italian fitch, goat’s rue). Metformin modulates cell metabolic
activity by inhibiting mitochondrial respiratory chain Complex I (a.k.a. NADH: ubiquinone oxidoreductase)
and mitochondrial glycerophosphate dehydrogenase (mGPDH) as shown in Figure 3.4A. Metformin’s ability
to inhibit NADH oxidation by ETC Complex I is highly conserved, occurring in C. elegans, the bacterium E.
coli, the yeast Pichia pastoris, and isolated cardiomyocyte mitochondria (Bridges et al., 2014; Wu et al., 2016).
Metformin is imported to the cell by Organic cation transporters 1 and 3 (OCT-1 and OCT-3). Once in the

cell, metformin inhibits Complex I by binding its ND3 core subunit. As shown in Figure 3.4B, this inhibition
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of Complex I decreases NADH oxidation and proton pumping across the inner mitochondrial membrane,
resulting in a lowered proton gradient (AW), reduced oxygen consumption, and reduction of proton-driven ATP
synthesis (Foretz et al., 2014). The exact molecular interactions between metformin and Complex I have yet to
be elucidated, but metformin does not alter the structure of the whole complex (Hirst et al., 2012). Metformin
is a reversible non-competitive inhibitor that likely binds to some amphipathic regions of Complex I.

Metformin’s second main target mGPDH connects glycolysis, fatty acid metabolism, and OXPHOS and
is an integral part of the mammalian respiratory chain and the glycerol phosphate (GP)-shuttle. mGPDH
expression is primarily regulated at the transcriptional level, while its activity is regulated by redox state and
allosteric binding with various metabolites and ions (Mracek et al., 2013). Its metabolic role is not yet fully
understood but it plays an important role in contributing to cellular redox balance as a component of the
GP-shuttle, as shown in Figure 3.4C. The GP-shuttle is comprised of the mitochondrial membrane-bound
mGPDH and the cytosolic GPDH (cGPDH). The two GPDH isoforms catalyze the oxidation of cytosolic
glycerol-3-phosphate (G3P) to dihydroxyacetone phosphate (DAP) with concurrent reduction of flavin adenine
dinucleotide (FAD) to FADH, and electron transfer to CoQ10 (Mrécek et al., 2013). This enables cytosolic
NADH oxidation to bypass Complex I, which is suggested to be important for maintaining redox intermediates
in glycolytic cells. The inhibition of mGPDH results in increased cytosolic NADH through modulation of
cytosolic and mitochondrial redox state. In this way, the GP-shuttle enables sustained cytosolic ATP production
without the accumulation of an intermediate by-product, such as lactic acid.

Metformin exhibits a dose-dependent response. High concentrations of metformin (20-100mM) directly
inhibit Complex I activity in isolated mitochondria, while clinically relevant concentrations (<100uM) do
not. Micromolar concentrations, however, are sufficient to achieve a dose- and time-dependent inhibition of
Complex I in situ and in vivo in skeletal muscle from both healthy and diabetic rats (El-Mir et al., 2000; Detaille
et al., 2002; Guigas et al., 2004; Wessels et al., 2014). It is suspected that the transmembrane electrochemical
potential (AY) of energized cells enables the slow accumulation of metformin, which is positively charged
(Owen et al., 2000; Bridges et al., 2014). It is hypothesized that micromolar concentrations of metformin in
the cytoplasm could accumulate to reach millimolar concentrations in the mitochondria, due to the Nernst
potential of a positively charged molecule across the energized mitochondrial membrane (Fontaine, 2014).
This mechanism may partially explain metformin’s low toxicity. If mitochondrial import is AW-driven, reduced

mitochondrial potential induced by the drug would prevent its accumulation.

3.1.4 AMP-activated protein kinase
Metformin’s beneficial effects on modulating cell metabolism are mainly attributed to its role in activating

AMP-activated protein kinase (AMPK). Inhibition of Complex I prevents mitochondrial ATP production,
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increasing cytoplasmic ADP:ATP and AMP:ATP ratios which leads to AMPK activation. AMPK plays a
critical role in metabolic regulation by inhibiting anabolic activities to minimize cellular ATP consumption
and by stimulating catabolic activities to stimulate ATP production.

AMPK is a heterotrimeric protein complex that is comprised of a-, -, and y-subunits. Cystathionine
B-synthase (CBS) domains in the y-subunit enable AMPK to detect changes in cytosolic AMP:ATP ratios.
Therefore, when AMP binds both domains, the y-subunit undergoes a conformational change that exposes
the catalytic domain in the a-subunit. AMPK binding is dynamic as the binding of AMP to a CBS domain
increases the binding affinity of the second domain. Finally, AMPK is activated when phosphorylation takes
place at Thr172 in this catalytic domain. Calcium/calmodulin-dependent protein kinase IT (CaMKK?2), liver
kinase B1 (LKB1), and TGF-f-activated kinase 1 (TAK1) phosphorylate AMPK while and protein phosphatase
2A (PP2A), protein phosphatase 2C (PP2C), and magnesium-manganese-dependent protein phosphatase 1E
(PPM1E) dephosphorylate AMPK.

AMPXK enables cells to adapt to low-energy conditions by reprogramming cell metabolism through tran-
scriptional modulation of biosynthetic pathways. AMPK inhibits gluconeogenesis by phosphorylating class
ITA histone deacetylases (HDACs) and CREB Regulated Transcriptional Coactivator 2 (CRTC2), which
activate the forkhead box protein O (FOXO) and cAMP response element-binding protein (CREB) pathways,
respectively (Mihaylova et al., 2011; Koo et al., 2005). AMPK inhibits lipid and sterol synthesis by phospho-
rylating the acetyl-CoA carboxylases (ACCs), which catalyze the first step of lipid synthesis (Lee et al., 2018).
Similarly, AMPK also inhibits cholesterol synthesis by inhibiting the phosphorylation of HMG-CoA reductase
(HMGCR) (Motoshima et al., 2006; Jeon, 2016). Lastly, AMPK prevents glycogen storage by phosphorylating
glycogen synthases GYS1/2 (Janzen et al., 2018).

AMPK stimulates cell energy generation by enhancing glucose utilization via increased cell glucose import
and glycolytic flux. TXNIP (thioredoxin-interacting protein) and TBC1D1 (Tre-2/Bub2/Cdc16 domain family
member 1) are phosphorylated by AMPK to increase membrane localization of glucose transporters GLUT1
and GLUT4 (Wu et al., 2013; Chavez et al., 2008). AMPK also stimulates glycolysis by phosphorylating
PFKFB3 (6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3), which mediates the activity of PFK1
(phosphofructo-kinase), a rate-limiting enzyme in glycolysis (Domenech et al., 2015; Wu and Wei, 2012).

In addition to its role in modulating cell metabolism, AMPK regulates cell physiological processes related to
cell growth, polarity, transcription, mitosis, and autophagy. AMPK is involved in the regulation of cell motility,
adhesion, and invasion through its interactions with cytoskeletal proteins and adhesion molecules (Schaffer
etal., 2015; Bays et al., 2017). AMPK stimulation leads to Na*-K™-ATPase ¢ 1-subunit dephosphorylation
at Ser18, which may prevent endocytosis of the sodium pump (Benziane et al., 2012). AMPK also inhibits

0O-GlcNAc (O-linked B-N-acetylglucosamine) epigenetic modifications by phosphorylating GFAT1 (Ruan
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et al., 2013; Gélinas et al., 2018).

AMPK has become a therapeutic target in several diseases, including diabetes, obesity, and cancer.
Metformin is currently used as a complementary therapeutic agent for radiotherapy and chemotherapy for the
treatment and prevention of cancer due to its ability to reduce the incidence of cancers, reduce cancer mortality,

and increase response to treatment (Zi et al., 2018).

3.2 The role of TGF-f in renal mechanotransduction and CKD

Cells can sense the surrounding microenvironment and modulate their behavior based on mechanical cues.
Mechanical properties of the microenvironment, such as substratum stiffness, apical shear stress, and contact-
mediated cell-cell interactions are critical mediators of HREC fate, but the interactions of these factors is yet
to be fully understood. In addition to substrate stiffness, cells respond to confinement, porosity, and density.
A stiff extracellular matrix (ECM) promotes cell spreading, while a soft ECM promotes confined adhesion
(e.g. cell rounding). The role of mechanotransduction in guiding renal tubule epithelial cell differentiation and
dysregulation remains obscure, despite its importance in nephrogenesis and disease progression. Mechanical

properties of the microenvironment, such as substratum stiffness.

3.2.1 Transforming Growth Factor-f3

Transforming Growth Factor-f (TGF-) is a classic mechanotransductive cell signaling pathway. TGF-f is
a pluripotent cytokine involved in the regulation of epithelial cell fate and plasticity, but can also promote
tumorigenesis and is a well-identified mediator of renal fibrosis and CKD (Batlle and Massagué, 2019).
Overexpression of TGF-1 in the liver causes renal fibrosis in mice (Bottinger et al., 1996). The ability to
halt renal fibrosis by inhibiting TGF-f3 has been demonstrated using neutralizing antibodies, inhibitors of the
TGF-f receptor II, and TGF-f3 antisense oligonucleotides (Voelker et al., 2017; Border et al., 1990; Liu et al.,
2018; Cordeiro et al., 2003).

TGF-f signaling is initiated when stiffness-mediated traction forces cause a conformational change in the
TGF-f Latency Complex which allows the release of the TGF-f 1 ligand. Induction of the TGF-f signaling
pathway occurs when biologically active TGF-f1 ligand binds to the TGF-f receptor IT (TBRII), which then
activates the TGF-f receptor I (TSRI) to induce the formation of a heterotetrameric complex of two TBRIs
and two TBRIIs and recruitment of the receptor-associated Smad (r-Smad) proteins. In the receptor complex,
the constitutively active TBRI phosphorylates the recruited r-Smad (e.g. Smad2 or Smad3) at its C-terminal
serine residues. Upon phosphorylation, the active r-Smad forms a complex with the co-Smad (Smad4) as
shown in Figure 3.5A. This complex translocates to the nucleus where it acts as a transcription factor (TF) to

regulate target gene expression in cooperation with other TFs and co-factors. TGF-f initiates canonical and
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Figure 3.5: Overview of the major TGF-f signaling pathways. A.Canonical TGF-f signaling pathway. B.
In non-canonical signaling, the TGF-f receptor complex transmits its signal through a number of non-Smad
factors, including the mitogen-activated protein kinases (MAPKs), tumor necrosis factor (TNF) receptor-
associated factor 4/6 (TRAF4/6), phosphatidylinositide 3-kinase (PI3K), and Rho family small GTPases.

non-canonical pathways to exert multiple signaling cascades, as shown in Figure 3.5.

3.2.2 Smad protein signaling

The Smad proteins were the first identified intermediates of TGF-f signaling in Drosophila MAD and C.
elegans SMA genes. Smads are divided into three distinct classes based on their role in TGF-f signal
transduction: receptor-associated (r-Smads) which transduce TGF-f receptor activation, the common Smad
(co-Smad), which binds the activated r-Smads, and the inhibitory Smads (i-Smads) which attenuate TGF-3
signaling through inhibitory binding with the r-Smads. TGF-f nuclear transduction can activate transcription
of genes encoding the i-Smads (e.g., Smad6 and Smad7) to initiate a negative feedback loop that inhibits
canonical Smad-dependent TGF-f signaling. The i-Smads inhibit r-Smad activity by blocking interaction with
TBRI or by competing with co-Smads to prevent the formation of an r-Smad/co-Smad complex. Conversely,
during fibrogenesis, r-Smads can attenuate i-Smad activity to perpetuate canonical TGF-f signaling. In
CKD, Smad3 is highly activated, which is associated with the attenuation of inhibitory Smad7 through
ubiquitin-dependent degradation (Meng et al., 2015). Smad3 is associated with many fibrogenic genes,
including various collagen isoforms (e.g., Col1A1, Col1A2, Col3A1, Col6A1, Col6A3), and overexpression

can enhance TGF-f mediated cell apoptosis in acute kidney injury by upregulating pro-apoptotic genes. The
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increased Smad3:Smad7 ratio leads to the accumulation and activation of myofibroblasts, overproduction of
ECM, and reduction in ECM degradation (Meng et al., 2015). Inhibition of Smad3 has been shown to block
TGF- induced epithelial cell dedifferentiation and attenuate diabetic glomerulosclerosis (Li et al., 2010).
Contrarily, overexpression of Smad7 is a therapeutic agent for renal fibrosis in various models of kidney
disease (Sureshbabu et al., 2016). Smad7 negatively regulates canonical Smad signaling by competing with
Smad2/3 binding to the TGF-BRII receptor. Smad7 can attenuate TGF-f-mediated fibrosis, carcinogenesis,
and inflammation in various diseases. In addition to its role in nuclear shuttling, Smad4 is critical for regulating
the ability of Smad3 and Smad7 to initiate the transcription of target genes (ichi Tsuchida et al., 2003).

Several posttranslational modifications have been shown to regulate Smad binding activity. The R-Smads
and Smad4 have two highly conserved domains, the Mad homology 1 (MH1) domain in the amino terminus
and the Mad homology 2 (MH2) domain in the carboxyl terminus. The MH1 domain is responsible for DNA
binding (Shi et al., 1998), while the MH2 domain is required for Smad-receptor, Smad-Smad, and many
Smad-transcription factor interactions (Feng and Derynck, 2005). Smad2 does not directly bind DNA because
of an insert encoded by exon 3 just upstream of the DNA-binding beta-hairpin (Shi et al., 1998). An isoform
lacking exon 3 (Smad2a,,,3), however, binds DNA equivalently to Smad3 (Yagi et al., 1999). Acetylation of
Smad3 and Smad2,y,,3 on Lys19 by p300 and the highly related histone deacetylase CREB-binding protein
(CREBBP) promote DNA binding and subsequent transcriptional activation (Simonsson et al., 2006). It is
proposed that acetylation of Lys19 in Smad2a,y.,3 promotes DNA binding by releasing the MH1 domain
from its inhibitory interaction. The Smad3-Smad4 complex can undergo poly-ADP-ribosylation (PARylation),
which is induced by poly(ADP-ribose)polymerase-1 (PARP1) (Lonn et al., 2010). Monoubiquitylation
induces disruption of DNA-bound Smad complexes. R-Smads are monoubiquitinated in their DNA-binding
domains which attenuates their affinity for DNA. This is opposed by the DUB USP15. Monoubiquitylation at
Lys519/507 in the MH2 domain of Smad4 disrupts the formation of Smad2/3-Smad4 complexes and thus their
ability to bind DNA (Dupont et al., 2009).

3.2.3 Non-canonical TGF-f signaling

Non-canonical, non-Smad signaling pathways that are activated by TGF-f receptors have emerged. These
include the mitogen-activated protein kinases (MAPKSs), tumor necrosis factor (TNF) receptor-associated
factor 4/6 (TRAF4/6), phosphatidylinositide 3-kinase (PI3K), and Rho family small GTPases as summarized in
Figure 3.5B (Zhang, 2009). Activated MAPKSs can exert transcriptional control through direct interaction with
the nuclear Smad transcriptional complex or other downstream proteins. Activated MAPKSs, Jun N-terminal
kinase (JNK), p38, and extracellular signal regulated kinases (ERK), can act with the Smads to regulate cellular

apoptosis and proliferation, or metastasis, angiogenesis, and cellular growth factors when acting through
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other transcription factors, such as c-JUN and ATF. The RhoA-ROCK pathway can be activated to induce
stress fiber formation non-transcriptionally. TGF-f can activate the RING E3 ligase tumor necrosis factor
receptor-associated factor (TRAF) proteins to initiation nuclear factor-kB (NF-xB) signaling, which leads to
the inflammatory response among other cellular processes.

TGE-f can activate the PI3K/AKT pathway through several direct and indirect posttranslational mecha-
nisms. Most directly, the binding of TGF-1 to TBRI triggers the recruitment of PI3K and the ubiquitin ligase
TRAF6. TRAF6 then polyubiquitylates the PI3K’s p85a regulatory subunit, thus enabling the phosphorylation
of the PI3K p110 catalytic subunit, although only in the presence of Smad7 (Hamidi et al., 2017). Overex-
pression of Smad7 potently induces PI3K activity (Yi et al., 2005). TGF-f can activate PI3K indirectly by
inducing the expression of secreted growth factors and several inhibitory microRNAs (miRNAs). TGF-f can
induce expression of miRNA 216a and 217 (miR216a/217), which are negative regulators of PI3K inhibitors

Smad7 and PTEN, thus alleviating their inhibitory suppression of PI3K.

3.24 TGF-f in CKD

TGF-J is key mediator of the development of CKD due to its role in renal fibrosis. TGF-f3, however, has the
dual purpose of being an anti-inflammatory cytokine that also negatively regulates renal inflammation. TGF-f3
governs several key pathological events during the development of CKD, including excessive ECM deposition
in the glomeruli and tubulointerstitium, fibroblast proliferation, and glomerular and tubular epithelial-to-

mesenchymal transition (EMT) (Fan et al., 1999).

3.2.5 Smad knockout models in the kidney

As discussed in Section 3.2.2, Smad2 and Smad3 are two key signaling proteins in the canonical TGF-f3
pathway. Although Smad2 and Smad3 share 92% amino acid homology, the two proteins have been shown
to demonstrate nonoverlapped target gene binding specificity, and thus differential transcriptional activity
(Brown et al., 2007; Liu et al., 2016). This effect is clearly demonstrated in the context of renal fibrosis, where
Smad3 is pathogenic while Smad2 is renoprotective. Smad3 is induces excessive ECM deposition by directly
binding the promoter region of collagen-producing genes and tissue inhibitor of matrix metalloproteinases
(TIMP) (Hall et al., 2003). Enhancement of TIMP expression thus causes a reduction in ECM turnover by
inhibition of matrix metalloproteinase (MMP) activity. In contrast, it is hypothesized that Smad2 binds to
Smad3 to competitively inhibit Smad3 activation (Lan et al., 2012). In the presence of profibrotic factors (e.g.
advanced glycation end-products, angiotensin II) Smad3-mediated ECM deposition is enhanced by loss of
Smad?2 (Chung et al., 2010; Wang et al., 2006).

Study of Smad?2 is limited in part by the fact that Smad2 knockout in mice is embryonic lethal (Ju et al.,
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2006). Smad2 knockout in mice causes a failure of primitive streak formation and in germ layer patterning
during embryotic development (Waldrip et al., 1998; Tremblay et al., 2000). In contrast, Smad3 knockout
mice are viable and can produce offspring (Zhu et al., 1998; Datto et al., 1999). Conditional deletion of Smad2
in tubule epithelial cells accelerates renal fibrosis in a mouse model of unilateral ureteral obstruction (UUO),
suggesting that Smad?2 has a renoprotective role (Meng et al., 2010). In comparison to wild-type diabetic
mice, diabetic Smad2 knockout mice demonstrated reduced expression of fibrotic markers Snaill, E-cadherin,
and MMP2, as well as myofibroblast marker o-smooth muscle actin. Contrarily, however, Smad2 knockout
in renal tubule epithelial, endothelial, and interstitial cells has been reported to reduce fibrosis and EMT in
a murine streptozotocin (STZ)-induced diabetic nephropathy (Loeffler et al., 2018). This discrepancy may
have arisen due to subtle differences in the disease models between the two studies. UUO is a tubular injury
model caused by the obstruction of urine flow that leads to tubular injury, whereas in the latter study renal
injury occurs secondarily to hyperglycemia (Martinez-Klimova et al., 2019). Closer analysis also reveals that
only renal tubule epithelial cells were affected by the Smad2 deletion in the UUO model, whereas numerous
cell types were affected in the STZ-induced diabetic nephropathy model. These studies illuminate the highly

context-dependent nature of Smad signaling dynamics in the kidney.
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CHAPTER 4

Inhibition of TGF-f improves primary renal tubule cell differentiation in long-term culture

Text adapted from:
Hunter K, Larsen JA, Love HD, Evans RC, Roy S, Zent R, Harris R, Wilson MH, Fissell WH. Inhibition
of TGF-f improves primary renal tubule cell differentiation in long-term culture. Tissue Engineering Part A.

2022; with permission from Mary Ann Liebert, Inc.
Chapter abstract

Patient-oriented applications of cell culture include cell therapy of organ failure like chronic renal failure.
Clinical deployment of a cell-based device for artificial renal replacement requires qualitative and quantitative
fidelity of a cultured cell to its in vivo counterpart. Active specific apicobasal ion transport reabsorbs 90-99%
of the filtered load of salt and water in the kidney. In a bioengineered kidney, tubular transport concentrates
wastes and eliminates the need for hemodialysis, but renal tubule cells in culture transport little or no salt
and water due to dedifferentiation that mammalian cells undergo in vitro thereby losing important cell-type
specific functions. We previously identified transforming growth factor-f as a signaling pathway necessary
for in vitro differentiation of renal tubule cells. Inhibition of TGF-f receptor-1 led to active and inhibitable
electrolyte and water transport by primary human renal tubule epithelial cells in vitro. Addition of metformin
increased transport, in the context of a transient effect on 5’-AMP-activated kinase phosphorylation. These
data motivated us to examine whether increased transport was an idiosyncratic effect of SB431542, probe
pathways downstream of TGF-f receptors possibly responsible for the improved differentiation, evaluate
whether TGF-f inhibition induced a range of differentiated tubule functions, and to explore crosstalk between
the effects of SB431542 and metformin. Herein, we use multiple small-molecule inhibitors of canonical
and noncanonical pathways to confirm that inhibition of canonical TGF-f signaling caused the increased
apicobasal transport. Hallmarks of proximal tubule cell function including sodium reabsorption, para-amino
hippurate excretion, and glucose uptake all increased with TGF-f inhibition, and the specificity of the response
was shown using inhibitors of each transport protein. We did not find any evidence of crosstalk between
metformin and SB431542. These data suggest that the TGF-f signaling pathway governs multiple features
of differentiation in renal proximal tubule cells in vitro. Inhibition of TGF-3 by pharmacologic or genome

engineering approaches may be a viable approach to enhancing differentiated function of tubule cells in vitro.
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4.1 Impact statement
Cell therapy of renal failure requires qualitative and quantitative fidelity between in vitro and in vivo phenotypes,
which has been elusive. We show that control of TGF-f signaling can promote differentiation of renal tubule

cells grown in artificial environments. This is a key enabling step for cell therapy of renal failure.

