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ABSTRACT

Obesity is a major health problem, and it is increasing at an alarming pace in developed
and developing countries worldwide. Obesity increases the likelihood for many other diseases,
such as type 2 diabetes, coronary heart disease, metabolic syndrome, hyperlipidemia, and some
types of cancer. Chronic calorie-overload, genetic predisposition, and physical inactivity are the
primary factors contributing to energy imbalance during obesity. In response to a positive energy
balance, adipose tissues start expanding to store excessive nutrients in the form of lipids via two
mechanisms: 1) by recruiting more adipocyte progenitors, resulting in increased adipocyte number
— adipocyte hyperplasia; and 2) through an excessive accumulation of lipids in existing adipocytes
— adipocyte hypertrophy. The former process is considered a metabolically healthy way to expand
adipose tissue, while the latter is associated with the development of complications, such as insulin
resistance. During conditions of chronic energy excess, as is found in obesity, adipose tissue loses
its ability to recruit/activate progenitors, and adipose tissue expansion occurs primarily through
adipocyte hypertrophy, ultimately resulting in inflamed and dysfunctional adipose tissue.
Although studies have looked at hypertrophic and hyperplastic processes during adipocyte
development, we still lack a meaningful understanding of the molecular mechanisms contributing

to the reduced adipogenesis observed in obesity.

In this thesis, I created a metabolic map of healthy and obese human adipogenesis in vitro
by using global transcriptomics, proteomics and functional cellular bioenergetics tools, providing
a more systematic understanding of normal and obesity-influenced human adipogenesis. I isolated
and characterized adipose tissue-resident stem cells (ADSCs) from different healthy, overweight,

and obese individuals to create an in vitro model for studying obesity. I found that cells from
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morbidly obese individuals inherently retained obesity-associated metabolic derangements, and
hence, can serve as a cellular model that is very well-suited to study the factors contributing to the
reduced adipogenesis that is observed in the context of obesity. By utilizing this model, I identified
metabolic aberrations at molecular and functional levels in the two major cellular energy
generating pathways, glycolysis and oxidative phosphorylation. I demonstrate that these pathways
drive impaired stem cell function during adipogenesis in obese patient-derived ADSCs. Further, I
was able to rescue impaired stem cell function and adipogenesis by stimulating metabolism and
improving mitochondrial health in obese cells. In addition, through “omics” approaches, I
identified a number of signaling pathways that are aberrantly regulated during obese versus healthy
adipogenesis. One such pathway, which was prominently dysregulated in obese cells was the Wnt
signaling pathway, wherein observed dynamic changes in Wnt antagonist expression, required for
normal adipogenesis, did not occur in these cells. Functional studies revealed that aberrant Wnt
signaling closely associated with defects in metabolism, which paralleled my earlier observations
obtained through functional metabolic studies in obese cells, suggesting that cellular metabolism
can be potentially targeted to improve stem cell function in obese cells. Building on that notion, I
developed and validated a novel high-throughput functional drug-screening assay targeting obese
adipogenesis, based on functional measurements of metabolic parameters such as mitochondrial

activity and induction of the browning of white adipocytes.

Overall, this study presents novel insights into the mechanisms that modulate human
adipogenic differentiation in obesity, by using disease relevant in vitro models that can serve as a

platform for the discovery of novel therapeutics, offering the opportunity to identify novel
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targetable pathways and biomarkers for the management of obesity and its associated metabolic

complications.
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CHAPTER 1: INTRODUCTION