4.2 Introduction

Cell and tissue culture holds great promise for medicine far beyond its origin in viral culture. Our area of
interest, artificial and biohybrid vital organs, is vitally dependent on the function of cultured cells. Unfortu-
nately, progress has been hampered by the dedifferentiation of epithelial cells in ex vivo culture, a phenomenon
described as cell culture stress. In the body, renal tubule epithelial cells are essential for homeostasis of fluid
volume, electrolyte concentrations, endogenous organic solutes, and xenobiotics. Renal proximal tubule cells
selectively and actively transport solutes bidirectionally between luminal filtrate and basolateral capillaries.
Tubule cells cultured in laboratory conditions rapidly lose transporter expression, apical brush border mi-
crovilli, and revert to glycolytic energy generation. The importance of the renal proximal tubule in removal
of protein-bound uremic toxins (PBUTSs), reabsorption or excretion of drugs, and as an important site of
dose-limiting toxicity for new molecular entities has led to a variety of efforts to improve the fidelity of in
vitrocell culture to the in vivo counterpart. Our group has been working to develop cells and culture techniques
that will allow a bioreactor of epithelial cells to perform concentration and excretion functions in an artificial
kidney (Ferrell et al., 2018, 2010, 2012; Fissell, 2006; Jayagopal et al., 2019; Love et al., 2019, 2020; Wilson
et al., 2020). We showed that cultured renal tubule cells exposed to an inhibitor of TGF- signaling in
combination with metformin increased transporter expression and inhibitable apicobasal transport (Love et al.,
2020). That work was encouraging as it showed that tubule cells could be induced to transport salt water in
vitro. We wanted to gain further insight into the mechanisms and effects of TGF-f inhibition. Proximal tubule
cells primarily reabsorb salt via the sodium-proton exchanger 3 (NHE3) and also reabsorb glucose via the
sodium-glucose cotransporter 2 (SGLT2). The proximal tubule excretes organic anions, including uremic
toxins, through basolateral organic anion transporters.

TGF-J is representative of a superfamily of cytokines involved in regulation of cell proliferation and
apoptosis across multiple organs, including the kidney 9. Ligand binding to the TGF-f receptor 2, a
transmembrane serine-threonine kinase, phosphorylates TGF-f receptor 1 (TGF-BR1), triggering a series of
downstream events that are grouped into “’canonical” pathways involving phosphorylation of receptor-regulated
Smads, and a wide range of ”non-canonical” pathways. The end consequences of TGF-f signaling are both
tissue and context-specific. In order to confirm that the effect of SB431542 on apicobasal transport was

indeed due to TGF-R1 inhibition rather than an idiosyncratic off-target of SB431542, we tested two inhibitors
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of TGF-BR1, also known as Activin-like Kinase 5 (ALK5), SB431542 and A8301. In order to evaluate
whether canonical (SMAD) or non-canonical effects of TGF-f inhibition underlie the differentiation response
we previously observed (Love et al., 2020), we subsequently tested an inhibitor of SMAD?3 and inhibitors
of phosphoinositide-3 kinase, the mammalian target of rapamycin, p38 mitogen-activated protein kinase
MAPK, and TGF-f activated kinase 1. We assessed two other functions of tubule cells, glucose uptake and
organic anion excretion, to test whether the effects of TGF-f3 inhibition were limited to sodium transport or
included additional measures of proximal tubule function. Finally, as the beneficial effect of metformin was
unanticipated, we examined whether SB431542 also affected an effect of metformin AMPK phosphorylation.
Conversely, we tested whether metformin affected canonical TGF-f signaling by measuring the effect of
metformin on SMAD phosphorylation.

In this work, we show that canonical TGF-f3 inhibition is necessary and sufficient for renal proximal
tubule cells to actively transport fluid volume, reabsorb glucose and excrete organic anions in vitro. Thus, we
demonstrate that there may be comparatively simple approaches to fostering differentiation of tubule cells on
conventional cell culture substrates that are commercially available, simple to handle, and integrate well with

microscopy and cell culture tools.

4.3 Results

The following section focuses on results presented. Section 4.3.1 focuses on the role of TGF-f in regulating
volume transport, Section 4.3.2 provides the results on the effects of TGF-f inhibition on glucose reabsorption,
and Section 4.3.3 details the effect of TGF-f on organic ion excretion. Finally, Section 4.3.4 closes on the role

of metformin in these processes.

4.3.1 Volume transport

Sodium reabsorption is an essential function of the renal tubule cell. We previously showed that treatment of
renal tubule cells with SB431542, a TGF-f receptor 1 inhibitor, increased apicobasal transport. We wished to
determine if this was related to changes in gene expression of the predominant apical sodium-proton exchanger
of the proximal tubule, NHE3. Further, we also examined whether the increased transport was an idiosyncratic
response to SB431542 or was mediated by inhibition of TGF-8 R1/ALKS5 by other agents as well. We
therefore tested a different TGF-f inhibitor, A8301, or SIS3, an inhibitor of the canonical TGF-3 pathway
protein Smad3. Cells expressed claudin-2 mRNA at a 1570 + 350 -fold higher level than claudin-7. Cells
also expressed mRNA for aquaporin-1 and megalin. Together, along with high-level expression of NHE3,
OAT1, and SGLT?2, these expression profiles suggest that the isolates we used were primarily proximal tubule

cells. Cells grew to confluence in 10 days to 2 weeks. Cells formed confluent monolayers as measured by
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Figure 4.1: Inhibition of canonical TGF-f signaling increases fluid transport by renal tubule cells in
culture. The results of four separate experiments are depicted in four groups above as the absolute transport
values in the control groups vary from isolate to isolate. Primary renal tubule cells increased their fluid
transport when either of two inhibitors of the TGF-freceptor or an inhibitor of Smad3 phosphorylation were
added to media (left, * : p < 0.05, ***: p < 0.0001 by Welch’s t-test). There were no significant differences
in transport between cells cultured with inhibitors of non-canonical TGF-f and cells cultured in control media,
which is 50:50 DMEM:F12 with hydrocortisone, triiodothyronine, ascorbic acid, insulin, transferrin, and
selenium, with 5% fetal bovine serum in the basolateral media only (rightmost three groups). Data points
indicate the number of biological replicates for each condition.

TRITC-conjugated dextran concentrations in the basolateral compartment less than two percent of apical
concentrations after 24 hours. We compared apicobasal fluid volume transport (uL/cm2/day) as the indicator of
phenotype between control cells, cells treated with the TGF-BR1 inhibitor SB432542, the TGF-BR1 inhibitor
A8301, or with an inhibitor of Smad3 phosphorylation, SIS3 (Figure 4.1). Cells cultured with SB431542
(107.1 & 14.2 vs 38.8 = 11.9, p = 0.033), or SIS3 (98.2 + 4.5 vs 38.8 &+ 11.9; p < 0.0001). or A8301 (98.2
+4.5vs 38.8 £ 11.9; p < 0.0001; Figure 4.1 for all), all transported more fluid than corresponding control
cells. We further probed TGF-f signaling by measuring transport in primary renal tubule cells incubated
with inhibitors of non-canonical TGF-f signaling, LY294002 (1M, inhibitor of phosphoinositide 3-kinase),
rapamycin (40nM, inhibitor ofthe mammalian target of rapamycin, or mTOR), SB203580 (1M, inhibitor of
p38 mitogen-activated protein kinase or p38 MAPK), and takinib (2nM, inhibitor of TGF-f activated kinase
1 or TAK1). Cells retained barrier function as measured by inulin leak rates, but none of the non-canonical
pathway inhibitors increased transport (Figure 4.1). These data confirm that indeed canonical TGF-f signaling
mediates the change in phenotype we observe.

We previously observed that metformin-induced AMPK activation enhances the effects of SB431542 in
vitro (Love et al., 2020). To develop insight regarding the mechanisms of increased transport, we compared

NHES3 expression between control cells and cells incubated with a combination of metformin and SB431542
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Figure 4.2: TGF-f inhibition increases NHE3-mediated apicobasal active transport. The results of
four separate experiments are depicted in four groups above as the absolute transport values in the control
groups vary from isolate to isolate. Primary renal tubule cells increased their fluid transport when either of
two inhibitors of the TGF-f3 receptor or an inhibitor of Smad3 phosphorylation were added to media (left,
*1p < 0.05, #**: p < 0.0001 by Welch’s t-test). There were no significant differences in transport between
cells cultured with inhibitors of non-canonical TGF-f and cells cultured in control media, which is 50:50
DMEM:F12 with hydrocortisone, tritodothyronine, ascorbic acid, insulin, transferrin, and selenium, with 5%
fetal bovine serum in the basolateral media only (rightmost three groups). Data points indicate the number of
biological replicates for each condition.

("M+SB”) at the mRNA and protein level. While SB431542 alone did not significantly change NHE3 mRNA
or protein expression, cells cultured with M+SB expressed NHE3 mRNA at a 3.8-fold higher level compared
to control (p = 0.027, Figure 4.2), and expressed NHE3 protein by western blot at an approximately six-fold
higher level than cells grown in control media ( p = 0.032, Figure 4.2). We compared apicobasal transport
between renal proximal tubule cells grown in control media, media with added M+SB, and media with M+SB
and the NHE3 inhibitor, tenapanor (Markham, 2019). TGF-f3 bockade by SB431542 increased apicobasal
transport (-24.8 = 10.7 uL/cm2/day vs to 59.5 £ 4.6 uL/cm2/day ; p < 0.001, Figure 4.2) and transport was
reduced to 5.7 £ 5.7 u L/cm2/day by addition of tenapanor to the media (p < 0.001, Figure 4.2). NHE3
reabsorbs sodium by exchanging one sodium ion for one proton, so we were curious whether the proximal
tubule cells altered the acidity of the apical media. Indeed, SB431542-treated cells acidified the apical media
(pH 7.13 vs pH 7.45, p = 0.010). These data show that the effect of TGF- inhibition on transport in proximal

tubule cells is specifically mediated by expression and activity of NHE3.
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4.3.2 Glucose reabsorption

We wanted to further examine the phenotypic effects of TGF-f inhibition, testing whether other features
of proximal tubule cells were enhanced in vitro by blockade of the TGF-f pathway. Proximal tubule cells
reabsorb filtered glucose from the glomerular filtrate through the apical sodium-glucose cotransporter SGLT2.
We compared SGLT2 expression between inhibitor and control media and measured whether tubule cells in
culture depleted glucose from the apical, basolateral, or both compartments. Finally, we used an inhibitor of
sodium-glucose cotransport, phlorizin, to confirm that the effect we observed was specifically mediated by
the SGLT2 transporter. Sodium-glucose cotransporter 2 (SGLT2) mRNA was expressed at a 2.3 fold higher
level in cells cultured with the TGF-f inhibitor A8301 (p = 0.042, Figure 4.3), and SGLT2 protein was higher
by western blot (p = 0.037, Figure 4.3). Cells cultured continuously for 42 weeks with the TGF-f inhibitor
SB431542 reabsorbed glucose from apical media more than did control cells (apicobasal glucose concentration
gradient after 24 hour incubation: -126 £ 63 pug/mL vs -352 4 66 pg/mL; p =0.012), and addition of the SGLT
inhibitor phlorizin in a second series of experiments at 47 weeks in culture prevented the reabsorption (-352
4 66 ug/mL vs 77 = 59 ug/mL p = 0.001, Figure 4.3). The observation that active, specifically inhibitable
glucose transport is increased by TGF-f inhibition supports the hypothesis that the effects of TGF-f inhibition

are more widespread than NHE3-mediated sodium transport alone.

4.3.3 Organic ion excretion

Proximal tubule cells contribute to excretion of endogenous and xenobiotic compounds from blood through
high affinity active transporters indirectly coupled to sodium gradients. Proximal tubule cells in conventional
culture do not express organic anion transporters such as OAT1, so we examined whether OAT1 expression and
organic anion excretion changed with TGF-f inhibition. OAT1 expression by PCR showed no trend toward
increased expression with addition of SB431542. OAT1 expression by western blot, however, was significantly
different between control and TGF-f inhibited cells (p = 0.0031 SB431542 vs control, Figure 4.4). To examine
function, we chose a classic OAT substrate widely used in renal physiology, para-amino hippurate (PAH) as an
indicator of functional phenotype. We also evaluated a pharmacologic inhibitor of organic anion transport, the
drug probenecid, to test the specificity of the response. Primary renal tubule cells cultured with SB431542 for
42 weeks transported PAH from basolateral to apical compartments, whereas control cells did not (apicobasal
PAH gradient 493 4 96 pg/mL in SB431542-treated wells vs -8.5 &+ 7.7 pg/mL in control wells, p = 0.00086).
PAH transport was inhibited by the addition of probenecid to media (apicobasal PAH gradient 493 + 96
pg/mL in SB431542-treated wells vs 125 £ 35 pg/mL in SB431542 + probenecid wells, p = 0.0034). As with
glucose transport, TGF-f inhibition increased organic anion transporter expression and specifically inhibitable

active transport. confirming the specificity of the response to organic anion transport pathways.
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Figure 4.3: TGF-f inhibition increases glucose reabsorption by renal proximal tubule cells in vitro.
Messenger RNA for the sodium-glucose cotransporter 2 (SGLT2) was expressed at a 2.3 fold higher level
in cells cultured with A8301, a TGF-f receptor inhibitor, than in control cells (left panel; *, p = 0.042).
SGLT?2 protein expression by western blot (insert, middle panel) revealed that cells cultured with SB431542, a
TGF-BR1 inhibitor, expressed SGLT?2 at a higher level than cells cultured in control media (50:50 DMEM:F12
with hydrocortisone, triiodothyronine, ascorbic acid, insulin, transferrin, and selenium, with 5% fetal bovine
serum in the basolateral media only) (middle panel; *: p < 0.05). Glucose concentrations in apical and
basolateral media were measured 24 hours after a media change. Cells cultured with the TGF-Sinhibitor
SB431542 reabsorbed glucose from apical media more than did control cells (apicobasal glucose concentration
gradient after 24 hour incubation: -352 4 66 ug/mL vs -126 &+ 63 pug/mL;*: p ; 0.05), and addition of the
SGLT inhibitor phlorizin prevented the reabsorption (-352 £ 66 ug/mL vs 77 = 59 ug/mL, **:p < 0.01).
Data points indicate the number of biological replicates for each condition.
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Figure 4.4: TGF-J inhibition increases OAT1 expression and function in primary renal tubule cells.
Cells cultured with metformin, SB431542, a TGF-Binhibitor, or both, expressed OAT1 protein as measured
by by western blot (left panel inset) more than cells cultured in control media (50:50 DMEM:F12 with
hydrocortisone, triiodothyronine, ascorbic acid, insulin, transferrin, and selenium, with 5% fetal bovine serum
in the basolateral media only)(left panel, *: < 0.05; ** p < 0.01). Cells cultured with SB431542 transported
PAH from basolateralto apical compartments, whereas control cells did not (apicobasal PAH gradient 493 +
96 ug/mL in SB431542-treated wells vs -8.5 + 7.7 ug/mL in control wells, *** p < 0.001, right panel). PAH
transport was inhibited by the addition of probenecid to media(apicobasal PAH gradient 493 + 96 pg/mL in
SB431542-treated wells vs 125 + 35 pug/mL in SB431542 + probenecid wells, **: p < 0.01, right panel).
Data points indicate the number of biological replicates for each condition.
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4.3.4 Role of metformin

In our prior work, we noticed that metformin independently and additively increased active fluid transport by
primary human cortical thick ascending limb cells (Love et al., 2020). The additive effect of the biguanide
hypoglycemic agent metformin on differentiation is incompletely understood. Metformin has a mitochondrial
role inhibiting Complex I, which at least transiently reduces ATP generation. Decreased ATP/ADP ratio
allosterically alters AMP-activated protein kinase (AMPK) to permit liver kinase B1 (LKB1), the predominant
kinase responsible for AMPK phosphorylation, to phosphorylate AMPK. Several groups have reported the
influence of metformin on canonical TGF-f signaling, so we probed metformin’s effects on TGF-f in these
cells by comparing Smad2 phosphorylation in cells with and without metformin (Li et al., 2016; Wahdan-
Alaswad et al., 2016). We confirmed that metformin increased AMPK phosphorylation as predicted, while
TGF-J inhibition had no effect on AMPK phosphorylation (Figure 4.5). We found that for renal proximal
tubule cells in vitro, metformin did not significantly affect a measure of canonical TGF-f signaling, Smad2
phosphorylation (Figure 4.5). These data suggest that direct crosstalk between canonical TGF-f3 signaling and

metformin’s impact on AMPK do not explain the additive effects we observed.

4.4 Discussion

4.4.1 Cell culture stress

To place the current work in context, these data follow on decades of work by multiple teams defining the roles
of soluble factors, genetic manipulations, and the physical microenvironment in the etiology of cell culture
stress. Primary cultures of cortical epithelial cells derived from transplant discards maintain ammoniagenesis,
Vitamin D hydroxylation, and glucose transport when cultured under flow in the lumens of hollow-fiber
bioreactors (Humes et al., 1999). Culturing tubule cells on an orbital shaker improves aerobic metabolism
and gluconeogenesis compared to static culture (Nowak and Schnellmann, 1995; Park et al., 2020; Ren et al.,
2019; Long et al., 2017). In two-dimensional culture, albumin uptake by primary renal tubule cells increased
with addition of apical fluid shear stress (Ferrell et al., 2010, 2012; Long et al., 2017). Indeed, fluid shear
stress affects multiple differentiation pathways, including some involved in non-canonical TGF-fsignaling
(Park et al., 2020; Ren et al., 2019; Long et al., 2017). Pharmacologic and genomic interventions can improve
differentiation. Small molecule beta-adrenergic stimulation increases mitochondrial number, morphology,
and oxygen consumption of cultured proximal tubule cells (Wills et al., 2012). A conditionally immortalized
renal tubule cell line (ciPTEC) created with temperature-sensitive SV40 large antigen could support genetic
overexpression of organic anion transporters (OATs) (Nieskens et al., 2016). Such cells showed greater
sensitivity to nephrotoxins and increased excretion of classic PBUTs compared to cells without overexpression

of OATs. Co-culture of tubule cells with endothelial cells in a 3D-printed convoluted channel seeded with
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Figure 4.5: Metformin does not increase Smad2 phosphorylation in primary renal tubule cells, and
SB431542 does not alter APMK phosphorylation. An inhibitor of TGF-f signaling SB43152 alone or in
combination with metformin decreased Smad2 phosphorylation (left panel, *: p < 0.05;**: p < 0.01), but
metformin alone does not significantly decrease Smad2 phosphorylation (left panel). Metformin alone or in
combination with SB431542 increases AMPK phosphorylation (right panel, *: p < 0.05; ***: p< 0.001) but
SB431542 alone has no effect on AMPK phosphorylation. The apparent additive effect of metformin and
TGF-f inhibition may be attributable to independent signaling events rather than crosstalk between the two
pathways. Data points indicate the number of biological replicates for each condition.
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commercially available TERT-immortalized proximal tubule cells yielded a cuboidal epithelium with a brush
border, that reabsorbed glucose and albumin fromapical perfusate (Homan et al., 2016; Lin et al., 2019), yet
cadaver-derived tubule cells seeded on porcine small intestine submucosa also formed a cuboidal epithelium
with a mature brush border, strongly suggesting that three-dimensional culture was not essential to tubule cell

differentiation (Hoppensack et al., 2014).

4.4.2 TGF- and tubule cell function

The influence of TGF-f signaling on tubule cell differentiated function has been extensively studied. TGF-3
signaling seems to be implicated in decisions between recovery as function versus recovery as fibrosis, and
inhibition improved recovery in animal models of renal failure (Geng et al., 2009; Lan et al., 2012). Deletion
of TGF- receptor attenuated acute kidney injury in a mouse model, but was separately seen to worsen CKD
(Geng et al., 2009; Lan et al., 2012; Gewin and Zent, 2012; Khodo et al., 2016; Nlandu-Khodo et al., 2017).
In previous studies, we found that primary renal tubule cells on conventional porous substrates exhibited
diuretic-inhibitable apicobasal transport when cultured with SB431542, a small molecule inhibitor of TGFR1
(Love et al., 2020). We wanted to identify the pathways through which TGF-f was acting and learn whether
TGF- inhibition in vitro allowed renal tubule cells on conventional culture materials to display differentiated
features in addition to fluid transport. TGF-f3 appeared to increased transporter function through transcriptional
upregulation of transporter abundance for SGLT2 and possibly OAT1, but SB431542 alone did not appear
to affect NHE3 mRNA or protein concentrations, suggesting that the effects of the TGF-f3 pathway might
occur through post-translational effects. One possibility might be that TGF-f3 activates protein kinase A
(PKA) through an interaction of Smad3-Smad4 complex and the regulatory subunit of PKA. PKA activation
phosphorylates/inhibits NHE3 and acts as a signal for NHE3 endocytosis (Honegger et al., 2006).

We reinforced our conclusion that TGF-f signaling was causally related to the differentiation we observed,
as multiple inhibitors of canonical TGF-f signaling reproduced the phenotype of increased transport. The role
of metformin remains intriguing, as it affects transcription levels, but there was no evidence of increased Smad2
phosphorylation when metformin was added to media. AMPK is a pleiotropic enzyme that appears to regulate
a variety of energy-consuming and energy-generating processes in mammalian cells (Banko et al., 2011).
AMPK activation in renal tubule cells is thought to be in the causal pathway of ischemic preconditioning
through mTORC1 and the PI3/Akt pathway, reducing apoptosis of tubule cells with subsequent ischemia
(Lieberthal et al., 2019). Conversely, AMPK activation by metformin in tubule cells with mutations in tuberous
sclerosis complex gene TSC1 was associated with mitigation of the pathologic phenotype via increased
apoptosis (Fang et al., 2020). Together, these examples of metformin’s interactions with renal tubule cells

highlight that AMPK’s role in these cells is highly tissue-and context-dependent.
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4.4.3 Comparison of in vitro transport versus in vivo transport

TGF-f inhibition in vitro led to the appearance of functions characteristic of the in vivo renal tubule cell,
including diuretic-inhibitable fluid transport, phlorizin-inhibitable glucose uptake, probenecid-inhibitable
organic anion excretion, and apical acid extrusion. It is worth asking whether the magnitude of these desired
phenotypes agrees to any extent with in vivo function. This is a vexing question as most in vivo or immediately
ex vivo studies were performed decades ago and sometimes report results in different units and contexts than
our work here. Our transport measurements in cells treated with TGF-f inhibitors correspond to about 12
pmol/cm?/day sodium transport. How does that compare to in vivo sodium transport? Giebish conducted
numerous micropuncture studies of the rat proximal tubule, and measured transport ranging from 400-700
pmol/min/mm tubule (Chang et al., 2013). Using electron microscope images to estimate tubule diameter and
luminal area, Giebish’s measurements in the rat proximal tubule extrapolate to 35-60 pmol/cm?/day. That we
observe sodium transport within the same order of magnitude as in vivo transport is striking, especially as in
vitro, our cells were not stimulated with large apicobasal oncotic gradients, catecholamines, or angiotensin,
and cells were not perfused with free fatty acids, the preferred energy source for proximal tubule cells in vivo.

We measured total extraction of glucose from apical media to be 3.2 pg/mm2/day, less than the approxi-
mately 10 pg/mm?/day Lewis measured in renal tubule cells continuously perfused with media in 3D culture,
but much more than the 0.5 ug/mm?/day Lewis reported for tubule cells grown on Transwells similar to
ours (Homan et al., 2016). Some of this apparent difference may be attributable to the decrease in apical
glucose concentration over the 24-hour observation window. In our experiments, media was exchanged every
48-72 hours, over which time the apical media glucose concentration decreased, whereas Lewis continuously
perfused cells at a constant glucose concentration. The starting concentration of glucose in our media was 5
mmol/L or 900 pg/mL, and the end concentration averaged 171 tg/ml or 943 pmol/L, closer to the reported
Michaelis constant (Km) of 500 umol/L for SGLT2 (Chang et al., 2013). This suggests that the glucose
transport we observed might have submaximal due to substrate concentration.

Our goal is to develop differentiated renal tubule cells for use in an artificial kidney. A major barrier
to progress has been the generally accepted observation that primary renal tubule cells undergo significant
dedifferentiation and may not survive in conventional artificial culture. Modulation of the TGF-f signaling
pathway is sufficient to enhance differentiation in renal proximal tubule cells subject to the stresses of artificial
culture. It is indeed possible for cells to perform multiple specific differentiated functions characteristic
of a healthy proximal tubule cell even at over 40 weeks in culture. Collectively, our work suggests that
renal proximal tubule cells cultured under similar circumstances will be able to perform key functions for

an implantable artificial kidney. There remain significant challenges between this work and a practical
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clinical device. Primary among these challenges is the mass of cells required for clinical effect. Humes
developed protocols that, depending on donor age, led to greatly expanded number of cells from donor
tissue(Westover et al., 2012). Conditional reprogramming of epithelial cells using feeder fibroblasts and rho-
kinase inhibitors may provide a pathway for cell mass production without the need for potentially oncogenic
immortalization(Palechor-Ceron et al., 2019). Finally, in the future, biohybrid devices may provide an early

clinical opportunity for organoid-derived cells(Freedman, 2022; Dorison et al., 2022).

4.4.4 Bridging the in vitro-in vivo gap

We find that the dedifferentiation typically observed with cell culture is not intrinsic to the in vitro environment.
Indeed, the uses to which cell culture has been put over the past seven decades have not previously asked that
cells in culture bear quantitative fidelity to their in vivo counterparts. We seek to bridge the gap between the
natural niche and the petri plate without resorting to the intricacies of 3-D culture systems, precisely because
our biologic research and manufacturing infrastructures are geared to flat-sheet conditions. In this chapter
we have shown that control of specific signal transduction pathways is sufficient to reverse the erosion of at
least some of the functional phenotypes associated with cell culture in conventional flat inelastic scaffolds
for extended periods of time. This is an important enabling discovery for regenerative medicine and tissue

engineering.

4.5 Materials and Methods

Hereafter, we provide further details regarding materials and methods used in this chapter. Section 4.5.1 focuses
on cell culture, Section 4.5.2 focuses on transport measurement while Section 4.5.3 focuses on RNA isolation
and real-time PCR and 4.5.4 deals with western blotting. Section 4.5.5 details liquid chromatography and
Section 4.5.6 deals with glocuse measurement. Finally, Section 4.5.7 provides further information regarding

statistical analysis performed.

4.5.1 Cell Culture

Primary human renal tubule cells were purchased from Lonza (Cat CC-2553, Basel, Switzerland) or Innovative
Biotherapies (Ann Arbor, MI). Cells were used up to 4th passage. Cells were seeded onto 1.12 cm? permeable
supports (Transwell, Corning, Oneonta, New York). Expression of claudin-2, claudin-7, aquaporin-1, and
megalin was measured by PCR to confirm proximal tubule origin of the primary cells.All other materials were
purchased from Sigma (St.Louis, MO) unless otherwise indicated. Cells were cultured in 50:50 DMEM:F12
with hydrocortisone, tritodothyronine, ascorbic acid, insulin,transferrin, and selenium, with 5% fetal bovine

serum in the basolateral media only. Small molecule inhibitors of TGF-f inhibitor type 1 (SB431542, 10uM,
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A8301, 1uM, both from Cayman Chemical, Ann Arbor), SMAD3 (SIS3, 5SuM, Cayman Chemical, Ann
Arbor), as well as LY294002 (1uM, inhibitor of phosphoinositide 3-kinase, Cayman), rapamycin (40nM,
inhibitor of the mammalian target of rapamycin, or mTOR, Cayman), SB203580 (1uM, inhibitor of p38
mitogen-activated protein kinase or p38 MAPK, Cayman), and takinib (2nM, inhibitor of TGF-f activated
kinase 1 or TAK1, Cayman), and metformin(200uM, Sigma) were added to cell culture media for the indicated
experiments.Texas red isothiocyanate-conjugated dextran (TRITC dextran, 10,000 kD Thermo Fisher #D1868)
was added in some experiments to evaluate monolayer confluence. TRITC-Dextran was added to the apical
compartment of the cell culture insert to a final concentration of 100 rg/ml. 24 hours later, aliquots of apical
and basolateral media were sampled. Fluorescence at 550nm excitation and 571 nm emission was measured to
quantify dextran concentrations in apical and basolateral compartments. Cells were grown on a shaker table
(73rpm; equivalent average fluid shear stress 2dyne/cm? ) in 95% air 5% CO, at 37 degrees Celsius. Media

was changed every 72 hours.

4.5.2 Transport Measurement

Primary proximal tubule cells (Lonza) at 19-42 weeks of stable culture with and without SB431542 had media
changed to identical media with or without addition of tenapanor (1uM - AdooQ Bioscience LLC). 24 hours
later, apical and basolateral media were aspirated and weighed. A blank well with the porous membrane
occluded with epoxy was used as an evaporative control. The difference between initial volumes and final

volume as estimated by weight, was taken as the transported volume.

4.5.3 RNA Isolation and Real-Time PCR

Total RNA was isolated using the Micro or Mini RNeasy kits (Qiagen, Hilden, Germany). RNA quality was
determined by measuring absorbance at 260 nm and 280 nm on a Nanodrop Spectrometer. First-strand cDNA
was synthesized from total RNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) according
to the manufacturer’s instructions. Real-time PCR was performed on triplicate samples using SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad) and a Bio-Rad CFX96 Real-Time PCR System. Data were
normalized to human GAPDH mRNA levels as an endogenous control. Relative expression (RE) levels are

expressed relative to static control using the AACt formula:

RE=2- [(Ct(gene, test sample) - Ct(GAPDH, test sample))

—(Ct(gene, static sample) - Ct(GAPDH, static sample))} ,
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in which Ct is the threshold cycle number. Bio-Rad CFX Manager Software version 3.1 was used to determine
Ct numbers and relative expression levels. PCR primer sequences were from PrimerBank database' and

oligonucleotides were synthesized by the Vanderbilt University Molecular Biology Core.

4.54 Western Blotting

Protein concentration was quantified using Pierce BCA assay (ThermoFisher, Waltham, MA). Samples were
prepared at a concentration of 10ug protein per well with 4X protein loading buffer (LICOR, Lincoln, NE)
supplemented with 1% DTT (Abcam, Cambridge, UK). Prior to running gels, samples were denatured at
95°C for 5 minutes. Samples were loaded into 4-20% gradient polyacrylamide gels and ran for 35min at 200
volts at room temperature. Gels were then transferred to nitrocellulose membranes via wet transfer for 1 hour
at 100 volts at 4°C. Membranes were incubated with primary antibodies (1:500-1:1000) overnight at 4°C,
then washed three times for 5 minutes with 1X TBST. Membranes were incubated with secondary antibodies
(1:25,000-1:50,000) for 1 hour at room temperature then washed three times for 15 minutes with 1X TBS.
Membranes were imaged with an Odyssey XF Imaging System (LICOR). Protein expression was quantified
using ImageStudioLite or Empiria Studio (LICOR) and normalized to $-actin using the built-in normalization
function in Empiria Studio. Antibodies to phospho-AMPK, phospho-Smad?2, total Smad2, and SLGT2 were
purchased from Cell Signaling (Danvers, Massachusetts). Antibodies to NHE3 and f3-actin were purchased
from Santa Cruz Biotechnologies (Dallas, TX). Antibodies to total AMPK were purchased from Invitrogen

(Waltham, MA). Antibodies to OAT1 were purchased from ProteinTech (Rosemont, IL).

4.5.5 Liquid Chromatography

Chromatography was performed on an Agilent 1200 series HPLC system. Concentrations were determined
using a diode array detector (Agilent G1315C, Santa Clara, CA) at 245nm. An Aeris 3.6um, 150x4.6 Widepore
XB-C18 (Phenomenex) column was used for separation. A phosphate buffer was prepared from (Sodium
Phosphate Dibasic Heptahydrate, Fisher Chemical, Ottawa, ON) and (Sodium Phosphate Monohydrate, Fisher
Chemical, Ottawa, ON) and adjusted to a pH of 4.1. HPLC grade methanol (Sigma-Aldrich 34860) was
added to equal 10% (vol%/vol%) for the mobile phase in an isocratic method. The method had a flow rate
of 1 ml/min, injection volume of (15 uL), and a total run time of 8 minutes. Retention time for PAH and
acetaminophen were (1.5) and (2.1) respectively. Powdered PAH (Sigma-Aldrich A1422) was used to prepare
standards and QC. Acetaminophen (MP Biomedicals, LL.C, Solon, OH) was used as the internal standard.
Samples were filtered with 30K centrifuge filters (Sartorius, United Kingdom). Standards were prepared at (5,

10, 30, 50, 70, 100 pg/ml (QCS at 20, 60, 80)) levels in 30% methanol and distilled water. The working range

Uhttps://pga.mgh.harvard.edu/primerbank/index.html
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for the method was 1ug/mL-100ug/mL PAH. Three QC levels per run were prepared directly into cell media.

4.5.6 Glucose Measurement

Fresh cell culture media was added to both apical and basolateral compartments for twenty-four hours. After
twenty-four hours, 100 pl of cell culture media from each sample was added to ImL Glucose Assay Reagent
(Glucose (HK) Assay Kit, Sigma) and incubated at room temperature for fifteen minutes. Approximately 2 pt1
from each sample was then placed on the spectrophotometer (Nanodrop, Thermo Scientific) and absorbance

measured at 340nm.

4.5.7 Statistical Analysis
All statistical inference testing was performed on results from prespecified experiments. Differences in means
were assessed by Welch’s t-test with two tails and assumption of unequal variance using R (The R Foundation

for Statistical Computing). Statistical significance was assigned at an alpha threshold of 0.05.
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CHAPTER 5

Metformin and TGF-f inhibition direct renal tubule cell metabolism toward increased glycolysis and

oxidative phosphorylation

5.1 Introduction

The function of the kidneys is to maintain fluid and electrolyte balance while also eliminating waste from
the bloodstream. Blood is filtered in the glomerulus forming an ultrafiltrate consisting of waste, glucose,
ions, amino acids, and small proteins, which then enters the renal tubule. Renal proximal tubule epithelial
cells (RPTEC) use active transport to reabsorb approximately 65% of the salt and water that is filtered by
the glomerulus to concentrate wastes into a small fluid volume (Zhuo and Li, 2013). This is continuous
and energy-intensive, making the kidneys the body’s second most energy-demanding organ in terms of both
mitochondrial content and O, consumption. About 95% of ATP in a healthy RPTEC is produced by oxidative
phosphorylation (OXPHOS), the oxygen-consuming process that couples ATP synthesis to the movement
of electrons through the mitochondrial electron transport chain (ETC)(Soltoff, 1986). Although RPTEC do
not preferentially use glucose for energy production, glycolysis aids in RPTEC survival and preservation of
transport activity under conditions of oxidative stress and hypoxia (Schaub et al., 2021). In chronic kidney
disease (CKD), RPTEC undergo metabolic reprogramming that directs cells towards glycolysis to compensate
for impaired OXPHOS due to significant downregulation of oxidative enzymes and upregulation of glycolytic
enzymes (Kang et al., 2015; Mutsaers et al., 2015). This effect is mimicked when human renal tubule epithelial
cells are cultured in vitro, where cells tend to metabolize glucose using anaerobic glycolysis, rather than
OXPHOS despite the presence of oxygen.

Our group has identified Transforming Growth Factor-f (TGF-f) as a key modulator of RPTEC functional
phenotype in vitro. Inhibition of TGF-f in cultured RPTEC is sufficient to increase apicobasal fluid transport,
glucose uptake, organic anion excretion, and apical acid extrusion. These effects are enhanced with the
addition of AMP-activated protein kinase (AMPK) activator metformin (Love et al., 2020; Hunter et al., 2022).
TGF- is a pleiotropic cytokine that plays a critical role in tissue development and homeostasis, fibrosis, and
oncogenesis across many tissue types (Li et al., 1999; Matsuki et al., 2015; Meng et al., 2015). Canonical
TGF-f signaling is transduced by the Smad proteins, which form a multiprotein complex and translocate
to the nucleus to cooperatively activate or repress expression of target genes (Zhang et al., 2015; Morikawa
et al., 2013). TGF-f reduces the transcription of Tricarboxylic Acid Cycle (TCA) cycle-related enzymes in
numerous cell types (Sohn et al., 2012; Hoffmann et al., 2018; Sarah et al., 2019; Smith et al., 2019; Smith
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and Hewitson, 2020). TGF-f3 induces mitochondrial fractionization in renal tubule epithelial cells (Krick
et al., 2008). Metformin is a first-line hypoglycemic drug used for the treatment of type II diabetes mellitus.
Metformin inhibits respiratory complex I of the mitochondrial ETC, resulting in mild leakage of electrons
before the formation of ATP, causing a decrease in cellular ATP generation (Mracek et al., 2013; El-Mir et al.,
2000). This reduction in ATP activates AMPK, which increases glucose uptake and metabolism resulting in
lowered blood glucose and insulin levels (Polianskyte-Prause et al., 2019).

We hypothesize that metformin and TGF- modulate renal tubule cell metabolism by governing activation
of metabolic transcription factor PGC-1¢. PGC-1a enhances oxidative phosphorylation by increasing pyruvate
dehydrogenase (PDH) expression, mitochondrial DNA synthesis and altering voltage dependent anion channel

(VDAC) activity.

SB431542 Metformin

| |

TGFB AMPK

N/

PGC1a

o

PDH VDAC

Pyruvate Mitochondrial
oxidation mt-DNA metabolism

Mitochondrial
Biogenesis

Figure 5.1: Graphical abstract. We hypothesize that metformin and TGF-B modulate renal tubule cell
metabolism by governing activation of metabolic transcription factor PGC-1¢.. PGC-1¢ enhances oxidative
phosphorylation by increasing pyruvate dehydrogenase (PDH) expression, mitochondrial DNA synthesis and
altering voltage dependent anion channel (VDAC) activity.

5.2 Results

To study the bioenergetics underlying RPTEC differentiation, we exposed primary human RPTEC to AMPK
activator metformin and the TGF-f inhibitor SB431542. After four weeks in culture, metformin and SB431542
additively increased transepithelial electrical resistance (TEER) (Fig. 5.2A). Control cells were not significantly
different from cells cultured with metformin (245.3 + 4.4 Ohms-cm™2 vs 281.7 & 14.0 Ohms-‘m —2; p =
0.0754). When compared to equivalent control cells, cells cultured with SB431542 and combination treatment
had increased TEER (control: 245.3 + 4.4 Ohms-cm™2 vs SB431542: 496.2 + 18.5 Ohms-cm™ 2, p=0.0005;
combination: 636.4 £ 19.15 Ohms-cm™2, p=0.0001), which suggests an increase in tight junction formation

and monolayer integrity (Cereijido et al., 1978; Martinez-Palomo et al., 1980).
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Figure 5.2: Metformin and SB431542 induce differentiation in renal tubule epithelial cells. A. Transep-
ithelial electrical resistance. B. Cell segmentation using DAPI and ZO-1 immunofluorescent staining; C. Cell
perimeter analysis (n>1509); D. Intracellular ATP (n=4); E. Apicobasal fluid transport (n=06). Data are mean
+ SEM. #*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Cell metabolism is innately linked to macromolecular biosynthesis. Metabolites govern cell growth by
acting as building blocks for biomass accumulation and by regulating the activity of signaling pathways
that regulate cell growth and division (Figlia et al., 2020). RPTEC dedifferentiation is associated with
depolarization and changes in cytoskeletal reorganization, so we next investigated whether cell morphology
altered in response to treatments. As seen in Figure 5.2B, treatments increased cell membrane interdigitation,
characteristic of proximal tubule cells. When compared to equivalent control cells, metformin, SB421542,
and combination treatment all increased cell perimeter (control: 66.17 4= 0.35 vs metformin: 91.42 4 0.64;
SB431542: 74.25 + 0.43; combination: 73.10 = 0.34, respectively; p<<0.0001 for all comparisons; Fig 5.2C).

ATP turnover increases with differentiation in human embryonic stem cells, as cells are using ATP more
rapidly to support biological processes (Birket et al., 2011). We next examined whether treatment with
metformin or SB431542 altered intracellular ATP concentrations. All treatments decreased intracellular
ATP concentrations compared to controls (control: 228.4 + 20.17 vs metformin: 90.35 + 10.83 (p=0.0024);
SB431542: 154.4 £ 6.54 (p=0.029); combination: 129.9 4 15.93 (p=0.0096), respectively). This is consistent
with the fact that metformin reduces the concentration of ATP through the suppression of mitochondrial
complex I. We then performed a transport assay to test cell water reabsorption to confirm prior our results
and demonstrate that treatments altered cell functional phenotype. Apicobasal fluid transport increased when

treated with SB431542, and the effect was increased with combination treatment (Fig 5.2E).
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5.2.1 TGF-p inhibition increases glucose uptake while metformin increases glycolysis and glycolytic
reserve

TGF- inhibition increases RPTEC apical glucose transport, so we examined the effect of TGF- inhibition on
glycolysis and expression of glucose-metabolizing enzymes. Sodium-glucose linked transporters (SGLT) are
apical membrane transporters responsible for RPTEC glucose absorption from the glomerular filtrate (Fig 5.3A).
In comparison to control cells, SB431542 increased SGLT1 transcription approximately 2-fold (p=0.0005;
Fig 5.3B). Other than the liver, the kidney is the only organ capable of releasing glucose to the circulation,
due to the presence of two of the rate-limiting enzymes for gluconeogenesis glucose-6-phosphatase (G6Pase)
and phosphoenolpyruvate carboxylase (PEPCK). SB431532 increased G6Pase transcription in comparison to
control cells (p<0.0001, Fig 5.3C), as did combination treatment (p<<0.0001). All treatments reduced PEPCK
transcription (Fig 5.3D). Very little glucose is metabolized in healthy tubule cells. Instead, it is reabsorbed into
the peritubular capillaries by glucose facilitative transporters (GLUTs, Fig 5.3A). In comparison to control
cells, combination treatment increased GLUT?2 transcription over 7-fold (p=0.0118, Fig 5.3E).