1.1 Overview

Obesity is a complex disorder with a strong correlation for developing chronic diseases
such as type 2 diabetes, atherogenic dyslipidemia, cardiovascular disease, non-alcoholic fatty liver
disease, and several types of cancer (Bhaskaran et al., 2014; Mitchell et al., 2011; Noureddin et
al., 2015). Recent extensive collaborative consortia revealed that in 2015, at least 1.9 billion adults
aged 18 and older were overweight and approximately 650 million of these were obese (Global
burden of disease: Obesity collaboration 2017; NCD Risk Factor Collaboration, 2016). The
prevalence of overweight or obese individuals has nearly doubled since 1980 and has been the fifth
leading cause for global deaths (Hossain et al., 2007). According to the 2014 Canadian Community
Health Survey, over 5.3 million adults are obese, and according to the 2015 Canadian Health
Measures Survey, 28.1%, or more than one in four adults in Canada, have obesity requiring
medical support to manage their disease (Canadian Obesity Network, 2017). The etiology of
obesity is complex and is attributed to various aspects including, but not limited to, one’s genetic
makeup, fetal environment, metabolic factors, diet, and physical activity (Mitchell et al., 2011).
Regardless of its multifaceted nature, obesity is uniformly measured by using the Body Mass Index
(BMI - the weight in kilograms divided by the square of the height in meters), which is considered
the most practical diagnostic tool available, although it is a crude index, not distinguishing between
the specific distribution of fat and lean body mass (Heymsfield and Wadden, 2017). According to
BMI, the general population is classified into five categories: underweight (BMI < 18.5 kg/m?),
normal weight (BMI 18.5-24.9 kg/m?), overweight (BMI 25.0-29.9 kg/m?), class I obesity (BMI

30.0-34.9 kg/m?), class II obesity (BMI 35.0-39.9 kg/m?) and class III obesity (also referred as
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morbid obesity) (BMI > 40 kg/m?) (Purnell, 2018). Obesity presents a crisis for the health care
system, with extensive socioeconomic consequences that include a financial burden estimated at
nearly $7.1 billion (Anis et al., 2011), which is projected to rise to $8.8 billion by 2021 (Canadian

Obesity Network, 2017; Nadeau et al., 2013).
1.2 Adipose tissue

Adipose tissue is one of the largest organs in the body. White adipose tissue (WAT)
represents around 10%-20% of total body-weight in lean adults but can reach over 50%, or even
up to 70%, in severely obese persons (Hausman et al., 2001). WAT was thought to be a mere
repository for excess energy in the form of triglycerides. However, in recent decades, adipose
tissue has been shown to be an important endocrine organ functioning in the regulation of whole-
body metabolism, energy intake, and fat storage. It is thus, also a major contributor to the metabolic
consequences of obesity (Greenberg et al., 2006). Adipocyte lipid uptake, and storage as
triglycerides, allows for expansion of adipose tissue and is an adaptive response to overnutrition,
protecting other tissues from the deleterious effects of excess lipids. Beyond their role in nutrient
handling and metabolism, adipocytes are highly active secretory cells producing hormones,
adipokines, and chemokines that contribute to immunity, inflammation, vascular growth, and
matrix remodeling (Sun et al., 2011). In response to energy needs, WAT expands by increasing

cell size (hypertrophy) or cell number (hyperplasia) in the tissue (Ghaben and Scherer, 2019).
1.2.1 White adipose tissue distribution

WAT is divided into different depots, mainly subcutaneous (abdominal, femoral and
gluteal) and visceral (omental, mesenteric, retroperitoneal, pericardial and gonadal) adipose

tissues, as well as ectopic intrahepatic, intra-muscular, and intra-pancreatic fat, all of which have
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different characteristics and contributions to whole-body metabolism (Bjorndal et al., 2011) (Fig.
1). Subcutaneous adipose tissue (SAT) is the largest body fat reserve and is, in total, over 4-5 times
larger than visceral adipose tissue (Wajchenberg et al., 2000). SAT is divided between the upper
body (abdominal) and lower body (femoral and gluteal) in a sex-specific manner (Ross et al.,
1994), and both compartments contribute differently to the metabolic function of the body
(Fruhbeck, 2008; Manolopoulos et al., 2010). SAT stores ~80-90% of total body fat, mainly in the
abdominal, subscapular (on the upper back), gluteal and femoral areas. A smaller portion of body
fat (10- 20%, depending on sex and individual-specific traits) resides viscerally in the abdominal

cavity (Arner, 1997; Wronska and Kmiec, 2012).