To better understand if these changes in gene expression resulted in functional changes to cell metabolic
activity, a glycolytic stress test was performed to assess whether treatments altered cell glycolytic capacity
(Fig 5.3F). Glycolytic rate may be estimated from the extracellular acidification rate (ECAR) (Mookerjee
and Brand, 2015). Metformin and combination treatment significantly increased basal glycolysis compared
to control cells (control: 34.345.83 mpH/min/10* cells vs. metformin: 145.4411.53 mpH/min/10* cells
(p<0.0001), combination: 153.5+6.8 mpH/min/10* cells (p<0.0001), Fig. 5.3G). Glycolytic capacity was
tested by adding an acute injection of glucose to induce maximal glycolysis. Metformin and combination
treatment significantly increased glycolytic capacity (control: 47.3+4.5 mpH/min/10* cells vs. metformin:
104.0+9.83 mpH/min/10* cells (p=0.0003), combination: 111.7+4.67 mpH/min/10* cells (p<0.0001); Fig
5.32H). The FoF;-ATPase inhibitor oligomycin was used to assess glycolytic reserve, the difference between
basal glycolysis, and maximum glycolytic capacity. In comparison to control cells, SB431542 increased
glycolytic reserve (control: 12.904-2.333 mpH/min/10* cells vs SB431542: 24.00+1.933 mpH/min/10* cells
(p=0.0022), Fig 5.3I). Oligomycin, however, suppressed ECAR significantly in metformin and combination-
treated cells (Fig. 5.3E). 2-deoxy-D-glucose (2-DG) inhibits glycolysis by acting as a D-glucose mimic to
inhibit the function of hexokinase, allowing an estimate of non-glycolytic ECAR. No treatment significantly

affected non-glycolytic acidification (Fig. 5.3J).

5.2.2 Metformin and SB431542 increase transcription of electron transport chain machinery
Healthy RPTEC generate ATP primarily through mitochondrial OXPHOS in vivo, whereas cells become

glycolytic in vitro. Mitochondrial biogenesis requires the coordinated expression of nuclear and mitochondrial-
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Figure 5.3: Metformin increases glycolysis and SB431542 increases glycolytic reserve in renal tubule
epithelial cells. A. Sodium glucose transporters (SGLTs) and facilitated glucose transports (GLUTSs) govern
glucose reabsorption in the renal tubule. B. Normalized RNA expression of SGLT1, C. G6Pase, D. PEPCK,
and E. GLUT2.(n>3).) F.Glycolytic stress test (n=9). G. Glycolysis, H. Glycolytic capacity, I. Glycolytic
reserve, J. Non-glycolytic acidification (n=9). Data are mean = SEM.*p<0.05, **p<0.01, ***p<0.001,
*#A%*p<0.0001.
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encoded subunits of the mitochondrial respiratory complexes (Tang et al., 2020), so we next examined whether
treatments altered the expression of mitochondrial enzymes. Metformin and combination treatments increased
transcription of nuclear-encoded uncoupling protein 2 (UCP2), and mitochondrially encoded complex I (mt-
ND1), but not SB431532 alone (Fig. 5.4A-B). SB431542 increased expression of nuclear-encoded complex III
(UQCRC) (Fig. 5.4C). SB431542 and combination treatment increased nuclear-encoded complex I (NDuFB8)
and complex IV (mt-CO2) transcription, but not metformin alone (Fig. 5.4D-E). Mitochondrially-encoded
FoF-ATPase (mt-ATP6) and cytochrome B (mt-CYTB), however, increased with combination treatment
only (Fig. 5.4F-G). Complex II (SDHB) transcription was not significantly altered by any treatment (Fig.
5.4H). Metformin and SB431542 have different effects on ETC gene transcription; when given jointly, the two
treatments result in an additive increase in ETC gene transcription, implying that the treatments control ETC
gene transcription through independent pathways.

To determine if changes in RNA expression were translated to changes in protein expression, we employed
western blot to assess protein level expression of metabolic genes. Total AMPK expression increased additively
with treatments, while metformin and combination treatment increased AMPK phosphorylation (Fig. 5.41).
Activated AMPK phosphorylates PPAR gamma coactivator 1o (PGC1 ), which regulates the expression of
proteins involved in fatty acid uptake and oxidation (Tran et al., 2011). PGC1o phosphorylation increased
significantly with SB431542 and combination treatments (Fig. 5.41-J). In control cells, glucose metabolism
appears to be decoupled from pyruvate oxidation, so carbohydrates are not used for maximal ATP production,
despite high oxygen availability. Pyruvate dehydrogenase El-alpha (PDHE1 ) catalyzes the conversion
of pyruvate to acetyl-CoA and CO; and provides the primary link between glycolysis and the TCA cycle.
Voltage-dependent anion channel (VDAC) governs the entry and exit of mitochondrial metabolites (Varughese
et al., 2021). PDHE1« and VDAC protein expression increased significantly with all treatments (Fig. 5.4K-L).
We examined mitochondrial architecture by staining control and treated cells for VDAC, which outlines
mitochondrial shape (Fig. 5.4M). VDAC immunofluorescence labeling is sparse and punctate in control
cells. VDAC staining increased with treatments (Fig. 5.4K). The increase in VDAC density and continuity is

consistent with a reduction in mitochondrial fragmentation.

5.2.3 Metformin and SB431542 additively increase mitochondrial respiratory capacity

To determine if changes in mitochondrial gene expression were correlated to changes in mitochondrial
function, we performed a mitochondrial stress test using the Complex I inhibitor Rotenone, the Complex
IIT inhibitor Antimycin A, the Complex V inhibitor Oligomycin and the mitochondrial uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP) (Fig. 5.5A-B). When normalized to cell number, basal respiration
rate increased by 54.9% in SB431542-treated cells (control: 24.44-1.3 pmol O,/min/10* cells vs SB431542:
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Figure 5.4: Metformin and SB431542 increase transcription of electron transport chain (ETC) genes.
A. RNA expression of MT-ND1, B. Uncoupling protein 2 (UCP2); C. UQCRC, D. NDuFB8, E. MT-CO2, F.
MT-ATP6, G. MT-CYTB, H. SDHB (n=4). I. Western blot metabolic protein analysis; J. Protein densitometry
analysis of PGC1a phosphorylation, K. Total voltage dependent anion channel (VDAC), L. Total PDHE1a.
Data are mean + SEM. (n>3).) *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 5.5: Metformin and SB431542 increase spare respiratory capacity. A. Diagram of the Electron
Transport Chain (ETC) and respiratory inhibitors used to probe cell respiratory capacity. B. Mitochondrial
stress test. Ci. Basal oxygen consumption rate (OCR), ii. Non-mitochondrial OCR, iii. Spare respiratory
capacity, iv. Proton leak. D. ATP-linked OCR; E. Coupling efficiency (%); F. Spare respiratory capacity (%).
Data are mean £ SEM. (n=15).) *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

36.54+1.8 pmol 0,/min/10* cells (p<0.0001)). Basal OCR was 53.1% lower in combination-treated cells
(control: 24.4+1.3 pmol O»/min/10* cells vs combination: 11.46+1.6 pmol O,/min/10* cells (p<0.0001),
Fig. 5.5Ci), while metformin did not significantly affect basal OCR. CCCP may be used to uncouple
mitochondrial respiration and determine cell maximal respiration capacity. Metformin and combination
treatments significantly increased maximal respiration upon exposure to CCCP (Fig. 5.5B). Spare respiratory
capacity, which measures a cell’s capacity to respond to rising energy demands or stress, is defined as
the difference between maximal OCR and basal OCR. When compared to control cells, metformin and
combination treatments improved spare respiratory capacity (control: 42.643.9 pmol O,/min/10* cells vs
metformin: 120.045.5 pmol O,/min/10* cells (p<0.0001), combination: 86.043.6 pmol O»/min/10* cells
(p<0.0001)).

Non-mitochondrial sources of oxygen consumption include reactive oxygen species (ROS) formation
and cell surface electron transport (Starkov, 2008; Herst and Berridge, 2007). The Complex I inhibitor
rotenone and Complex III inhibitor antimycin A were used to isolate non-mitochondrial oxygen consumption.
Non-mitochondrial OCR increased with metformin and combination treatments (control: 29.3+4.0 pmol
0,/min/10* cells vs metformin: 48.04-3.1 pmol O»/min/10* cells (p<0.0001), combination: 47.742.20 pmol

0,/min/10* cells (p<0.0001)). This is supported by metformin’s ability to inhibit complex I, which leads to
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an increase in ROS production as NADH cannot transport electrons to the electron acceptor, preventing the
formation of water and NAD+ (Warkad et al., 2021). Non-mitochondrial OCR was also significantly increased
by SB431542 (37.91%2.1 pmol 0,/min/10* cells (p=0.04)).

Oligomycin, which stops ATP synthesis by inhibiting the Fy unit of FoF;-ATPase, was used to evaluate
leak and ATP-linked respiration. The term “leak respiration” refers to the difference between respiration that
occurs in the presence of oligomycin and non-mitochondrial respiration. When compared to control cells,
proton leak increases about 3-fold with metformin and roughly 2-fold with SB431542, but decreases about
44.4% when the two treatments are combined (control: 5.240.7 pmol O,/min/ 10* cells vs metformin:15.041.0
pmol O,/min/10* cells (p<0.0001); SB431542: 9.64-1.0 pmol O»/min/10* cells (p=0.0001), combination:
2.884:1.0 pmol O,/min/10* cells (p=0.0114), Fig. 5.5Civ). ATP-linked respiration may be calculated as the
difference between the OCR before and after an injection of oligomycin. ATP-linked respiration decreased
33.6% with metformin and 55.5% with combination treatment but increased 39.6% with SB43152 (control:
19.254-0.9 pmol O,/min/10* cells vs metformin: 12.7941.1 pmol O2/min/10* cells (p=0.0002), SB431542:
26.88+1.7 pmol O»/min/10* cells (p=0.0008), combination: 8.57441.1 pmol O»/min/10* cells (p<0.0001),
Fig. 5.5D). Coupling efficiency is defined as the ratio between oxygen consumed to drive ATP synthesis to
that used to cause proton leak, normalized to basal OCR. When compared to control cells, metformin and
SB431542 both reduced coupling efficiency (control 79.5142.05% vs metformin: 46.33+£2.58% (p<0.0001),
SB431542: 73.47+2.09% (p=0.0486)). Combination treatment, however, did not affect coupling efficiency
(Fig. 5.5E). Finally, normalized spare respiratory capacity (SPR%) can be calculated as the difference between
basal and maximal OCR expressed as a percentage of baseline OCR. In comparison to raw spare respiratory
capacity, SPR% gives an indication of the cell’s mitochondrial fitness, or its capacity to meet extra energy
requirements in response to acute cellular stress. SB431542 decreased %SPR by approximately 76% (control:
278.3+15.5% vs SB431542: 202.4+6.0% (p=0.0002), Fig. 5.5F). %SPR increased by approximately two-fold
with metformin and four-fold with combination treatment (control: 278.3+15.5% vs metformin: 557.0+29.0%

(p<0.0001); combination: 1171£270.3% (p=0.0048), Fig. 5.5 F).

5.2.4 Metformin and SB431542 regulate renal tubule epithelial cell substrate dependency

CKD alters tubule cell metabolism by suppressing fatty acid oxidation and increasing glycolysis (Gewin, 2021).
We assessed the effect of treatments on cell dependence on glucose, fatty acids, and glutamine using a series
of respiratory inhibitors (Fig SA-D). Mitochondrial pyruvate carrier inhibitor UK5009 was used to inhibit
glucose oxidation (Fig. 5.6A-Bi). Glutaminase 1 (GLS1) inhibitor BPTES was used to inhibit glutamine
oxidation (Fig. 5.6A, Ci). Carnitine palmitoyl transferase 1 (CPT1) inhibitor etomoxir was used to inhibit

fatty acid oxidation (Fig. 5.6A, Di). After inhibition of the target pathway, the two alternate inhibitors were
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Figure 5.6: Metformin reduces glucose dependency while SB431542 increases fatty acid oxidation
(FAO).A. Substrate inhibitor pathways. B. Glucose dependency test (n=5). C. Glutamine dependency test. D.
Fatty acid dependency test. E. RNA expression of FAO genes CD36, FABP1, ACOX2, and CPT2. F. Western
blot protein analysis of CD36, FABP1, ACOX2, CPT2, and Actin. G. Protein densitometry of data in panel F
relative to loading control b-Actin: i. CD36 expression, ii: FABP1 expression, iii. ACOX2, iv. CPT2. Data are
mean £ SEM. (n>3).) *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

added to suppress the remaining oxidation pathways. Target pathway dependency was then calculated as a
percentage of the total inhibition achieved by all three inhibitors (Fig. 5.6Bii, Cii, Dii). All treatments reduced
OCR glucose dependency (Fig. 5.6Bii). No treatment significantly changed OCR glutamine dependency (Fig.
5.6Cii).

When administered separately metformin and SB431542 both increased OCR fatty acid dependency,
although combination treatment had no significant effect on OCR fatty acid dependency (Fig. 5.6Dii). To
determine whether this was caused by an increase in the expression of fatty acid oxidation metabolic machinery,

we assessed whether the treatments altered the transcription of genes associated with fatty acid metabolism.
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SB431542 increased transcription of Cluster of differentiation 36 (CD36), the primary translocase that governs
fatty acid cell import (Fig. 5.6Ei). All treatments significantly increased the transcription of fatty acid binding
protein 1 (FABP1), a carrier protein involved in fatty acid transport (Fig. 5.6Eii). Combination treatment
increased mRNA expression of acyl-CoA oxidase 2 (ACOX2), which catalyzes the first step of fatty acid
beta-oxidation in the peroxisome (Fig. 5.6Fiii). SB431542 and combination treatment increased the expression
of mitochondrial enzyme carnitine palmitoyl transferase 2 (CPT2), which governs fatty acid import to the
mitochondria (Fig. 5.6Eiv). Protein expression of CD36 and FABP1 expression increased with SB431542 and
combination treatments (Fig. 5.6Gi-ii). ACOX2 protein expression did not significantly increase with any

treatment, although CPT2 protein expression significantly increased with combination treatment.

5.3 Discussion
We conducted this study to identify and investigate the effects of metformin and TGF-f signaling on the
metabolism of renal tubule epithelial cells in vitro. We previously found that TGF-f8 signaling negatively
regulates fluid transport, glucose uptake, organic anion excretion, and apical acid extrusion in vitro, yet the
mechanisms by which TGF- governs RPTEC metabolism are incompletely understood. Our data indicate
that metformin increases glycolysis while reducing glucose oxidation dependency, while TGF-f inhibition
increases oxidative phosphorylation and fatty acid dependency while reducing glucose oxidation dependency.
Interestingly, the addition of metformin to TGF-f inhibition provides an increased effect that is greater than
the effects of either treatment alone.

RPTEC have high energy requirements which render them exquisitely dependent on mitochondrial health.
As such, they are the cell type most frequently injured in renal ischemia. Most of the energy produced in
the kidneys is used to sustain renal tubular transport. In vivo, renal tubule cells exhibit intricate intra- and
intercellular interdigitation (Welling and Welling, 1988; Takahashi-Iwanaga, 1992). We find that metformin
and SB431542 increase cell perimeter and TEER, suggesting an increase in tight junctions and monolayer
integrity (Fig. 5.2B-D) (Takahashi-Iwanaga, 1992). Further, metformin and SB431542 observably altered
cell energy status as determined by ATP concentration and AMPK phosphorylation (Fig 5.2E, 5.4). We
found that metformin, but not SB431542, boosted AMPK phosphorylation (Fig. 5.4). Interestingly, however,
both treatments increased the phosphorylation of PGCla, which is phosphorylated by AMPK and governs
the transcription of numerous metabolic genes (Fig. 5.4). Both treatments increased the transcription of
PGC-10a-dependent nuclear- and mitochondrially encoded ETC proteins (Fig. 5.4A-H) and the expression of
mitochondrial proteins VDAC and PDHE1 « (Fig. 5.41-J). PGC-1a expression is epigenetically downregulated
by Smad3-dependent TGF-f signaling through direct binding to the PGC-1a enhancer. PGC-1 increases
PDH expression (Kiilerich et al., 2010) and increases mitochondrial DNA (mt-DNA) synthesis through
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activation of NRF1/2. Increased PGC-1a activation may be contributing to an increase in VDAC activity, as
PGC-1o by regulates VDAC conformation through HK?2 protein binding (Li et al., 2021).

Glucose handling is strictly regulated in RPTEC. We found that modulation of the AMPK and TGF-f3
signaling pathways altered glucose handling in RPTEC. TGF-f inhibition increased the expression of glucose
transporters (e.g. SGLT1, GLUT2, G6Pase) and glucose reabsorption, as we have previously observed (Hunter
et al., 2022). PEPCK catalyzes the first irreversible step in gluconeogenesis, the conversion of oxaloacetate
into phosphoenolpyruvate, while G6Pase hydrolyzes the phosphorylated form of glucose, enabling its cellular
export (Gerich, 2010). Both treatments reduced PEPCK transcription, implying a reduction in the diversion of
TCA intermediate oxaloacetate toward gluconeogenesis. SB431542 increased G6Pase transcription, which
supports our previous data demonstrating that TGF-f inhibition increases glucose reuptake. This is in
agreement with prior work which has shown that TGF-31 increases gluconeogenesis via the c-Jun/G6P axis in
zebrafish embryos (Zhang et al., 2018).

When administered independently, metformin and SB431542 demonstrate the reciprocal balance between
glycolysis and OXPHOS. Metformin increases the utilization of glycolysis, while reducing the spare capacity
of OXPHOS, while SB431542 increases OXPHOS while reducing glycolytic spare capacity. Metformin
increased basal glycolysis and glycolytic capacity while reducing glycolytic reserve, as cells were unable to
further increase glycolytic flux as measured by ECAR upon the addition of ATP-synthase inhibitor oligomycin.
Conversely, SB431542 increased glycolytic reserve while also reducing glycolytic capacity, as indicated by a
lesser response to the acute glucose injection.

Metformin did not change basal OCR but increased spare respiratory capacity (Fig. 5.5C). Metformin
increased proton leak because complex I inhibition increases ROS generation as electrons from NADH
cannot be transferred to the electron acceptor to form water. This increase in proton leak led to a significant
reduction in ATP-linked OCR and coupling efficiency (Fig. 5.5D-E). Overall, however, due to the increase
in the uncoupler-induced maximal respiratory capacity, metformin significantly increased spare respiratory
capacity when expressed as a percent of basal OCR (%SPR). The renoprotective effects of metformin have
been demonstrated in a mouse model of streptozotocin-induced diabetes, where metformin attenuated renal
oxidative stress and tubulointerstitial fibrosis (chun Han et al., 2021). On the other hand, SB431542 increased
basal O, consumption and ATP-linked oxygen consumption (Fig. 5.5C-D). Unexpectedly, SB431542 also
increased proton leak which led to a reduction in coupling efficiency (Fig. 5.5C, E). Overall, SB431542
decreased %SPR due to the increase in basal OCR (Fig. 5.5C, F).

When administered together, the two treatments had a synergistic effect that increases both glycolytic and
oxidative phosphorylation capacities, imparting greater metabolic flexibility. Combination-treated cells have

decreased basal and ATP-linked OCR (Fig. 5.5C, D) due to the significant increase in glycolytic metabolism
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(Fig. 5.3G). Conversely, combination treatment reduced proton leak in comparison to control cells, and did not
affect coupling efficiency, leading to a considerable improvement in spare respiratory capacity over metformin
or SB431542 alone (Fig. 5.5C, E, F).

Treatment-induced metabolic uncoupling may be beneficial to cells in our model by minimizing ROS
formation. Reactive oxygen species (ROS), like superoxides and hydrogen peroxide, are produced by the
ETC as a byproduct of metabolism. Due to H™ leak pathways, mitochondrial ATP generation and O,
consumption are not perfectly coupled. Mitochondrial uncoupling may allow a cell to remain glycolytic
in an aerobic environment and is hypothesized to aid in maintaining homeostasis by decreasing oxidative
damage (Bouillaud, 2009). This is beneficial when directing metabolic intermediates toward cell growth.
All treatments increased non-mitochondrial OCR, suggesting an increase in non-mitochondrial peroxisomal
respiration (Fig 5.5C). UCP2 expression was reduced with metformin and combination treatments (Fig 5.4B).
UCP2 contributes to the maintenance of mitochondrial integrity by minimizing the loss of membrane potential
and thus lowering mitophagy. Mitochondrial uncoupling may have adverse effects in the kidneys as it elevates
oxygen consumption and promotes hypoxia (Schiffer and Friederich-Persson, 2017). UCP2 is linked to
mitochondrial damage, but it also protects renal tubule cells from oxidative stress brought on by high salt
levels (Qin et al., 2019; Forte et al., 2021). According to Brand’s “uncoupling to survive” theory, H' leaks
help to reduce ROS generation by reducing the proton motive force (Brand and Esteves, 2005). By delaying
systemic lactic acidosis, elevated UCP2 is hypothesized to have a positive impact on mitochondrial activity in
the heart (Kukat et al., 2014).