VISCERAL ADIPOSE TISSUE

PERICARDIAL SUBCUTANEOUS ADIPOSE TISSUE

OMENTAL

RETROPERITONEAL ABDOMINAL

MESENTRIC

GONADAL
FEMORAL AND GLUTEAL

Fig. 1: Distribution of white fat in humans.
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1.2.2 Cellular composition of white adipose tissue

Approximately 75% of adipose tissue weight consists of lipids. The remainder comprises
adipose tissue matrix, which includes collagen, lymph and blood vessels, as well as endothelial
cells, smooth muscle cells, pericytes, immune cells (macrophages, lymphocytes and other
inflammatory cells), fibroblast-like preadipocytes, and adipose tissue derived stem cells (ADSCs),
that collectively constitute the stromal vascular fraction (SVF) of adipose tissue (Bourin et al.,

2013).

White adipocytes are unilocular and contain a large lipid droplet surrounded by a layer of
cytoplasm. The remainder of an adipocyte is a small cytoplasm containing all cellular organelles,
including mitochondria, and an adipocyte cell membrane encompassing the cytoplasm and lipid
droplet. The nucleus is flattened and located on the periphery (Fig. 2A). The fat stored in WAT is

composed primarily of triglycerides and cholesteryl esters (Hausman et al., 2001).

ADSCs are a stromal component of adipose tissues, characterized by plastic adherence
when plated in vitro. They predominantly reside within vessel walls and perivascular niches where
they provide signals for adipocyte and vascular development and participate in injury repair (Ma
et al., 2014). ADSCs, together with the preadipocytes (that they give rise to), are responsible for
the maintenance, renewal and expansion of white adipose tissue in normal and excess energy states

(Cawthorn et al., 2012).

1.2.3 Other types of adipose tissue

WAT is the most prevalent and largest adipose tissue depot. However, other types of

adipose tissue also exist. Brown adipose tissue (BAT) has different morphological and functional
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features than WAT. Brown adipocytes are smaller in size, and unlike white adipocytes, only ~50%
of the cell volume is occupied by lipids, which are divided into several small droplets inside the
cell (Giordano et al., 2016) (Fig. 2A). Brown adipocytes in humans reside in small areas around
the large blood vessels, especially in the supraclavicular region (Bartelt and Heeren, 2014). Brown
adipocytes have very high mitochondrial content. They do not store energy but dissipate it by
producing heat, and their activity is regulated by the sympathetic nervous system (Fig. 2C).
Thermogenesis by brown adipocytes is dependent on the uncoupling of mitochondria, which is
achieved by a unique, cold-inducible protein, the uncoupling protein 1 (UCP1). UCP1 belongs to
a family of mitochondrial carriers. It disrupts formation of adenosine triphosphate (ATP), leading
to a direct conversion of nutrient energy into heat (Morrison et al., 2014; Kajimura and Saito,

2013).

Newer findings have established a beige or brite (brown in white) adipocyte population
that resides in white adipose depots. It shares several characteristics with classical brown
adipocytes, including multilocular fat droplets, a high mitochondrial content, and expression of a
brown-like gene program, e.g. UCP1 (Lo and Sun, 2013). Brite cells can be induced by cold and
a broad spectrum of hormones and drugs that include peroxisome proliferator-activated receptor y
(PPARY) agonists and B-adrenergic agonists (Fig. 2). Thus, beige cells in WAT is also defined as
inducible BAT. Classical and inducible BAT are difficult to distinguish because of the similarities

in their molecular and functional profiles (Pfeifer and Hoffmann, 2014).
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Fig. 2: Functions of white and brown/beige adipose tissue. (A) White, beige and brown
adipocytes are morphologically and functionally very distinct and differ with respect to their
mitochondrial content, and number and size of lipid droplet(s) in them. (B) The major
physiological function of white adipose tissue is maintenance of metabolic homeostasis through
storage (lipogenesis) and release (lipolysis) of free fatty acids in response to nutritional demands
of the body. (C) Brown and beige adipocytes are thermogenic and dissipate energy in the form of
heat upon induction with cold and/or B-adrenergic stimulation. (Fig. 2C adapted from Tseng et al.,

2010).
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1.3 Adipogenesis

Adipogenesis is the process by which stem cells, or precursors/preadipocytes derived from
them, develop into mature adipocytes. Stem cells undergo sequential transitions categorized into
two stages: (1) an initial “commitment phase” in which the stem cells get specified to the adipocyte
lineage to become preadipocytes, followed by; (2) a “terminal differentiation” phase where the

preadipocytes develop into mature fat-laden adipocytes (Henry et al., 2012).

Adipogenesis is an important mechanism for adipose tissue expansion in response to
metabolic needs, given that mature adipocytes are fully differentiated cells incapable of mitotic
division that can only provide expansion through an increase in size. Adipocyte turnover is
sustained throughout life by a delicate balance between adipogenesis and apoptosis, which requires
a constant source of adipocyte precursor cells. Adipocyte turnover studies using '*C in WAT have
shown that around 10% of the body's fat cells are regenerated each year, and the formation of
adipocytes is a lifelong regulated process (Spalding et al., 2008). In vitro adipogenesis closely
mimics the in vivo phenomenon, in terms of cell growth arrest and remodeling, with subsequent
lipid accumulation (Cornelius et al. 1994; Stacey et al. 2009). Moreover, adipocytes derived in
vitro possess the characteristics shown by adipocytes in vivo, including lipid storage, insulin

sensitivity, and endocrine properties.
1.4 In vitro models for studying adipogenesis
1.4.1 Animal cellular models of adipogenesis

In vitro systems are invaluable for studying the molecular details of adipocyte

differentiation. They provide a platform to investigate adipogenesis under tightly controlled and
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reproducible conditions. Animal cell models have been commonly used to study adipocyte biology
and adipogenesis, since they are easily attained, are cost effective, and are well characterized
within the literature (Table 1). Preadipocyte cell lines are committed to the adipocyte lineage and
can be induced to differentiate into mature adipocytes. 3T3-L1 and 3T3-F442A cells, isolated from
Swiss 3T3 mouse embryos, are used most frequently for studying preadipocyte differentiation
(Green and Meuth, 1974; Green and Kehinde, 1975). Since these are both clonal cell lines, the cell
population responds to treatments and conditions homogeneously and provides a consistent source
of preadipocytes due to its ability to tolerate a high number of passages. 3T3-F442A cells display
more advanced commitment in the adipocyte lineage in comparison to the 3T3-L1 model, and they
are capable of accumulating more fat (Green and Kehinde, 1976; Mandrup et al., 1997). Despite
minimal differences between these two models, the 3T3-L1 cell line has been exhaustively used

in adipogenesis research and is regarded as the “gold standard” of preadipocyte cell models.

In contrast to preadipocyte cell lines (3T3-L1 and 3T3-F442A), multipotent animal cell
lines, such as C3H10T1/2 cells derived from C3H mouse embryos (Reznikoff et al., 1973), are
developmentally more primitive and are capable of mimicking mesenchymal stem cells (MSCs)
that can be induced to differentiate into the various lineages MSCs give rise to. This particular
model has been extensively used to study the early adipogenic commitment process and has
provided the research platform that identified the roles of bone morphogenetic proteins (BMPs) in

early adipocyte commitment (Xue et al., 2014).

In addition, there are other less frequently used cell lines, each conferring its own unique
advantages in studying adipocyte biology. Ob17 cells, were derived from adipocyte precursors in

epididymal fat pads of genetically obese C57BL/6J ob/ob mice. Ob17 cells have a shorter doubling
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time and higher adipogenic capacity than 3T3-L1 and 3T3-F422A cells (Negrel et al., 1978). Upon
differentiation, they attain morphological and biochemical properties of mature rodent fat cells
(Alihaud et al., 1983). OP9 cells are mouse bone marrow-derived stromal cells, which are
advantageous for high throughput screening, as they are capable of rapidly accumulating fat
droplets 72 hours post-induction (Wolins et al., 2006; Lane et al., 2014). Primary mouse embryonic
fibroblasts (MEFs) obtained from multipotent cells of early mouse embryos have also been utilized
to study adipogenesis, as they are easily maintained and undergo rapid proliferation and
differentiation (Fei et al., 2011). However, owing to the cellular heterogeneity of this embryonic
tissue, it is often difficult to attain homogeneity in the cell population (Garfield, 2010). Lastly, in
addition to murine cells, porcine and feline preadipocytes have also been utilized, since they show

greater similarity to human cells (Bohan et al., 2014; Riedel et al., 2016).