Metformin and SB431542 treatments were sufficient to alter RPTEC substrate dependency. Metformin
and SB431542 demonstrate the reciprocal regulation between fatty acid oxidation and glycolysis, the Randle
cycle, in RPTEC. Metformin reduced the dependence of oxygen consumption on glucose, whereas SB43142
increased fatty acid uptake and utilization as determined by the expression of FAO enzymes and the heightened
response to etomoxir. Defective FAO plays a key role in the development of kidney fibrosis. Mice are protected
from developing tubulointerstitial fibrosis by restoring fatty acid metabolism (Kang et al., 2015). SB431542
has been shown to alleviate TGF--attenuated expression of CD36 (Han et al., 2000). CPT1a expression is
lower in kidneys of diabetic patients and mice with tubulointerstitial fibrosis (Kang et al., 2015). Renal tubule
CPT1a overexpression protects from kidney fibrosis by restoring mitochondrial homeostasis (Miguel et al.,
2021). No treatment affected glutamine oxygen consumption dependency, although inhibition of glutamine
oxidation caused significant increases in extracellular acidification, which is consistent with the fact that

glutamine metabolism plays an important role in acid-base balance in RPTEC.
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54 Conclusion

In summary, through gene expression analysis and functional studies, we demonstrate that metformin and
SB431542 synergistically increase mitochondrial biogenesis and oxidative phosphorylation capacity. These
cellular mechanisms could explain the direct roles of metformin in mediating RPTEC glucose utilization and
its connection to functional apicobasal fluid transport. Together our results suggest that correcting metabolic
defects via TGF-f signaling and metformin may be useful for both the development of in vitro cell culture

systems and for the prevention and treatment of CKD.

5.5 Materials and methods

5.5.1 Cell culture

Primary human renal tubule epithelial cells (HREC) were obtained from Innovative Biotherapies (Ann
Arbor, MI). Cells were maintained in a 1:1 ratio of glucose-free DMEM/F12 media supplemented with
5.5mM glucose, 10mg/L insulin, 5.5mg/L transferrin, 6.7 g/L. selenium, 251 g/L hydrocortisone, 25 g/L
prostaglandin E1, 10ug/L epidermal growth factor, and 10ug/L triiodothyronine. Cells were seeded onto
polycarbonate Transwell cell culture inserts (Corning Inc., Corning, NY) or polystyrene Seahorse 96-well
tissue culture plates (Agilent Technologies, Santa Clara, CA) at a density of 100,000 cells cm~2 and left
overnight to facilitate cell attachment. After 24 hours, cells were moved to an orbital shaker to simulate
physiological shear stress (2 dyne cm™2). After one week in culture for 96-well plates and two weeks in
culture for tissue culture supports, cells were supplemented apically with AMPK activator Metformin (200uM;
Cayman Chemical, Ann Arbor, MI), TGF-f receptor I inhibitor SB431542 (10uM; Cayman Chemical), or a
combination of both. Control cells were treated with DMSO vehicle control (1ul/ml). Cells were cultured

with treatments for four weeks prior to staining, mRNA, protein harvest, and respirometry assays.

5.5.2 Transepithelial electrical resistance

HREC were cultured on Transwell inserts as described above. Trans-epithelial electrical resistance measure-
ments (TEER) were taken using an EVOM2 voltohmeter (World Precision Instruments, Sarasota, FL) at three
different locations per well. TEER measurements were corrected using a blank membrane. Average TEER

measurements were corrected to membrane surface area.

5.5.3 Apicobasal transport
HREC were cultured on Transwell inserts as described above. After four weeks of treatment, cultures were
aspirated and changed to fresh media. 24 hours later, apical media was aspirated and weighed. Three blank

wells with the porous membrane occluded with epoxy were used as an evaporative control. Volume transport
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was assessed by determining the differences between initial volumes and final volumes, as estimated by weight,

and correcting for evaporation.

5.5.4 ATP concentration
HREC at six weeks of culture were changed to fresh media. 24 hours later, apical media was aspirated, and
ATP concentration was determined using a luminescence-based ATP Detection Assay Kit (Cayman Chemical,

Ann Arbor, MI) according to the manufacturer’s instructions.

5.5.5 RNA preparation and cDNA synthesis
RNA was extracted using an RNeasy kit with on-column DNase I digestion (Qiagen, Valencia, CA). First-
strand cDNA was synthesized using a high-capacity cDNA reverse transcription kit (Applied Biosystems,

Carlsbad, CA) according to the manufacturer’s instructions.

5.5.6 Quantitative RT-PCR

Primers were selected from the Harvard-Massachusetts General Hospital Primerbank or generated using
PrimerBLAST (NCBI, Bethesda, MD) and purchased from Sigma-Aldrich (St. Louis, MO). Reactions were
performed using a CFX96 Real-Time PCR System (Bio-Rad, Hercules, CA) under standard running conditions
with SSO Advanced Supermix (Bio-Rad). mRNA transcripts were quantified relative to the housekeeping

gene GAPDH.

5.5.7 Immunoblotting

Cells were rinsed once with PBS and lysed in ice-cold lysis buffer (PBS containing 0.05% SDS, protease
inhibitor, and phosphatase inhibitor). Cells were then scraped, collected, and sheared. Total protein concen-
tration was determined using a bicinchoninic acid assay (Pierce Biotechnology, Waltham, MA). Cell lysates
were resolved on Mini-PROTEAN TGX 4-20% polyacrylamide gels (Bio-Rad), at a concentration of 10ug
protein per lane, under reducing conditions with SDS-glycine running buffer according to the manufacturer’s
instructions. Proteins were transferred to a nitrocellulose membrane using a wet blotter. Blots were fully
dried and blocked with 5% (wt/vol) bovine serum albumin (BSA) in Tris-buffered saline with 0.1% Tween-20
(TBST). Membranes were incubated overnight at 4°C with primary antibody diluted in 5% BSA in TBST and
detected using the appropriate near infrared secondary antibody. Products were visualized by NIR fluorescence
on an Odyssey CLx (LI-COR, Lincoln, NE). Band intensities were measured and normalized to loading using
beta-actin using ImageStudio (LI-COR). For each protein target, the mean density of the control sample bands

was assigned the value of 1 with all individual densitometries being expressed relative to this mean.
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5.5.8 Seahorse respirometry experiments

After four weeks of treatments, cell oxygen consumption (OCR) and extracellular acidification rates (ECAR)
were assessed using a Seahorse XFe96 (Agilent, Santa Clara, CA). Basal OCR and ECAR levels were obtained
from an average of three independent measurements per well. Cells were glucose-starved for one hour
prior to the glycolytic stress test. In the glycolytic stress test, glucose (100mM), oligomycin (12uM), and
2-deoxyglucose (2-DG, S00mM) were injected to determine cellular glycolytic capacity. For mitochondrial
stress tests, oligomycin 2uM), CCCP (12uM), rotenone (0.5uM), and antimycin A (0.5 uM) were injected
to determine cellular mitochondrial capacity. For these experiments, three serial OCR/ECAR measurements
were taken to determine OCR/ECAR in the presence of each respiratory inhibitor. In separate experiments,
glutamine oxidation inhibitor BPTES (10uM), fatty acid oxidation inhibitor etomoxir (100uM), and glucose
oxidation inhibitor UK5099 (10uM) were injected to determine the cellular response to substrate inhibition.
For these experiments, five serial OCR/ECAR measurements were taken to determine OCR/ECAR in the
presence of each respiratory inhibitor. Once respiration experiments were complete, cells were washed with
PBS and fixed with 4% paraformaldehyde on ice for 20 minutes. Substrate dependency was calculated by
determining the change in OCR caused by the target substrate inhibitor and dividing it by the total change in
OCR after administration of all substrate inhibitors. Cells were then mounted with VectaShield containing
DAPI (ThermoFisher, Waltham, MA). Nuclear count was obtained using an ImageXpress automated cell
imaging system (Molecular Devices, San Jose, CA). OCR and ECAR values were then normalized to cell

count.

5.5.9 Immunofluorescence imaging

Cells were washed with ice-cold PBS and fixed with 4% paraformaldehyde for 20 minutes on ice. Cells
were then permeabilized with 0.1% Triton-X in PBS for 10 minutes and then washed three times with PBS.
Cells were blocked for one hour at room temperature, then incubated with primary antibody (1:200) at room
temperature for one hour. Cells were then washed three times with PBS, then incubated for one hour in the
dark with fluor-conjugated secondary antibody (1:10,000) for one hour at room temperature. Cells were then
washed overnight in PBS and then fixed with mounting medium. Images were taken with a Zeiss LSM 710

confocal microscope using Zen Black (Zeiss, Oberkochen, Germany).

5.5.10 Cell perimeter analysis
Cell images for DAPI and ZO-1 were obtained at a 20X objective using the above methods. At least three
different fields of view were analyzed for each sample with at least 1500 cells in total being examined.

CellProfiler (Broad Institute, Cambridge, MA) was used to threshold and segment nuclei and cell perimeters.
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5.5.11 Quantification and statistical analysis

All results are expressed at mean == SEM of a minimum of three independent experiments. Differences in
means were assessed with one-way ANOVA tests following the Two-stage step-up method of Benjamini,
Krieger, and Kekutieli with individual variances for each comparison between means using Prism 9 (GraphPad,
San Diego, CA). Statistical significance was accepted at a level of p< 00.05. At least three samples per group

were used for statistically meaningful interpretation of results.

5.6 Supplemental Tables

Hereafter we gather three tables providing further details on the experiments conducted in this chapter.
Table 5.1 provides a summary of the glycolytic stress test results. Table 5.2 provides a summary of the
mitochondrial respiratory stress test results. Table 5.3 details the list of primers used to perform quantitative

RT-PCR for each gene. Finally, Table 5.4 describes the primary antibodies used to perform immunoblotting.

Table 5.1: Glycolytic stress test summary data

Control Metformin SB431542 Met+SB43
Parameter Average SEM Average SEM Average SEM Average SEM
Non-Glycolytic Acidification 320 35 29.7 34 35.6 4.2 42.5 35
Glycolysis 34.4 5.8 145.4 11.5 27.8 3.1 153.3 6.8
Glycolytic Capacity 473 4.5 104.0 9.8 41.8 32 111.7 4.5
Glycolytic Reserve 12.9 23 0.0 0.0 14.0 1.9 0.0 0.0
Glycolytic Reserve (%) 155.1 15.0 71.0 2.3 169.4 24.1 73.3 25

Table 5.2: Mitochondrial respiratory stress test summary data

Control Metformin SB431542 Met+SB43
Parameter Average SEM Average SEM Average SEM Average SEM
Basal 24.4 1.3 27.3 1.6 36.5 1.8 11.5 1.6
Proton Leak 52 0.7 14.5 1.0 9.6 0.8 29 1.0
Maximal Respiration 67.0 4.4 147.5 6.2 74.4 4.8 97.4 4.4
Spare Respiratory Capacity 42.6 39 120.2 5.5 37.9 32 86.0 3.6
Non Mitochondrial O, Consumption 29.3 4.0 47.7 3.1 379 2.1 47.7 2.2
ATP Production 19.3 0.9 12.8 1.1 26.9 1.7 8.6 1.1
Coupling Efficiency (%) 79.5 2.0 46.3 2.6 73.5 2.1 83.2 7.3
Spare Respiratory Capacity (%) 278.3 15.5 557.3 29.0 202.4 6.0 1171.3 2703
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Table 5.3: RNA primers used to perform quantitative RT-PCR.

Gene Forward (5°-3%) Reverse (3°-5%)

ACOX2 GCACCCCGACATAGAGAGC CTGCGGAGTGCAGTGTTCT

CD36 GGCTGTGACCGGAACTGTG AGGTCTCCAACTGGCATTAGAA

CPT2 CATACAAGCTACATTTCGGGACC AGCCCGGAGTGTCTTCAGAA

FABP1 GTGTCGGAAATCGTGCAGAAT GACTTTCTCCCCTGTCATTGTC

Go6Pase GTGTCCGTGATCGCAGACC GACGAGGTTGAGCCAGTCTC

GAPDH AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA

GLS1 AGGGTCTGTTACCTAGCTTGG ACGTTCGCAATCCTGTAGATTT

GLUT2 GCTGCTCAACTAATCACCATGC TGGTCCCAATTTTGAAAACCCC

MT-ATP6  TAGCCATACACAACACTAAAGGACGA GGGCATTTTTAATCTTAGAGCGAAA

MT-CO2 CTGAACCTACGAGTACACCG TTAATTCTAGGACGATGGGC

MT-CYTB ATCACTCGAGACGTAAATTATGGCT TGAACTAGGTCTGTCCCAATGTATG

MT-ND1 CCACCTCTAGCCTAGCCGTTTA GGGTCATGATGGCAGGAGTAAT

NDuFBS8 ACAGGAACCGTGTGGATACAT CCCCACCCAGCACATGAAT

PEPCK GCCATCATGCCGTAGCATC AGCCTCAGTTCCATCACAGAT

SDHB ACAGCTCCCCGTATCAAGAAA GCATGATCTTCGGAAGGTCAA

SGLT1 TACCTGAGGAAGCGGTTTGGA CGAGAAGATGTCTGCCGAGA

SGLT2 TCCTGCTGACATCCTAGTCATT GAAGAGCGCATTCCACTCC

SLC38A3 GGAGCTGTATGGAGGGCAAG GAACACTGACATCCCGAATGAT

UCP2 GGAGGTGGTCGGAGATACCAA ACAATGGCATTACGAGCAACAT

UQCRC2  TTCAGCAATTTAGGAACCACCC GGTCACACTTAATTTGCCACCAA
Table 5.4: Primary antibodies used to perform immunoblotting.

Gene Manufacturer Catalog number

AMPK Invitrogen MAS5-15815

Beta-actin Santa Cruz Biotechnologies SC-47778

P-AMPK Cell Signaling 25358

P-PGCla Bio-Techne AF6650

PDHEla Abcam AB110330

VDAC Cell Signaling 4661S
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CHAPTER 6

Canonical Smad-dependent TGF-f3 signaling governs NKCC2 transcription and fluid transport via

HNF-1a in renal tubule epithelial cells

6.1 Introduction
As detailed in Chapter 1, Chronic kidney disease is the ninth leading cause of death in the US and is character-
ized by the progressive, irreversible stiffening of renal parenchyma and phenotypic erosion of surviving renal
tubule epithelial cells. At present, there are no treatments to reverse or even halt established kidney disease.
Cell-based models of the renal tubule offer a potentially inexhaustible source for immunosuppression-free
transplants to treat CKD. However, the development of these bioartificial devices, is limited by an inability to
maintain cell differentiation in vitro.

Transforming Growth Factor-f8 (TGF-f) is a pleiotropic cell signaling pathway, involved in the regulation
of epithelial cell fate and plasticity, but also the development of renal fibrosis and CKD (Gu et al., 2020;
Sureshbabu et al., 2016). TGF-f initiates canonical and non-canonical pathways to exert multiple signaling
cascades. Canonical TGF-f is mediated by the receptor-activated Smad (r-Smads) proteins, Smad2 and Smad3,
which form a complex with the common Smad (co-Smad), Smad4, and translocate to the nucleus to regulate
target gene expression (Frick et al., 2017; Hata and Chen, 2016; Massague, 2000). We have previously found
that TGF-f inhibition using small molecule SB431542 increases differentiation in renal tubule epithelial
cells, as indicated by increased transepithelial electrical resistance, glucose reabsorption, and apicobasal fluid
transport (Love et al., 2020; Hunter et al., 2022). This effect is amplified with the addition of AMP-protein
kinase (AMPK) activator metformin.

Hepatic Nuclear Factor-1a (HNF-10) is a master regulator of renal tubule epithelial cell differentiation,

SB431542 —{ TGFBR1

|

Metformin = Smad2

Snail1

HNF1A

|

NKCC2

Figure 6.1: Graphical Abstract Proposed signal transduction pathway
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where it regulates the expression of drug-metabolizing enzymes and membrane transporters, including Multi-
drug resistance protein 2 (MDRP2), Organic ion transporters 1/3 (OAT1/3), Sodium-glucose transporter 2
(SGLT2), and Na-K-Cl cotransporter 2 (NKCC2)(Martovetsky et al., 2013; Markadieu and Delpire, 2014;
Hiratsuka et al., 2019). HNF-1a regulates target gene transcription by binding to the palindromic consensus
sequence GTTAATNATTANC and recruiting histone acetyltransferases CBP/p300 to target gene promoters
(Ban et al., 2002; Dohda et al., 2004). HNF-1a dependent nucleosome hyperacetylation is required for the
activation of tissue-specific target genes (Marcelina et al., 2001). HNF-1a is expressed in the proximal
and distal tubules (Lazzaro et al., 1992; Massa et al., 2013). The HNF-1a binding site is conserved in the
mammalian NKCC2 gene promoter, suggesting that it is essential to renal NKCC2 expression and functional
integrity (Markadieu and Delpire, 2014). TGF-f signaling is known to functionally inactivate HNF-1¢
by impairing its ability to recruit CBP/p300 acetyltransferases to target gene promoters (Bisceglia et al.,
2019). We hypothesize that canonical Smad2-dependent TGF-f signaling attenuates HNF-1o activated
NKCC?2 expression. The goal of this study is to determine the mechanisms by which TGF-f governs NKCC2

expression in renal tubule epithelial cells.

6.2 Results

The results hereafter describe experiments validating the effects of TGF-f inhibition and AMPK activation
on governing NKCC2 expression and activity. Sections 6.2.1 and 6.2.2, demonstrate the utility of ALKS
small molecule inhibitors in increasing NKCC2 expression. The roles of non-canonical and canonical TGF-f3
signaling pathways in governing NKCC2 expression are explored in Sections 6.2.3 and 6.2.4, respectively.
Section 6.2.5 presents genetic Smad2, Smad3, Smad4, and Snaill knockout and rescue models. Sections 6.2.6

and 6.2.7 explore the role in HNF-1¢ in mediating TGF-f dependent NKCC?2 expression.

6.2.1 SB431542 and metformin induce NKCC2 expression and function

The small molecule TGF-f inhibitor SB431542 is found to increase transport. Although, metformin does not
increase transport when administered alone, it enhances the effect of SB431542 when the two are administered
together (Fig. 6.2A). To further investigate the mechanism by which TGF- governs fluid transport, we
administered loop diuretic furosemide, which inhibits the electroneutral sodium transporter NKCC2. Control,
SB431542, and combination treated cells are responsive to furosemide-induced NKCC inhibition (Fig 6.2A).
RNA expression of NKCC2 expression significantly increases with combination treatment, but not SB431542
alone (Fig. 6.21B). Protein expression of NKCC2 significantly increases with SB431542 and combination
treatment (Fig. 6.2C-D). Immunofluorescent staining of NKCC2 reveals significant increases in NKCC2

expression with SB431542 and combination treatment (Fig. 6.2E).
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Figure 6.2: SB431542-induced TGF- inhibition enhances renal tubule cell transporter expression and
activity. A. Volume transport with and without loop diuretic furosemide. B. RNA expression of NKCC2
normalized to GAPDH. C. Protein expression of NKCC2 and loading control -actin. D. Protein densitometry
of western blots in 6.2C. E. Immunofluorescent staining HREC treated with metformin, SB431542, and
combination treatment. Blue=DAPI, green=720-1, red=NKCC2.Data are mean + SEM.*p<0.05, **p<0.01,
*#%p<0.001, ****p<0.0001.

6.2.2 ALKS inhibition governs NKCC2 expression and fluid transport

Small molecule TGF-f inhibitor SB431542 inhibits the ALK4, ALKS5 (also known as TGF-f3 receptor I/TBRI),
and ALK?7 receptors, so we next verify the specificity of SB431542. Transcription of ALKS is suppressed with
SB431542, but not ALK4 or ALK7 (Fig. 6.3A-C). Next, we assess whether metformin and SB431542 alter
the transcription of fibrotic genes Collagen 4 alpha chain 1 (Col4¢ 1) and Snaill (Snail). Transcription of
Col4o1 decreases with all treatments, while Snaill transcription decreases with SB431542 and combination
treatment, but not metformin alone (Fig. 6.3D-E). To confirm that ALKS inhibition is governing this change in
HREC differentiation, we test whether the administration of ALKS5-specific inhibitors, A7701, LY3200882,
RepSox, and SB525334, can recapitulate the effects of SB431542. All ALKS inhibitors significantly increase
fluid transport as well as RNA and protein-level expression of NKCC2 (Fig. 6.3F-H). NKCC2 staining also
increases with ALKS inhibitors (Fig. 6.9). All ALKS inhibitors suppress transcription of Col4¢c1, supporting

the hypothesis that ALKS5-dependent signaling is mediating this change in phenotype (Fig. 6.31).

6.2.3 Non-canonical TGF-f signaling pathways do not govern NKCC2 expression
ALKS activation governs several canonical and non-canonical signaling pathways (Fig. 6.4A). SB431542

and metformin lead to additive suppression of Akt and Extracellular signal-regulated kinases (ERK) 1/2, as

64



>

1.5

1.0

Fold-change

0.5

0.0

n

-
N A OO ® O
© O ©o o o

Transport Rate
(ul-cm2-day")

ACTIN

-----'----d----

Figure 6.3: ALKS5 governs NKCC2 expression. A. RNA expression of ALK4, B. ALK5 (TGF-f receptor I),
C. ALK7, D. Collagen 4 alpha chain 1 (Col4¢1), and E. Snaill (Snail). F. Apicobasal volume transport. G.
RNA expression of NKCC2. H. Protein expression of NKCC2 and f-actin. I. RNA expression of Col41.
Data are mean £ SEM.*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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shown by the decrease in phosphorylation of each protein with treatment (Fig. 6.4B). Total P70S6K expression
increases with treatments, though P70S6K phosphorylation does not significantly change for any treatment.
There is a reduction in total TGF-activated kinase 1 (TAK1) expression with SB431542 and combination
treatment. To determine if inhibition of non-canonical TGF-f signaling pathways can recapitulate the effects
of SB431542 on NKCC?2 expression, we test several non-canonical TGF-f inhibitors, including the PI3K
inhibitor LY294002, the Mechanistic target of Rapamycin (mTOR) inhibitor Rapamycin, the p38 Mitogen-
activated protein kinase (MAPK) inhibitor SB203580, TAK1 inhibitor Takinib, and the Mitogen-activated
protein kinase kinase (MEK)1/2 inhibitor Trametinib. As shown in Chapter 5, we have previously demonstrated
that inhibition of non-canonical TGF-f signaling pathways do not increase apicobasal fluid transport. Here,
we find that none of the non-canonical inhibitors significantly increased NKCC2 mRNA or protein expression

(Fig. 6.4C-D), nor do they alter the expression of fibrotic marker Col4o1 (Fig. 6.4E).

6.2.4 Canonical Smad-dependent TGF-f signaling governs NKCC2 transcription

Modulation of non-canonical TGF- pathways does not alter NKCC2 expression, so we next investigate
whether modulation of canonical Smad-transduced TGF-f signaling will alter NKCC2 expression. First, we
determine whether SB431542 has any effect on Smad activity. SB431542 suppresses Smad2 and Smad3
activity, as shown by reductions in Smad2 and Smad3 protein phosphorylation (Fig. 6.5A). There is no
significant change in Smad4 protein expression. We next test Smad3 inhibitor SIS3 to determine if Smad3
inhibition is sufficient to recapitulate the effects of SB431542 on NKCC?2 expression. Smad2 and Smad4 are
not tested in this manner, because to the best of our knowledge there are currently no known direct inhibitors
of Smad2 or Smad4. SIS3 increases NKCC?2 transcription (Fig. 6.5B) and decreases both Col4¢1 and Snail
transcription (Fig. 6.5C-D), suggesting that SB431542 is alleviating Smad3-dependent repression of NKCC2

transcription.

6.2.5 Smad/Snaill signaling axis governs NKCC2 expression

Smads have weak DNA binding affinity, so Smad complexes interact with a wide variety of DNA-binding
proteins to cooperatively regulate the expression of target genes. Snaill is a target of canonical Smad-dependent
TGF-f signaling that is directly upregulated by the Smads (Medici et al., 2011; Yu et al., 2015a). Snaill is
itself a transcription factor involved in epithelial-mesenchymal transition that drives renal fibrosis and can be
targeted to reverse established disease (Kaufhold and Bonavida, 2014; Grande et al., 2015). To investigate
whether Snaill may be an intermediary in the TGF-f induced repression of NKCC2, we perform an in silico
analysis to determine the number of Smad2, Smad3, and Snaill binding sites present in the NKCC2 promoter

(Table 6.1). Smad?2 has 12 binding sites on the NKCC2 promoter, while Smad3 has 3, and Snaill has 15. This
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Figure 6.4: Non-canonical TGF-f signaling does not govern NKCC2 expression. A.. Diagram of
non-canonical TGF-f3 pathways and small molecule inhibitors. B. Protein analysis of non-canonical TGF-f3
pathway activation. C. mRNA expression of NKCC2 in the presence of non-canonical TGF-f inhibitors.
D. Protein analysis of NKCC2 expression in the presence of non-canonical TGF-f inhibitors. E. mRNA
expression of Col4a1 in the presence of non-canonical TGF-f inhibitors. Data are mean + SEM.*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

67



A. cTrRL MET SB43  M+SB43

[0 90 # == == == s == W8 = w = | SMAD2
(B | P-SMAD2

(=EFEEEEEE EEESMADS

" |P-SMAD3

EEriri i EEET Y | sMAD4

[ = = o o o = - - o= | ACTIN

B. nkecz  C. coMal D, Snail1

ok
*

®
N
3

o

N
O O A 2NN

o o » o w

Relative mRNA expression
S
Relative mRNA expression

o

Figure 6.5: Canonical Smad-dependent TGF-f signaling governs NKCC2 transcription. A. Protein
analysis of canonical TGF-f signaling intermediates. B. Effect of Smad inhibition on mRNA expression of
NKCC2, C. Col4a1, and D. Snaill. Data are mean £ SEM.*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

suggests that the Smads may be acting on NKCC2 directly or through their downstream target Snaill.

Next, we construct knockout (KO) models of Smad2, Smad3, Smad4, and Snaill, respectively, to determine
if the inactivation of these genes can modulate NKCC2 expression. CRISPR-Cas9 targeting causes significant
decreases in mRNA and protein expression in each of the targeted genes (Fig. 6.6A-D,F). NKCC2 mRNA
expression, however, significantly increases with only Smad2 and Smad4 KO (Fig. 6.6E). Protein expression of
NKCC2, however, is increased with only Smad2 KO (Fig. 6.6G). PiggyBac transposons are then used to induce
overexpression of Smad2, Smad3, Smad4, and Snaill in each of their knockout models, respectively. Rescue
of Smad2, Smad3, Smad4, and Snaill significantly increase the mRNA expression of each gene (Fig. 6.6H-K).
Smad?2 and Smad4 rescue causes increases in Smad2 and Smad4 protein expression, while Smad3 rescues
causes increases in Smad2, Smad3, and Smad4 protein expression, and Snaill rescues causes increases in
Snaill protein expression (Fig. 6.6M). Although NKCC2 mRNA expression does not significantly change in
any overexpression group (Fig. 6.6L), NKCC2 protein expression significantly decreases in Smad2, Smad3,
Smad4, and Snaill rescue groups (Fig. 6.6M), supporting the hypothesis that the Smad/Snaill signaling axis

suppresses NKCC2 expression in renal tubule epithelial cells.

6.2.6 Smad/Snaill signaling axis suppresses HNF-1a
Negative regulation of transcription cannot fully explain what induces positive expression of a certain gene.

Therefore, we next investigate whether the Smads are repressing HNF-1¢, a known transcriptional activator of
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Figure 6.6: The Smad/Snaill axis governs NKCC2 expression. A. mRNA expression of Smad2 CRISPR
knockout (KO), B. Smad3 CRISPR KO, C. Smad4 CRISPR KO, D. Snaill CRISPR KO, and E. NKCC2
KO cells. F. Protein expression analysis of Smad2/3/4 and Snaill KO cells. G.
mRNA expression of Smad2 PiggyBac (Pb) overexpression, H. Smad3 Pb overexpression, I. Smad4 Pb
overexpression, J. Snaill Pb overexpression, and K. NKCC2 in Smad2/3/4 and Snaill Pb overexpression cells.
L. Protein expression analysis of Smad2/3/4 and Snaill KO cells. Data are mean + SEM.*p<0.05, **p<0.01,
*¥**p<0.001, ¥***p<0.0001.

69



TK-hRIuc activity (A.U.)
o = b s
(5] o
Relative mRNA expression

HNF1a-promoter-Luc2/ >
- N
o o
i
w

o
o

C  S2o S3ko S4koSNAlko C  S2o S3ko S4koSNAlko

C. ool S%o  S3o  S4o  SNAko

D 15 Hokk E.
Fkk S
335 o 2
35
<
2310 g
s2 3
£ = <
2 3 %
2
&g 05 e
L < 2
£K 2
0.0
C S2z S3y S4z SNAIR C 82z S3g S4g SNAIg
F. cono S22 S3x  S4g  SNAk
|_ R ———— _._.....|HNF1A

|—-—--————-|ACTIN

Figure 6.7: The Smad/Snaill signaling axis suppresses HNF-1a A. Luciferase HNF-1¢ promoter activation
assay in Smad2/3/4 and Snaill KO cells. B. mRNA expression of HNF-1a in Smad2/3/4 and Snaill KO cells.
C. Protein expression of HNF-1a and loading control f3-actin in Smad2/3/4 and Snaill KO cells. D. Luciferase
HNF1a promoter activation assay of Smad2/3/4 and Snaill overexpression cells. E. mRNA expression
of HNF-1a in Smad2/3/4 and Snaill overexpression cells. F. Protein expression of HNF-1 and loading
control -actin in Smad2/3/4 and Snaill overexpression cells. Data are mean = SEM.*p<0.05, **p<0.01,
*¥#%p<0.001, ¥***p<0.0001.

NKCC?2. First, we perform an in silico analysis to assess the number of Smad2, Smad3, and Snaill binding
sites present in the HNF-1o promoter (Table 6.1). We also verify the number of HNF-1o binding sites
present in the NKCC2 promoter (Table 6.1). To determine if Smad2, Smad3, Smad4, and Snaill KO and
overexpression alters the activation of the HNF-1o promoter, we perform a luciferase reporter assay on the
HNF-10o promoter. Smad4 KO increases HNF-1o promoter activity (Fig. 6.7A), while Smad2, Smad3, and
Smad4 rescue decreases HNF-1o promoter activity (Fig. 6.7B). Next, we assess whether Smad2, Smad3,
Smad4, and Snaill KO and overexpression changes mRNA expression of HNF-1a. (Fig. 6.7C-D). Protein
expression significantly increases with Smad2, Smad3, Smad4, and Snaill KO, confirming luciferase assay
results (Fig. 6.7E-F). While HNF-1a mRNA expression does not significantly change with Smad2, Smad3,

Smad4, and Snaill KO, HNF-1« protein expression decreases for all groups.
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Figure 6.8: HNF-10 governs NKCC2 expression. A. HNF-1a and NKCC2 mRNA expression in HNF-1o
CRISPR knockout (KO) cells B. Western blot protein expression analysis of HNF-1¢, NKCC2, and loading
control B-actin in HNF-1a CRISPR KO cells. C. Protein densitometry analysis of data in panel B. D. HNF-1¢
and NKCC2 mRNA expression in HNF-1a PiggyBac (Pb) overexpression cells. E. Western blot protein
expression analysis of HNF-1a, NKCC2, and loading control $-actin in HNF-1¢ Pb overexpression cells. D.
Protein densitometry analysis of data in panel E. Data are mean + SEM.*p<0.05, **p<0.01, ***p<0.001,
*#%%p<0.0001.

6.2.7 HNF-1a governs NKCC2 expression

To determine if modulation of HNF-1« is sufficient to change NKCC2 expression, we construct a HNF-1¢
KO and overexpression models. First, we perform a luciferase reporter assay to verify that HNF-1a KO and
overexpression alter NKCC2 promoter activation (Fig. 6.10. NKCC?2 activity is significantly reduced with
HNF-1¢, increased with HNF-1o overexpression. HNF-1a KO causes a significant reduction in HNF-1¢
mRNA and protein expression (Fig. 6.8A-B), while HNF-1a overexpression causes a significant increase
in HNF-1a mRNA and protein expression (Fig. 6.8D-E). Although HNF-1¢ KO does not significant alter
NKCC2 mRNA expression, HNF-1o overexpression significantly increases NKCC2 mRNA (Fig.6.8A,D).
NKCC?2 protein expression follows the same trend (Fig. 6.8E-F). Lastly, we perform a luciferase assay to
determine if modulation of HNF-1a is sufficient to change activation of the NKCC2 promoter. HNF-1a KO
significantly reduces the activity of the NKCC2 promoter while HNF-1a overexpression increases the activity

of the NKCC2 promoter (Fig. 6.8E).

6.3 Discussion

Native renal epithelia are characterized by an elaborate array of sodium transporters which enable the orches-
trated reabsorption and secretion of a diverse array of ions whilst maintaining normal cellular homeostasis.
Understanding the intricacies of how these transporters are regulated will enable the development of in
vitro culture conditions that enable cells to phenocopy their in vivo counterparts for use in the bioartificial

kidney. We found that small molecule TGF-f3 inhibitor SB431542 increased NKCC2 expression and habitable
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apicobasal fluid transport (Fig. 6.2). Further, this effect was increased with the addition of metformin. NKCC2
is primarily found in the thick ascending limb (TAL) of the loop of Henle. TAL cells perform approximately
30% of tubular water reabsorption making them an appealing cell type in the implementation of a bioartificial
kidney (Ares et al., 2011).

The biological effects of TGF-f family members are highly context-dependent, responses may differ
across tissue types, local environments, and stages of disease progression. TGF-f3 suppresses epithelial cell
tumorigenesis at early stages and activates cytostatic and cell death processes that maintain homeostasis in
mature tissues. The TGF-f signaling cascade is initiated when the TGF-f1 ligand is released from the TGF-f3
latency complex in the extracellular matrix and binds with one of its type II receptors, ALK4, ALKS or
ALK7. mRNA expression of ALKS significantly decreased with metformin, SB431542, and combination
treatment, while mRNA expression of ALK4 and ALK7 remained unchanged (Fig. 6.3A-C). Metformin,
SB431542, and combination treatment all significantly suppressed the transcription of Col4¢1 and Snail
(Fig. 6.3D-E). Administration of specific ALKS inhibitors was sufficient to increase NKCC2 mRNA and
protein level expression, in addition to apicobasal fluid transport (Fig. 6.3F-H). All ALKS inhibitors suppressed
transcription of Col4a 1 (Fig. 6.31). ALK4 and ALK7 do not appear to be significantly involved in governing
NKCC?2 expression. ALKS5 initiates the canonical TGF-f signaling cascade when bound to the TGFfI ligand.
ALK4 primarily initiates the activin signaling pathway while ALK7 primarily initiates the nodal signaling
pathway. Both activin and nodal, when activated, however, recruit and phosphorylate the r-Smads, Smad2 and
Smad3. While we did not genetically suppress the expression of ALK4 and ALK?7 to isolate these responses,
the corresponding data suggests that ALK5-dependent signaling is governing the effect of TGF- inhibition
on NKCC2 expression.

TGF- initiates numerous signaling pathways involved in cell growth and tissue homeostasis (Fig. 6.4A).
Metformin and SB431542 suppress phosphorylation of non-canonical TGF-f signaling pathways, including
Akt, ERK, and P70S6K, and reduce expression of TAK1 (Fig. 6.4B), yet inhibition of these pathways using
small molecule inhibitors, does not alter NKCC2 mRNA or protein expression (Fig. 6.4C-D). Interestingly,
none of the inhibitors significantly altered Col4 1 transcription. These data suggest that non-canonical TGF-f3
signaling pathways are not involved in the mechanism by which SB431542 increases NKCC2 expression.

Smad?2 and Smad3 are the primary regulators of canonical Smad-dependent TGF-f3 signaling. SB431542
reduces phosphorylation of Smad2 (Fig. 6.5A). SIS3-induced Smad3 inhibition is sufficient to increase NKCC2
transcription (Fig. 6.5B) and decrease Col4 a1 transcription (Fig. 6.5C). SIS3, however, does not significantly
alter Snaill mRNA expression (Fig. 6.5D). We generated Smad2, Smad3, Smad4, and Snaill KO and rescue
models to elucidate the role of each protein in governing the effect of TGF-f3 inhibition on NKCC2 expression.

It is still unclear what exactly controls the DNA-binding specificity of different types of Smad complexes in
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vivo. Smads have weak DNA binding affinity, so Smad complexes interact with a wide variety of DNA-binding
proteins to cooperatively regulate the expression of target genes. A single Smad-binding element is not
sufficient to bind an activated Smad complex, rather, Smad recruitment to DNA usually requires additional TF.
Smad4 KO increased HNF-10o promoter activity (Fig. 6.7A), while Smad2 and Smad3 KO had no significant
effect on HNF-1 promoter activity. This may be because Smad4, as the common Smad, has a role in
transducing both Smad2 and Smad3 activity. Knockout of a singular r-Smad (e.g. Smad2 or Smad3) may
not be sufficient to alleviate endogenous HNF-1a repression of its counterpart. Smad2, Smad3, and Smad4
overexpression reduced HNF-1a promoter activity (Fig. 6.7B), demonstrating that all three Smads repress
HNF-1¢ activation. Smads function predominantly via chromatin remodeling. Activated Smad complexes
show no transcriptional activity on naked DNA templates, but the same Smad complexes efficiently activated
transcription from chromatin templates (Ross et al., 2006). Smad2 and Smad3 demonstrate differential
transcriptional activity due to their nonoverlapped target gene binding specificity (Liu et al., 2016), which
may explain why SIS3-induced Smad3 inhibition did not suppress Snaill transcription (Fig. 6.3D), but Smad2
overexpression increased Snaill protein expression (Fig. 6.7) The short DNA-binding site may be the key to
the Smads’ versatility since it allows the Smads to derive specificity primarily from the interacting factors (e.g.
transcription factors, coactivators, and corepressors), rather than from the nucleotide sequence per se. TF can
actively recruit Smads to DNA and can also bind adjacent to repeated Smad binding elements and synergize
with the Smads to activate transcription.

Interventions on Snaill expression did not affect HNF-1a promoter activity, although Snaill KO and rescue
both changed NKCC?2 protein expression (Fig. 6.7, Fig. 6.6). Comparison between the two aforementioned
figures suggests that Snaill is governing NKCC2 expression independently of HNF-1¢. Snaill can directly
bind the NKCC2 promoter sequence or may be interacting with other TF to modulate NKCC2 expression.
Smad2, Smad3, and Smad4 overexpression were not sufficient to drive increased Snaill protein expression in
our model (Fig. 6.6L).

Hereafter, we discuss at length the clinical relevance of interactions between TGF-f, HNF-1a, and
NKCC2. NKCC2 is encoded by 27 exons in the SLC12A1 gene. The human NKCC2 gene promoter contains
consensus binding sites for various transcription factors (TF) (Igarashi et al., 1996). Nuclear run-off assays
have demonstrated that kidney-specific expression of NKCC2 is due to interactions between kidney-enriched
TF and regulatory elements in the 5’-flanked region of the SLC12A1 gene (Markadieu and Delpire, 2014). In a
mouse model of renal organogenesis, expression of HNF-1o immediately precedes the expression of NKCC2
(Lazzaro et al., 1992). Deletion of a 280-bp segment of the NKCC2 promoter containing the putative HNF-1¢
binding site led to a 76% reduction in promoter activity (Igarashi et al., 1996). HNF-1a dysregulation in

renal tubule epithelial cells is associated with various pathologies. HNF-1o mutations cause an autosomal
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dominant form of diabetes mellitus (MODY?3), renal dysplasia, and tubular dysfunction (Yamagata et al.,
1996). Dysregulation of HNF-regulated genes is an integral part of the clear cell renal carcinoma and papillary
renal cell carcinoma transcriptomes (Lindgren et al., 2017).

Evidence is emerging of cross-regulation between the TGF-f and HNF-1¢ signaling pathways. TGF-f8
causes transcriptional downregulation of HNF-1¢ within three hours of treatment, and of HNF-1q target
genes within three to six hours of treatment (Bisceglia et al., 2019). Downregulation of HNF-1q target genes
occurs before there is a significant change in HNF-1a protein expression, suggesting that TGF-f causes
functional inactivation of HNF-1a before its transcriptional downregulation. HNF-1a knockdown is known
to activate Akt and its downstream target mTOR in pancreatic cancer cells (Luo et al., 2015). In the liver,
Akt2 phosphorylates and inhibits HNF-1¢, thus relieving the suppression of hepatic PPARy expression and

promoting tumorigenesis (Patitucci et al., 2017).

6.4 Conclusion

In this chapter, we demonstrate that TGF-f signaling suppresses NKCC?2 transcription through the Smad/Snail
signaling axis and by repressing transcription factor Hepatic Nuclear Factor 1o0 (HNF-1¢). Genetic knockout
of Smad2 increases protein expression of NKCC2, while genetic rescue of Smad2, Smad3, and Smad4 and
Snaill suppress NKCC2 protein expression. Independently, constituent HNF1 ¢ overexpression is sufficient to
increase NKCC?2 expression. Increased understanding of the interactions of these pathways provides relevant
information for the development of cultured renal tubule epithelial cells with greater functional fidelity. This

study also reveals new pharmacological and genetic targets that may be targeted for the treatment of CKD.

6.5 Materials and methods

6.5.1 Cell culture

Primary human renal tubule epithelial cells (HREC) were obtained from Innovative Biotherapies (Ann Arbor,
MI). Cells were maintained in a 1:1 ratio of glucose-free DMEM/F12 media supplemented with 5.5mM
glucose. Cells were seeded on polycarbonate Transwell inserts (Corning, Corning, NY) at a density of
100,000 cells cm-2 and left overnight to facilitate cell attachment. After 24 hours, cells were moved to an
orbital shaker to simulate physiological shear stress (2 dyne cm~2). After two weeks in culture, cells were
supplemented apically with AMPK activator metformin (200uM), TGF-f receptor I inhibitor SB431542
(10uM), or a combination of both. Control cells were treated with DMSO vehicle control (1u1/ml). For ALKS
inhibition experiments, cells were treated apically with A7701 (0.5um), LY3200882 (Sum), RepSox (1um),
or SB525334 (1um). For non-canonical inhibition experiments, cells were treated apically with LY294002

(1uM), Rapamycin (40nM), SB203580 (1uM), Takinib (2nM), or Trametinib (2nM). Cells were cultured with
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treatments for four weeks prior to staining and RNA and protein harvest.

6.5.2 Apicobasal transport

HREC were cultured on Transwell inserts as described above. After four weeks of treatment, cultures were
aspirated and changed to fresh media. 24 hours later, apical media was aspirated and weighed. Three blank
wells with the porous membrane occluded with epoxy were used as an evaporative control. Volume transport
was assessed by determining the differences between initial volumes and final volumes, as estimated by weight,

and correcting for evaporation.