1.4.2 Human cellular models to study adipogenesis

While there are similarities between mouse and human adipocytes, there are also
considerable differences regarding their adipokine levels, epigenome, and responsiveness to
exogenous stimuli. Accordingly, the precise translation of observations gained from mouse
adipocyte development to humans is yet to be resolved (Mikkelsen et al., 2010; Lindroos et al.,
2013). Thus, human cell models are gaining traction in in vitro studies. Moreover, they are better
applicable to physiologically relevant studies of obesity and its implications for metabolic disease
and homeostasis disturbances (Ruiz-Ojeda et al., 2016). The cellular composition of human
adipose tissue comprises adipocytes and the SVF that is composed of ADSCs, preadipocytes,
endothelial cells and immunological cells. ADSCs can be efficiently isolated from adipose tissue,

show self-renewal capacity, and maintain the ability to undergo differentiation into many

10
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mesenchymal cell types including adipocytes, osteoblasts and myoblasts, in vitro (Bunnell et al.,
2008; Rodriguez et al., 2005). The major advantages of using ADSCs as a cellular model are their
multipotency, their high expansion capacity, their ability to be passaged a number of times, and
their capacity to be cryopreserved for long periods of time (Lee and Fried, 2014). Moreover, once
differentiated into mature adipocytes, these cells mimic characteristics of freshly isolated
adipocytes, secrete adipokines, and respond to physiological concentrations of hormones (Storck

etal., 2015).

ADSC:s isolated in vitro are characterized according to the guidelines provided by the
Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy
(ISCT), which states that human MSCs, regardless of their source of origin, should match the
following criteria: 1) they have to be plastic-adherent in standard cell culture conditions; ii) > 95%
of cells must express CD105, CD90 and CD73 markers and must be negative (< 2% of positive
cells) for CD45, CD34, CD14 or CD11b, CD79a or CD19 and class-II major histocompatibility
complex molecules (MHC class II); iii) the cells must be able to differentiate into osteoblasts,
adipocytes and chondroblasts under standard in vitro differentiation conditions (Dominici et al.,

2006; Bourin et al., 2013).

Another cell line taken from SVF are primary preadipocyte cells, which are already
committed to the adipocyte lineage. These primary adipocytes share many characteristics with
ADSCs. However, one of the main differences is that preadipocytes already express PPARY, which
indicates that, unlike ADSCs, these cells are already specified towards the adipocyte lineage

(Cawthorn et al., 2012). Preadipocytes also present an excellent model for studying adipogenesis;

11
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however, they have limited renewal capacity, which restricts their use as a model system

(Darimont and Mace, 2003).

Simpson-Golabi-Behmel syndrome (SGBS) cells represent another cellular model for
studying human adipogenesis. These cells were derived from the SVF of SAT from an infant with
Simpson-Golabi-Behmel syndrome (Wabitsch et al., 2001). SGBS preadipocytes are not
transformed or immortalized. However, they can proliferate and maintain their differentiation
capacity for up to 50 generations and upon differentiation, exhibit a gene expression profile

comparable to that of mature human adipocytes (Fischer-Posovszky et al., 2008).

12
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Table 1: Cell models used to study adipogenesis.

Cell model and source

C3H10T1/2
From C3H mouse embryos
(Reznikoff et al., 1973)

3T3-L1

From Murine Swiss 3T3 cells
in embryos

(Green and Meuth, 1974;
Green and Kehinde, 1975)

3T3-F442A

From Murine Swiss 3R3 cells
(Green and Kehinde, 1976;
Mandrup et al., 1997)

oP9

From mouse bone marrow-
derived stromal cells
(Wolins et al., 2006)

Ob17

From adipose precursors in
epididymal fat pads of
genetically obese mice
(Negrel et al., 1978)

Mouse Embryonic
Fibroblasts (MEFs)
From mouse embryonic
fibroblasts

(Garfield, 2010)

Porcine preadipocytes
From SVF of pig adipose
tissue

(Bohan et al., 2014)

Feline preadipocytes
From adipose tissue of cats
(Riedel et al., 2016)

Differentiation conditions

Animal cell models

Demethylating agent 5-
azacytidine and 10% FBS,

insulin and DEX

Insulin, DEX, IBMX, FBS

Insulin, DEX, IBMX, FBS

Insulin Oleate medium: MEM-
o with 0.2% FBS, insulin,
oleate bound to albumin,
penicillin, and streptomycin.