6.5.3 RNA preparation and cDNA synthesis
Total RNAs were extracted with RNeasy kit (Qiagen, Valencia, CA) according to manufacturer’s protocol
and single-strand cDNA was synthesized using a high-capacity cDNA reverse transcription kit (Applied

Biosystems, Carlsbad, CA).

6.5.4 Quantitative RT-PCR

Quantitative real-time polymerase chain reaction (RT-PCR) was used to assess RNA transcription. Primers
were selected from the Harvard-Massachusetts General Hospital Primerbank and purchased from Sigma-
Aldrich (St. Louis, MO) or designed using PrimerBLAST (NCBI, Bethesda, MD). RT-PCR was performed
using Sso7d fusion protein polymerase (Bio-Rad Laboratories, Hercules, CA) using a Bio-Rad CFX96. RNA

expression levels were normalized to the expression of the housekeeping gene GAPDH.

6.5.5 Immunoblotting

Cells were rinsed once with PBS and lysed in ice-cold lysis buffer (PBS containing 0.05% SDS, protease
inhibitor, and phosphatase inhibitor). Cells were then scraped, collected, and sheared with a syringe. Total
protein concentration was determined using bicinchoninic acid assay (Pierce Biotechnology, Waltham, MA).
Protein lysates were separated on 4-20% precast linear gradient gels (Invitrogen). Blots were then transferred
onto nitrocellulose membranes (Bio-Rad). Membranes were incubated overnight at 4°C with primary antibody
diluted in 5% BSA (wt/vol) in TBST and detected using the appropriate near infrared (NIR) secondary antibody.
Products were visualized by NIR fluorescence on an Odyssey CLx (LI-COR, Lincoln, NE). Band intensities
were measured and normalized to loading using beta-actin using ImageStudio (LI-COR). For each protein
target, the mean density of the control sample bands was assigned the arbitrary value of 1 with all individual

densitometries being expressed relative to this mean.

75



6.5.6 Immunofluorescence imaging

Cells were washed three times with ice-cold PBS then fixed with 4% paraformaldehyde on ice for 20 minutes.
Cells were washed three times with PBS then permeabilized with 0.1% Triton X-100 and rinsed with PBS.
Cells were then blocked with 5% goat serum in PBS/BSA for 1 hour. Cells were then incubated for 1 hour
with primary antibody at 1:200 dilution. Cells were washed three times with PBS, then incubated for 1 hour at
room temperature with the fluor-conjugated secondary antibody at 1:10,000 dilution. Cells were then washed
overnight with PBS. Polycarbonate membranes were then cut from the Transwell supports and mounted face
up on glass slides with mounting media with DAPI (SouthernBiotech, Birmingham, AL). Cells were imaged

using a Zeiss LSM710 confocal microscope with ZEN Black software (Carl Zeiss AG, Oberkochen, Germany).

6.5.7 Insilico promoter analysis
Promoters for each gene were located using UCSC Genome Browser. Promoter sequences were scanned for

putative binding sites using Jaspar (Castro-Mondragon et al., 2022).

6.5.8 Plasmid preparation

Competent E. coli were obtained from VectorBuilder (Chicago, IL). Single colonies were isolated by streaking
E. coli on LB-agar plates supplemented with 1004tg/ml ampicillin. Individual colonies were used to inoculate
LB broth supplemented with 100g/ml ampicillin and shaken at 200rpm overnight at 37C. The following day,
plasmids were isolated using a GenElute Maxi Prep kit (Sigma) according to the manufacturer’s instructions.

Plasmid concentrations were quantified using a NanoDrop.One (Thermo-Fisher).

6.5.9 Gene knockdown and rescue

HEK?293 (ATCC, Manassas, VA) were plated at a density of 5x105 in 6-well (35mm) plates to achieve 60-70%
confluence the following day. For CRISPR experiments, cells were co-transfected with CRISPR sgRNA
with PiggyBac (Pb) hygromycin resistance and eGFP vectors and the m7pB hyperactive Pb transposase.
Cells were co-transfected with 2.5ug total of donor vector and helper vector plasmids at a 3:1 ratio. For
control transfection, cells were transfected with a scramble sequence. 48 hours post-transfection, cells were
supplemented with 200ug/mL hygromycin. Hygromycin selection pressure was maintained for one week.
Cells were passaged once then harvested for RNA and protein analysis. CRISPR knockout cells were then
transfected with Pb rescue plasmids encoding an overexpression cassette for the gene of interest, a puromycin
resistance cassette and an mCherry expression cassette. 48 hours post-transfection, cells were supplemented
with 1ug/mL puromycin. Puromycin selection pressure was maintained for one week. Cells were passaged

once then harvested for RNA and protein analysis.
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6.5.10 Luciferase promoter activation

DNA promoter primers were designed using NEBuilder Assembly Tool (NEB) and synthesized by Sigma.
Genomic DNA was harvested using a DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s
instructions. Promoter sequences were replicated by PCR using Q5 High-Fidelity 2X Master Mix (NEB)
according to the manufacturer’s instructions. Promoter sequences were then ligated to an empty firefly
Luciferase pGL4.10 (Luc2) vector (Promega) using Blunt/TA Ligase Master Mix (NEB) according to the
manufacturer’s instructions. Previously transfected HEK293 gene knockout and rescue cells were then
co-transfected with the ligated pGL4.10 vectors and a pGL4.74(hRIuc-TK) renilla Luciferase vector with
Lipofectamine LTX Plus according to the manufacturer’s instructions. Cells were harvested 96 hours post-
transfection and luminescence was measured using a Dual-Luciferase Reporter Assay (Promega). Experimental

Luc?2 luminescence was normalized to ~ARIuc luminescence to account for transfection efficiency.

6.5.11 Quantification and statistical analysis

All results are expressed at mean = SEM of a minimum of three independent experiments. For comparison
between two groups, statistical analysis was performed with a Student’s t-test using Prism 9 (GraphPad, San
Diego, CA). For comparison between three or more groups, statistical analysis was performed with one-way
ANOVA using Prism 9. Significance was accepted at a level of p<0.05. At least three samples per group were

used for statistically meaningful interpretation of results.
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6.6 Appendix
Supplementary material is deferred to the following section. Section 6.6.1 provides further informative tables

and Section 6.6.2 provide further supplemental figures.

6.6.1 Supplemental tables

Table 6.1 presents the results of the in silico transcription factor binding analysis. Table 6.2 presents the
primers used to RT-PCR. Table 6.3 presents the primary antibodies used for immunoblotting and immunoflu-
orescent staining. Table 6.4 presents the guide RNA sequences used for CRISPR-Cas9 knockout studies.
Table 6.5 presents the primer sequences used to replicate the DNA promoter sequences for the luciferase

reporter assays.

Table 6.1: Putative transcription factor binding site analysis.

Number of binding sites

B Smad2 Smad3 Snaill HNF-la

‘g Snaill 11 2 11 6

¢ HNF-lo 15 3 13 3

A NKCC2 12 2 15 6

Table 6.2: RT-PCR primers.

Target Forward (5’ to 3°) Reverse (5’ to 3°)
ALK4 CCGGGAAGCCCTTCTACTG CTCAAGTCGATCCTGTTGCAG
ALKS5 (TBR1) ACGGCGTTACAGTGTTTCTG GCACATACAAACGGCCTATCTC
ALK7 TGAACAGGGCTCCTTATATGACT GTGTGCCAGACCACTAGCAA
Col4al GGGATGCTGTTGAAAGGTGAA GGTGGTCCGGTAAATCCTGG
GAPDH AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA
HNF-1a AACACCTCAACAAGGGCACTC CCCCACTTGAAACGGTTCCT
NKCC2 GCCAGTTTTCACGCTTATGATTC CTATCTTGGGAACGGCATCCA
Smad2 CCGACACACCGAGATCCTAAC GAGGTGGCGTTTCTGGAATATAA
Smad3 TGGACGCAGGTTCTCCAAAC CCGGCTCGCAGTAGGTAAC
Smad4 CTCATGTGATCTATGCCCGTC AGGTGATACAACTCGTTCGTAGT
Snaill TCGGAAGCCTAACTACAGCGA AGATGAGCATTGGCAGCGAG
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Table 6.3: Primary antibodies used for immunoblotting and immunofluorescence imaging.

Target Manufacturer Catalog number
Akt (total) Cell Signaling 4685S
Beta-Actin Santa Cruz Biotechnologies sc-47778
ERK1/2 Cell Signaling 91028
HNF-1o Cell Signaling 89670S
NKCC2 ProteinTech Group 18970-1-AP
P70S6K Cell Signaling 2708S
Phospho-Akt Cell Signaling 4060s
Phospho-AMPK Cell Signaling 25358
Phospho-ERK1/2 Cell Signaling 9101S
Phospho-P70S6K Cell Signaling 9204S
Phospho-Smad?2 Cell Signaling 18338S
Phospho-Smad3 Cell Signaling 95208
Smad?2 (total) Cell Signaling 5339S
Smad3 (total) Cell Signaling 95238
Smad4 ProteinTech Group 10231-1-AP
Snaill ProteinTech Group 13099-1-AP
TAK1 Cell Signaling 4505S
70-1 Invitrogen 33-9100
Table 6.4: CRISPR guide RNA (gRNA) design.
Name Guide sequence (5’ to 3°) Strand Target location
Scramble GTGTAGTTCGACCATTCGTG - -
Smad?2 TATATTGCCGATTATGGCGC Coding  61811-61830
Smad3 GGAATGTCTCCCCGACGCGC Template 115679-115698
Smad4 TCTGTCGATGCACGATTACT  Template 24670-24689
Snaill AGTTGAAGGCCTTTCGAGCC Template 1210-1229
HNF-low TCGCTGCTTGCGGACGTACC Template 11211-11230
Table 6.5: DNA PCR primer design for promoter sequences.
Name Sequence (5’ to 3°) Length
Snail-promoter-fwd TCAACAAGCTAAAGAAAAT 77
AAAATCACATGACCGTATC
AATAGATGCAGAAAACGAA
TTTGGCAAAATCCAACATTC
Snail-promoter-rev CCCCCGCCTCCTCCCGCG 18
HNF-1o-promoter-fwd CTGGCTTGCCTTCAGTCATTTG 22
HNF-1a-promoter-rev AAGCTGAGGCAGAGAGTG 18
NKCC2-promoter-fwd TAATCAACAATGAATTAT 66
TTTTATTATTAAAAGTATATGGTAAT
CAACTCAAGGTTTATGTATTGG
NKCC2-promoter-rev GAAGCAGCAGCCGCAGCA 18
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6.6.2 Supplemental figures
Figure 6.9 presents NKCC2 immunofluorescent staining in HREC treated with ALK5 (TSRI) inhibitors

AT7701, LY3200882, RepSox, and SB525334. Figure 6.10 presents luciferase reporter assays conducted on

HNF-1a knockout and over expression models that probe activation of the NKCC2 promoter.

CTRL A7701 LY3200882
20 ym 20 ym

DAPI NKCC2

REPSOX SB525334
20 um 20 um

Figure 6.9: NKCC2 staining increases with ALKS inhibition.
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Figure 6.10: HNF-1c governs activation of the NKCC2 promoter.



CHAPTER 7

Conclusions & future directions

7.1 Conclusions

Chronic kidney disease is a major cause of death worldwide, yet the mechanisms underlying its development
are still not fully understood. Metabolic dysregulation and fibrosis of the renal parenchyma are increasingly
appreciated to be both causes and consequences of CKD that contribute to renal tubule epithelial cell dediffer-
entiation and loss of function. This dissertation is devoted to the study of the mechanisms underlying these
phenomena. The contributions presented in this dissertation are the following:

First, we studied whether modulation of the TGF-f3 signaling pathway is sufficient to enhance differen-
tiation in renal proximal tubule epithelial cells. We found that inhibition of the canonical TGF-f signaling
pathway is sufficient to induce multiple specific differentiation functions characteristic of a healthy proximal
tubule cell, even with prolonged (more than approximately 40 weeks) culture. Differentiated cells performed
sodium reabsorption, para-amino hippurate excretion, and glucose uptake. The specificity of each response
was demonstrated using inhibitors of each transport protein.

In the second part of this dissertation, we studied the mechanisms by which AMPK and TGF-f coop-
eratively govern renal tubule epithelial cell glycolytic and oxidative metabolism. Metabolic dysregulation
is a critical feature of renal tubule cell dedifferentiation in vitro, that limits the functional fidelity of these
cells. We observed that AMPK activation and TGF-f inhibition synergistically increase the expression and
activity of human renal tubule cell glycolytic and mitochondrial metabolic machinery. AMPK activator
metformin increased glycolysis and reduced electron transport chain glucose dependency, thus decreasing
coupling efficiency while increasing spare respiratory capacity. TGF-f inhibitor SB431542 reduced glycolysis
while increasing cell oxidative phosphorylation and electron transport chain fatty acid dependency. We found
that metformin and SB431542 ameliorate the metabolic dysregulation brought on by cell culture stress by
increasing the flux of glucose towards oxidative phosphorylation, suggesting that these two pathways may be
the key to reversing in vitro metabolic dysfunction of renal tubule cells.

In the third part of this dissertation, we explore the Smad/Snail/HNF1a signaling axis and its role in
governing NKCC2 expression. We find that genetic knockdown of Smad? is sufficient to increase NKCC2
protein expression in vitro, and rescue of Smad2, Smad3, Smad4, and Snaill are sufficient to suppress
this effect. The role of the Smad/Snail signaling axis in suppressing NKCC2 transcription factor HNF-

la is explored. Smad4 knockout was found to be sufficient to increase activity of the HNF-1oa promoter,
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while Smad2, Smad3, and Smad4 overexpression suppressed HNF-1¢ promoter activation. Finally, genetic
overexpression of HNF-1¢ was demonstrated to be sufficient to increase NKCC2 expression.

These contributions further advance the development of fully differentiated cultured renal tubule epithelial
cells suitable for use in the bioartificial kidney. They also provide insights that may be useful for developing
new therapeutic and genetic targets for the treatment of renal metabolic disorders, loop disorders, and chronic

kidney disease.

7.2 Concerns & limitations
In this section, concerns and limitations of the work depicted in this dissertation are addressed.

Posttranslational modifications of NKCC2. Posttranslational mechanisms of transporter regulation
include protein trafficking, phosphorylation and protein-protein interactions. In this manuscript it was not
explored in depth although, posttranslational mechanisms of NKCC?2 activation should be further explored.
In order to lay some background first, NKCC2 is a direct substrate of AMPK at Ser126. AMPK remains
an important regulator of NKCC2-mediated salt retention in the medullary thick ascending limb of the
loop of Henle. AMPK phosphorylation of NKCC2 may be further examined as a mechanism of NKCC2
activation. AMPK also indirectly modulates NKCC2 activity via the Renal outward medullary potassium
channel (ROMK). ROMK is a membrane protein that is required for NKCC2 function as it allows recirculation
of absorbed K™ ions. AMPK inhibits ROMK by down-regulating channel activity and membrane abundance.

With no lysine kinase 4 (WNK4) is another protein that modulates NKCC2 activity that can be further
explored. Non-canonical TGF-f intermediaries PI3K and Akt modulate the stability of WNK4 via Ketch-Like
family member 3 (KLHL3), regulates WNK protein degradation. Yoshizaki et al. (2015) have demonstrated
that Akt-mediated phosphorylation of KLHL3 reduces its interaction with WNK4, leading to sustained WNK4
expression. WNK4 may also contribute to a feedback loop between NKCC?2 activation and TGF-f signaling
because WNK4 binds and phosphorylates TGF-f3 signaling intermediates Smad2 and Smad3. Expanding on
the work shown in Chapter 6, TGF-f3 strongly effects posttranslational modification patterns on the HNF-1¢
protein, which may account for altered interactions of HNF-1a and its coactivator CBP/p300 in the presence
of TGF-f3.

Transcription factor DNA binding activity. To expand on Chapter 6, the DNA binding activity of
HNF-1a and the receptor-actived Smads (r-Smads), Smad2 and Smad3, can be further explored. Chromatin
immunoprecipitation or electrophoretic mobility shift assays may be used to assess the occupancy of HNF-1¢
binding sites in the NKCC2 promoter in the presence and absence of TGF-f inhibitors or genetic manipulations.
TGF-J has been found to override HNF-1a constitutive expression, so co-immunoprecipitation assays may

also be conducted to assess the protein-protein interactions of the r-Smads, HNF-1a, and CBP/p300.
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Transcription factors other than HNF-1, such as cAMP response element-binding protein (CREB),
may also be playing a role in the mechanisms by which AMPK and TGF-f modulate NKCC?2 expression
and activation. Mammalian NKCC2 promoters share a conserved 21bp CREB binding sequence. Two
overlapping CREB sites are also located very close to the TATA box in the human NKCC2 promoter. AMPK
phosphorylates the CREB activator CREB Regulated Transcription Coactivator 2 (CRTC2). TGF-f is known
to modulate CREB activity through Smad3, ERK1/2, and MAPK signaling. Similarly to HNF-1¢, CREB
requires additional regulatory partners, such as CBP/p300, for recruitment to target gene promoters. For this

reason, CREB may be suppressed by TGF-f sequestration of the CBP/p300 complex.

7.3 Future work

The work depicted in this manuscript invites further exploration of the interactions between cell signaling
pathways and metabolic reprogramming. These contributions should not considered as a dead end and can be
leveraged toward new directions. Hence, several points discussed in this dissertation can be further developed.
This section depicts some perspectives related to the problems tackled in this thesis.

Smad dependent fatty acid oxidation. As mentioned in Chapters 3 and 3, fatty acid $-oxidation is key
contributor to renal tubule ATP generation. In Chapter 5, TGF-f inhibition is demonstrated to increase fatty
acid oxidation dependency. While we demonstrate an increase in fatty acid oxidation machinery (e.g. CPT2,
ACOX2, FABP1, CD36), the specific mechanisms driving these changes in mRNA and protein expression
remain obscure. To further characterize the metabolic switch that occurs in renal tubule epithelial cells in vitro,
the role of the Smad proteins in mediating fatty acid oxidation must be elucidated. For example, one may
rely on models developed in Chapter 6 to perform RNA sequencing, proteomic, or respirometry experiments.
Differential suppression of the Smad proteins may uncover new insights that are overshadowed by the use of
off-target effects caused by small molecule inhibitors.

HNF-1o dependent metabolism. HNF-1q is a key regulator of numerous essential metabolic processes
in the adult kidney. The methodology used in Chapter 5 can be extended to further examine the role of HNF-1o
in governing renal tubule epithelial cell metabolism. HNF-1a regulates GO6P and GLUT?2 transcription, in
addition to transporters that impact amino acid metabolism, and sodium-dependent phosphate transporters
NPT1 and NPT4 (Hiraiwa et al., 2001; Pontoglio et al., 2000; Cheret et al., 2002). It is feasible that TGF-3
may be negatively regulating renal tubule cell metabolism through suppression of HNF-1¢.

HNF-1q is also known to interact with several non-canonical TGF-f signaling pathways, which could
alter tubule cell metabolic processes. HNF-1a knockdown activates Akt and its downstream target mTOR in
pancreatic cancer cells (Luo et al., 2015). In the liver, Akt2 phosphorylates and inhibits HNF-1 ¢, thus relieving

the suppression of hepatic PPAR-7y expression and promoting tumorigenesis (Patitucci et al., 2017). Further,
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HNF-10-null mice express a loss of renal membrane transporters of the SLC6A family which manifests as
increased proline and urine, and overexpression of aldosterone (Bonzo et al., 2010).

Role of inhibitory Smads. Chapter 6 explores the role of the receptor-activated Smads, Smad2 and
Smad3, and the common Smad, Smad4, in mediating the effect of TGF-f in governing the expression of
NKCC2, but the roles of the inhibitory Smads (i-Smads), Smad4 and Smad7, has yet to be explored. Building
on Chapter 6, Smad4 and Smad7 overexpression experiments may be conducted to determine if the i-Smads
are involved in the regulation of HNF-1a or NKCC2. Similarly, one may examine whether overexpression of
the i-Smads is sufficient to reverse cell glycolytic phenotype.

Role of micro-RNAs. Micro RNAs (miRs) are small noncoding RNAs that regulate gene expression
and renal tubule maturation through mRNA decay and translational repression. miR-192 and miR-194 are
highly expressed in the human kidney and are involved in renal fluid handling. Knockdown of miR-192 leads
to upregulation of Atplbl in mice (Mladinov et al., 2013). Microarray analysis of microdissected tubule
segments has determined that various tubule segments (e.g. glomerulus, proximal tubule, thick ascending limb)
are uniquely enriched for different miRNAs (Mladinov et al., 2013). Hence, miRNA may feasibly contribute
to the segment-specific enrichment of renal transporters. The role of miRs in mediating the effect of TGF-3
on NKCC?2 expression and protein activation is another avenue that can be further explored.

Several miRNA are known to potentiate the development of CKD and alter renal cell metabolic pro-
gramming. To illustrate, miR-21 promotes fibrosis of the kidney by silencing metabolic pathways (Chau
et al., 2012). One may investigate whether miR-21 is mediating the changes in renal metabolism observed in
Chapter 5. A second illustration is provided by miR-132 as it directly targets cyclooxygenase-2 (COX-2), an
enzyme involved hypertension and the metabolism of essential fatty acids van Zonneveld et al. (2020). The

direct link between cell respiration and transport phenotype may be explained by miR-132.
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CHAPTER 8

Appendix

8.1 Experimental protocols

Hereafter are detailed the experimental protocols utilized to reproduce experiments depicted in this dissertation.