Adipose conversion factor,
insulin, triiodothyronine

Insulin, IBMX, DEX, FBS,
PPARYy agonist

FBS, insulin, transferrin,
hydrocortisone and
rosiglitazone

Insulin, DEX, biotin,
pantothenate, IBMX, and
PPARYy agonist
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Characteristics

Multipotent cells that mimic MSCs and
can differentiate into both white and
brown adipocytes.

Another derivative, A33 preadipocytes
have higher adipogenic capacity
(Bowers and Lane, 2007).

Gold standard of preadipocyte cell lines
Tolerates a high number of passages,
homogeneous response to treatments
Less costly to use than freshly isolated
cells

Similar to 3T3-L1 cells, but is more
advanced in adipocyte commitment

Fast adipogenic differentiation (72 hours)
Ability to passaged for long periods of
time in culture

Suitable for high throughput screening
(Lane et al., 2014)

Have a shorter doubling time and higher
adipogenic capacity than 3T3-L1 and
3T3-F422A cells

Exhibit morphological and biochemical
properties of mature rodent fat cells
(Alihaud et al., 1983)

Proliferate rapidly and large numbers of
cells can be produced from a single
embryo (Garfield, 2010).

Capable of differentiating into adipocytes
with variable efficiency (10-70%).

When immortalized, differentiate only
when induced by a pro-adipogenic
transcription factor

(Rosen and MacDougald, 2006)

Phylogenetically closer to humans

Cells are more relevant to human
physiology than murine cells.

More costly and difficult to isolate

Show more similarity to human cells than
murine cell lines
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Cell model and source Differentiation conditions

Human cell models
Human ADSCs IBMX, indomethacin, DEX, .

Isolated from SVF Insulin

(Bunnell et al., 2008; .

Rodriguez et al., 2005) °
[ ]

Human Preadipocytes Insulin, IBMX, PPARY agonist .

Isolated from SVF or indomethacin, DEX

(Cawthorn et al., 2012; Church .

etal., 2015) .

SGBS cells Insulin, triiodothyronine, .

SVF of adipose tissue of an cortisol, PPARY agonist

infant with SGBS

(Wabitsch et al., 2001) .

Characteristics

Exhibit donor and depot specific
characteristics

Multipotent (gives rise to many lineages)
Can be passaged many times

Display phenotypic characteristics of
freshly isolated adipocytes

Already committed to adipogenic
differentiation

Have limited renewal capacity

When immortalized, require the addition
of PPARY agonists

Can proliferate and maintain their
differentiation capacity for up to 50
generations

High capacity for adipocyte
differentiation

Abbreviations: DEX, Dexamethasone; IBMX, 1-methyl-3-isobutyl xanthine; MEM, Minimal essential medium

1.4.3 Depot-, gender- and age-specific diversity in ADSCs

ADSC:s also reflect gender- (Aksu et al., 2008), age-

(Alt et al., 2012; Choudhery et al.,

2014; de Girolamo et al., 2009; van Harmelen et al., 2004) and depot-specific (Padoin et al., 2008;

Wong et al., 2018; van Harmelen et al., 2004; Faustini et al., 2010; Jurgens et al., 2008; Di Taranto

et al., 2015) characteristics, which are useful for assessing adipose tissue differences in

proliferation and/or differentiation capacity across these categories. Abdominal subcutaneous

adipose tissue-derived ADSCs from three males and three females showed that ADSCs from males

had more osteogenic differentiation potential than cells collected from females (Aksu et al., 2008).