8.1.1 Mitochondrial respiratory stress test

. One day prior to running the assay, hydrate a sensor cartridge with hydration buffer and incubate at 37C

in a non-CO, incubator

. Warm assay medium to 37C
. Adjust pH to 7.3 with 0.1N NaOH and sterile filter; Keep medium at 37C until ready to use

4. Prepare injection compounds by diluting stocks in pre-warmed media

¢ Oligomycin: Prepare 3mL of 16um working solution
¢ CCCP: Prepare 3mL of 108 um working solution
* Rotenone+Antimycin A: Prepare 3mL of SmM working solution

. Load prepared compounds into the hydrated sensor cartridge using an electronic pipette

e 25ul oligomycin in Port A (final concentration 21tM)
» 2511 CCCP in Port B (final concentration 12uM)
* 25ul Rotenone+Antimycin A in Port C (final concentration 0.5uM)

6. Return the loaded sensor cartridge to a 37C non-CO; incubator for one hour to degas

16.
17.

. Change media in the cell plate to the pH-adjusted, pre-warmed media using a plate washer. Ensure that

wells have a final volume of 175u1 of media

. Return the cell plate to a 37C non-CO; incubator for one hour to degas

. After one hour, run the assay using the saved assay template on the Seahorse XFe96
10.
11.
12.
13.
14.
15.

When the assay is completed, gently wash cells three times with 1X PBS using a multichannel pipette
Fix cells with 4% paraformaldehyde on ice for 20 minutes

Wash cells three times with 1X PBS

(Optional) Stain cells as desired for immunofluorescent analysis

Mount cells with VectaShield containing DAPI and let dry overnight

Image cells for DAPI (and other fluors as desired) using the ImageXpress Micro Confocal High-Content
Imaging System

Quantify staining (e.g. nuclear count) using MetaXpress

Normalize respiratory data by adding well-by-well nuclear count
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8.1.2 Glycolytic respiratory stress test

. One day prior to running the assay, hydrate a sensor cartridge with hydration buffer and incubate at 37C

in a non-CO, incubator

. Prepare glucose-free assay medium and warm to 37C
. Adjust pH to 7.3 with 0.1N NaOH and sterile filter; Keep medium at 37C until ready to use

4. Prepare injection compounds by diluting stocks in pre-warmed media

¢ Glucose: Prepare 3mL of 100mM working solution
* Oligomycin: Prepare 3mL 20um working solution
¢ 2-deoxy-D-glucose (2-DG): Prepare 3mL of 500mM working solution

. Load prepared compounds into the hydrated sensor cartridge using an electronic pipette

e 25ul glucose in Port A (final concentration 10mM)
e 25ul oligomycin in Port B (final concentration 2uM)
e 25u12-DG in Port C (final concentration 50mM)

6. Return the loaded sensor cartridge to a 37C non-CO; incubator for one hour to degas

16.
17.

. Change media in the cell plate to the pH-adjusted, pre-warmed media using a plate washer. Ensure that

wells have a final volume of 175ul of media

. Return the cell plate to a 37C non-CO, incubator for one hour to degas; cells will be glucose starved for

one hour prior to assay, so be sure to time the assay properly

. After one hour, run the assay using the saved assay template on the Seahorse XFe96
10.
11.
12.
13.
14.
15.

When the assay is completed, gently wash cells three times with 1X PBS using a multichannel pipette
Fix cells with 4% paraformaldehyde on ice for 20 minutes

Wash cells three times with 1X PBS

(Optional) Stain cells as desired for immunofluorescent analysis

Mount cells with VectaShield containing DAPI and let dry overnight

Image cells for DAPI (and other fluorophores as desired) using the ImageXpress Micro Confocal
High-Content Imaging System

Quantify staining (e.g. nuclear count) using MetaXpress

Normalize respiratory data by adding well-by-well nuclear count

86



8.1.3 Metabolic substrate dependency assay

. One day prior to running the assay, hydrate a sensor cartridge with hydration buffer and incubate at 37C

in a non-CO; incubator.

. Prepare glucose-free assay medium and warm to 37C.
. Adjust pH to 7.3 with 0.1N NaOH and sterile filter; Keep medium at 37C until ready to use.

4. Prepare injection compounds by diluting stocks in pre-warmed media.

10.
11.
12.
13.
14.
15.

16.
17.

e BPTES: Prepare 3mL of 100uM working solution.
» Etomoxir: Prepare 3mL 10mM working solution.
* UK5099: Prepare 3mL of 100uM working solution.

. Load prepared compounds into the hydrated sensor cartridge using an electronic pipette:

e Put 25uL inhibitor of the substrate of interest in Port A (e.g. BPTES to assess glutamine oxidation
dependency, etomoxir to assess fatty acid oxidation dependency, and UK5099 to assess glucose
oxidation dependency.

e Put 27u1 of the remaining inhibitors in Ports B and C, respectively.

. Return the loaded sensor cartridge to a 37C non-CO; incubator for one hour to degas.

. Change media in the cell plate to the pH-adjusted, pre-warmed media using a plate washer. Ensure that

wells have a final volume of 175ul of media.

. Return the cell plate to a 37C non-CO, incubator for one hour to degas; cells will be glucose starved for

one hour prior to assay, so be sure to time the assay properly.
After one hour, run the assay using the saved assay template on the Seahorse XFe96. Program the
software to:
(a) Acquire > five basal respiration measurements
(b) Inject the contents of Port A (target inhibitor).
(c) Acquire > five respiration measurements in the presence of inhibitor A.
(d) Inject the contents of Ports B and S (alternate substrates).
(e) Acquire > five respiration measurements in the presence of all three inhibitors.
When the assay is completed, gently wash cells three times with 1X PBS using a multichannel pipette.
Fix cells with 4% paraformaldehyde on ice for 20 minutes.
Wash cells three times with 1X PBS.
(Optional) Stain cells as desired for immunofluorescent analysis.
Mount cells with VectaShield containing DAPT and let dry overnight.
Image cells for DAPI (and other fluorophores as desired) using the ImageXpress Micro Confocal
High-Content Imaging System.
Quantify staining (e.g. nuclear count) using MetaXpress.

Normalize respiratory data by adding well-by-well nuclear count.
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8.1.4 Volume transport assay

Day prior to assay: determination of cell confluence

1.
2.

Prepare a 25X stock of sterile FITC-inulin by diluting 2.5mg in 1mL of sterile growth media
Dilute sterile FITC-inulin in sterile growth media (Add 20uL 25X stock for every 480 media for a
final concentration of 100 g/mL)
Change media on cells of interest:
e Add 500ul of FITC-inulin supplemented media to the apical compartment

¢ Add 1.5ml of FITC-inulin-free media in the basolateral compartment

4. Incubate at 37C in a 5% CO; for 24 hours

After 24 hours, collect 100uL samples from the apical and basolateral compartments of each transwell
in a 96-well plate

Measure the fluorescence of the samples using a microplate reader

Plot the fluorescence data to determine if cells are confluent; confluent cells will have very little
basolateral fluorescence; leaky cells will have fluorescence in the basolateral compartment and may

have reduced apical fluorescence due to the dilution of FITC

Prior to the assay

e Mass and number sterile microtubes (equal to the number of transwells to be examined)

* Prepare “’blanks” by occluding the membrane of a transwell with medical grade epoxy; let cure for at

least 96 hours prior to use in assay

* Sterilize "blanks” by soaking in 70% ethanol for 24 hours prior to assay

Day of the assay

1.

SANEAE ol S

Change media on cells of interest

* Distribute sterile "blanks” so there are at least three in each cell plate

* Aspirate media from cells

e Add 500uL of media to the apical compartments of all transwell inserts, including blanks”

e Add 1.5mL of media to the basolateral compartments of all transwell inserts, including ”blanks”
Incubate cells for 24 hours at 37C in 5% CO,
After 24 hours, collect apical and basolateral media of each transwell (separately) into sterile microtubes
Add fresh growth media to cells
Mass tubes containing apical and basolateral samples
Calculate mass transfer by finding the difference in apical mass after 24 hours accounting for evaporation,

surface area, and time
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8.1.5 Immunoblotting of primary cell cultures

Sample preparation
1. Prepare 1X cell lysis buffer:
e 1ml 10X cell lysis buffer (CellSignaling) + 9mL of dH,O
e 50uL 200mM phenylmethylsulfonyl fluoride (PMSF)
* 1 tablet phosphatase inhibitor (Roch)
¢ 100ul protease inhibitor 3 cocktail (Sigma)
Aspirate media from cells of interest
Gently wash cells with 1X PBS three times for two minutes
Harvest protein with 1X cell lysis buffer (200uL per well for a 6-well plate or ImL for a 60-mm dish)

Immediately transfer lysed samples to a labeled microtube on ice.

A i

Shear samples with a 21-27 gauge syringe 5-6 times to complete cell lysis, shear DNA, and reduce
sample viscosity

Centrifuge samples at 10,000rpm for 1 minute to collect debris

% =

. Transfer supernatant to new labeled tubes and discard the pellet

9. Store samples at -20C

Protein sample quantification
1. Measure sample protein concentration using Pierce BCA Kit

2. Calculate volumes needed for 10ug/lane for each sample with equal loading volume

Loading gels
1. Prepare sample dilutions to achieve 10ug/lane (with 15-20% excess)
2. Add 30% volume of (4X loading buffer + 10% DTT)
Note: Use orange LICOR loading buffer for IR detection and blue Laemmeli buffer for ECL detection. Blue
Laemmeli buffer will auto-fluoresce under infrared light causing high background signal.
3. Heat sample to 95-100C for five minutes
4. Microcentrifuge samples for one-two minutes at 4,000rpm to
5. Load lysate onto SDS-PAGE gel (4-20% Mini-PROTEAN TGX Precast Gels (Bio-Rad)); Be sure to
load 1.5ul standard ladder in the first lane
Note: Samples should be at ROOM TEMPERATURE when loading. If kept on ice, samples will precipitate,
which will cause uneven loading

6. Run gel at 200 volts for 35 minutes at room temperature (or until dye front reaches the bottom of the

gel; if the tank starts to overheat, reduce the voltage and run for a longer period of time)

Protein transfer
1. Rinse tank and cassettes with deionized water.
2. Fill the tank half-way with transfer buffer.
3. Put a cold pack in the transfer tank.
4. Cut membrane to appropriate size. Take care not to touch the membrane. Cut one corner of the
membrane to indicate the where the top of the standard will be.

Note: Use nitrocellulose if performing infrared detection (IR); use PVDF if using enhanced chemilumines-
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Note:

Note:

10.

11.
12.
Note:

cence (ECL) detection.
Wet membrane with transfer buffer.
If using PVDF: Wet cut membrane with methanol (about 1ml), then add transfer buffer to membrane to
thoroughly wet.
If using nitrocellulose, transfer buffer alone may be used.
Carefully open plastic gel casing and place gel in distilled water.

. Assemble transfer cassette in the following order: black side-sponge-filter paper-gel-membrane-filter

paper-sponge-clear side.

Close the cassette and place into the transfer tank.

. Transfer protein to the membrane at 100 volts for 60 minutes in the cold room on the stir plate.

After transfer, carefully remove paper-gel-membrane sandwich from the plastic cassette and place into
container of deionized water.
Carefully remove the membrane from the sandwich.
Rinse the membrane with deionized water for a few seconds, then allow to completely dry
Make sure membrane is completely dried before proceeding to the next step. Failure to fully dry

membrane may result in loss of proteins on the membrane.

Membrane blotting and antibody incubations

1.
2.
3.

If using nitrocellulose: wet PVDF membrane with methanol.

Incubate membrane with blocking buffer for 1 hour at room temperature on shaker.

Incubate membrane with primary antibody (at the appropriate dilution and diluent as recommended in
the product datasheet) in blocking buffer with gentle agitation overnight at 4C.

4. Wash three times for Smin each with 15mL of TBST.

6.
Note:

Note:
7.

Incubate membrane with the species appropriate secondary antibody in 3-4mL of blocking buffer with
gentle agitation (tilting shaker) for 1 hour at room temperature.
» For ECL detection: use HRP-conjugated secondary antibody at concentration of (1:2000)
 For IR detection: use LICOR IRDye secondary antibody at concentration of (1:25,000-40,000)
Wash three times for 15min each with 15ml of TBS.
be sure to use TBS for the final wash before IR detection. Tween present in TBST will fluoresce and
cause increased background signal.
TBS or TBST may be used for the final ECL washes.
Proceed with detection.

Detection of proteins
For ECL Detection

1.

2.
Note:

Incubate membrane with 2-4mL Immobilon solution (HRP substrate peroxide solution + equal volume
of luminol solution 1mL of each can do several blots) with gentle agitation for 1min at room temperature
Drain membrane of excess developing solution and visualize with ChemDoc system

Due to the kinetics of the detection reaction, signal is most intense immediately following incubation
and declines over the following 2hr.

For IR Detection

1.

Image blots on Odyssey CLx.

90



Densitometry and quantitative analysis
1. Process using ImageStudioL.ite.
2. Normalize protein expression to loading control (e.g. GAPDH, f-actin, a-tubulin).
3. For phospho-proteins, normalize to total protein expression.

Drying and storage
1. Rinse blots with deionized water.
2. Dry fully protected by light.

3. Store in aluminum foil (or other photo-resistant material) for future reference.
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8.1.6 Immunofluorescent staining of cells cultured on transwells

ok »n

Aspirate media and gently wash three time with 1X PBS. Let PBS sit for at least two minutes for each
wash.

Gently aspirate PBS.

Under a fume hood, fix cells on ice for 20 minutes with 4% paraformaldehyde.

Gently wash cells three times with 1X PBS. Let PBS sit for at least two minutes for each wash.
(Optional) Cells may be stored with storage buffer (2% goat serum in PBS) at this time for later analysis.
Wrap plate with parafilm and store at 4C.

6. Gently wash cells three times with 1X PBS. Let PBS sit for at least two minutes for each wash.

7. Permeabilize cells for 10 minutes at room temperature using permeabilization buffer (100uL 10% Triton

10.

11.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

X-100 in 9.9mL 1X PBS).

Gently wash cells three times with 1X PBS. Let PBS sit for at least two minutes for each wash.

Block cells for one hour at room temperature with blocking buffer (2mL goat serum + 5g bovine serum
albumin in 500mL 1X PBS).

Dilute desired primary antibody in blocking buffer (1:200) and incubate with cells for one hour at room
temperature.

Aspirate antibody solution and perform three two-minute washes with PBS.

Dilute desired fluor-conjugated secondary antibodies in blocking buffer (1:200) and incubate with cells
in the dark for one hour at room temperature on a rocking shaker.

Aspirate antibody solution and wash three times with 1X PBS at room temperature.

Wash cells overnight with 1X PBS on a rocking shaker at 4C.

When cells are ready to be mounted, gather glass microscope slides, coverslips, and mounting media.
Place a drop of mounting media on the microscope slide in the position where the sample will go.
Using a scalpel, carefully cut the membrane out of the transwell support.

Carefully place the membrane on the pre-positioned mounting media, apical side up.

Gently add another drop of mounting media onto the top of the membrane.

Gently place the coverslip on top of the membrane to seal it in place. Take care not to create bubbles.
Repeat until all membranes are mounted.

Dry slides in a light protected box at 4C.
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8.1.7 Bacterial transformation and plasmid preparation

Bacterial transformation

1.
2.

—

© 0 *® N kW

Thaw a vial of competent E. coli on ice.

Remove agar plates (containing the appropriate antibiotic) from storage at 4C and let warm to room
temperature.

Mix 1-5ug of DNA with 20-50ul of competent cells.

Gently flick the bottom of the tube to mix.

Incubate the competent cel/DNA mixture on ice for 20-30 minutes.

Heat shock each transformation tube by placing it in a 42C water bath for 30-60 seconds.
Incubate the microtube on ice for two minutes.

(Optional) Add 500u1 antibiotic-free LB Broth or SOC media and incubate at 37C for 45 minutes.
Streak transformed cells on the pre-warmed agar plate.

Incubate the plates upside-down at 37C overnight.

Inoculating a liquid culture

1.
. Add appropriate antibiotic.

N O e AW

Prepare sterile LB broth.

. Using a sterile pipette tip or toothpick, select a single colony from your LB agar plate.
. Drop the tip or toothpick into the liquid LB + antibiotic and swirl.

. Loosely cover the top of the flask with sterile aluminum foil.

. Incubate the bacterial culture at 37C for 12-18hr in a shaking incubator.

. When the bacteria has sufficiently grown, isolate the plasmid DNA using a Plasmid Prep Kit.

Preparing a glycerol stock

1.

wok v

Once you have a liquid culture, add 5004 of the culture medium-+cell mixture to 50% glycerol in a
sterile 2ml cryovial.

Pipette gently to mix, ensuring that the solution is uniform (i.e. there are no visible layers).

Label the cryovial appropriately.

Freeze the stock at -80C.

To recover bacteria from the stock, open the tube and use a sterile inoculating loop to scrape off some
bacteria off the top.

Streak the bacteria onto an LB agar plate (with the appropriate selection antibiotic). Incubate the plate
overnight at 37C.
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8.1.8 CRISPR gene knockout and Piggybac antibiotic selection co-transfection for renal cell lines

This is a protocol for transfecting mammalian cells with Lipofectamine LTX PLUS reagent (Invitrogen). Seed
cells at 100,000 cells per well. When cells reach about 60% confluency, begin transfection.
Instructions for transfecting two 6-well plates at 3:1 transposon:transposase ratio:
1. Wash cells with 1X PBS.
2. Gently add fresh pre-warmed Opti-MEM to each well (200uL/well).
Note: Opti-MEM must be antibiotic-free and serum-free.
3. Thaw components to RT:
e 3uL PLUS reagent per well
e 6uL LTX reagent per well
e 2.5ug total DNA per well
— 1ug CRISPR sgRNA
— 0.5ug HA-m7pB PiggyBac plasmid DNA
— 0.5ug Neomycin resistance plasmid DNA
— 0.5ug eGFP plasmid DNA
. Vortex PLUS and LTX reagents gently to mix
. Dilute the LTX reagent:
(a) Pipette 1.5mL of Opti-MEM into a sterile tube
(b) Add 72uL LTX reagent (6 L/well)
(c) Pipette gently to mix
. Dilute the DNA:
(a) Add 1.5uL of Opti-MEM into an eppendorff tube
(b) Add 6ug HA-m7pB PiggyBac plasmid DNA
(c) Add 6ug Neomycin resistance plasmid DNA
(d) Add 6ug eGFP plasmid DNA
. Mix and aliquot 250uL into six sterile eppendorff tubes
. Add CRISPR sgRNA to each tube (1pg/well; 2ug per tube)
. Add 6uL of PLUS reagent to each tube
10. Pipette gently to mix
11. Add 250uL of the LTX mix to each tube of DNA mix

12. Pipette gently to mix and incubate five minutes at room temperature

[
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13. Distribute the complexes to the cells by adding 250uL of each mix from step 12 drop-wise to different
areas of the well in a 6-well plate. Gently rock the culture vessel back-and-forth and from side-to-side
to evenly distribute the DNA complexes.

14. Incubate for two hours at 37C with 5% CO2.

15. Change the wells to fresh growth media. Incubate at 37C with 5% CO?2. Begin antibiotic selection after
48 hours.
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8.1.9

PiggyBac gene overexpression transfection for renal cell lines

This is a protocol for transfecting mammalian cells with Lipofectamine LTX PLUS reagent (Invitrogen). Seed

cells at 100,000 cells per well. When cells reach about 60% confluency, begin transfection.

Instructions for transfecting two 6-well plates at 3:1 transposon:transposase ratio:

1.

2.
Note:

3.

Wash cells with 1X PBS.
Gently add fresh pre-warmed Opti-MEM to each well (200uL/well).
Opti-MEM must be antibiotic-free and serum-free.
Thaw components to room temperature:
e 3uL PLUS reagent per well
e 6uL LTX reagent per well
e 2.5ug total DNA per well
— 0.6ug HA-m7pB PiggyBac sgRNA
— 1.9ug Overexpression plasmid DNA (containing puromycin resistance and mCherry cassettes)

4. Vortex PLUS and LTX reagents gently to mix.

Dilute the LTX reagent:
(a) Pipette 1.5mL of Opti-MEM into a sterile tube
(b) Add 72uL LTX reagent (6uL/well)
(c) Pipette gently to mix
Dilute the DNA:
(a) Add 1.5uL of Opti-MEM into an eppendorff tube
(b) Add 7.2ug HA-m7pB PiggyBac plasmid DNA
Mix and aliquot 250uL into six sterile eppendorff tubes.

. Add 3.8ug Pb overexpression plasmid to each tube.

9. Add 6uL of PLUS reagent to each tube.

10.
11.
12.
13.

14.
15.

Pipette gently to mix.

Add 250uL of the LTX mix to each tube of DNA mix.

Pipette gently to mix and incubate five minutes at room temperature.

Distribute the complexes to the cells by adding 250uL of each mix from step 12 drop-wise to different
areas of the well in a 6-well plate. Gently rock the culture vessel back-and-forth and from side-to-side
to evenly distribute the DNA complexes.

Incubate for two hours at 37C with 5% CO2.

Change the wells to fresh growth media. Incubate at 37C with 5% CO?2. Begin antibiotic selection after
48 hours.
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