The quantity and multilineage differentiation potential of ADSCs derived from abdominal

subcutaneous adipose tissue (Alt et al.,, 2012; van Harmelen et al., 2004) and lipoaspirates

(Choudhery et al., 2014; de Girolamo et al., 2009) of healthy donors was shown to decline with

14
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age. Moreover, adipose tissue depot selection has also been shown to affect the yield (Padoin et
al., 2008; Faustini et al., 2010; Jurgens et al., 2008), proliferation (van Harmelen et al., 2004) and
differentiation potential (Di Taranto et al., 2015; Wong et al., 2018) of isolated ADSCs. These
findings suggest that these ADSC characteristics are useful for studying depot-, gender- and age-
specific differences in adipose tissue biology. Understanding these characteristics could assist in
choosing the most promising adipose-depots and age groups for the isolation of ADSCs and could
guide their use in regenerative medicine, which requires ADSCs with efficient differentiation and
proliferation capacities. Importantly, the wide spectrum of differences observed in the proliferation
and differentiation capacity of ADSCs within these categories strongly reflects the need to have
age-, gender-, and depot-matched adipose tissue donors, to realize the full potential of these cells

as an in vitro disease model, particularly for metabolic diseases such as obesity.

1.5 Transcriptional control of adipogenesis

Adipogenesis is regulated by a tightly orchestrated transcriptional cascade, where different
transcription factors activate or repress the expression of each other in a sequential manner,
ultimately imparting an adipocyte phenotype to the cell. The major players in the transcriptional
cascade that regulates adipogenesis include CAAT/enhancer-binding protein (C/EBP) family
members: C/EBPa, C/EBPB, and C/EBPS, and the nuclear receptor peroxisome proliferator-
activated receptor y (PPARY), which have been shown to be important regulators of adipocyte

differentiation both in vitro and in vivo (Christopher et al., 2011; Siersbaek et al., 2012) (Fig. 3).

1.5.1 Hierarchical expression of transcription factors during adipogenesis

The majority of our understanding regarding the transcriptional networks that control

adipogenesis comes from in vitro adipogenesis studies conducted on 3T3-L1 or 3T3-F442A
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murine preadipocyte cell lines that were originally generated almost forty years ago in the

laboratory of Dr. Howard Green at Harvard University (Green, 1975; Green 1976).

Adipogenic differentiation is initiated from post-confluent growth-arrested MSCs or
preadipocytes by stimulation with a pharmacological cocktail comprising the synthetic
glucocorticoid, dexamethasone, the cyclic adenosine monophosphate (cAMP) elevating agent, 1-
methyl-3-isobutyl xanthine (IBMX), and pharmacological doses of insulin, thereby resulting in
activation of three signaling pathways: the IBMX-mediated protein kinase A (PKA) pathway, the
glucocorticoid-mediated pathway and the insulin/insulin-like growth factor (IGF) tyrosine kinase
pathway (Siersbaek and Mandrup, 2011; Tang and Lane, 2012). IBMX stimulates cAMP levels
which further induces PKA-mediated phosphorylation of cAMP response element binding protein
(CREB), resulting in increased expression of C/EBPB. C/EBPp, together with glucocorticoids,
facilitates the induction of C/EBPS (Cao et al., 1991; Zhang et al., 2004). The activation of these
two transcription factors constitutes the first wave of transcriptional cascades that regulate

adipogenesis.

In the second wave of transcriptional activation, C/EBP and C/EBPJ increase the
expression of C/EBPa and PPARY, which are considered to be the two most critical adipogenic
transcription factors, by binding to their promoters. Once activated, C/EBPa and PPARy regulate
each other via positive feedback and function together as pleiotropic transcriptional activators of
hundreds of genes that are responsible for establishing mature adipocytes (Lee, 2017). Genome-
wide studies of mature 3T3-L1 adipocytes have shown PPARy and C/EBPa binding motifs to be

in close vicinity to each other and to be present together at ~ 60% of endogenous genes that are
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induced during terminal differentiation, showing that they cooperatively orchestrate terminal

differentiation of adipocytes (Lefterova et al., 2008).
1.5.2 Transcription factors as effectors of adipogenesis

The C/EBP and PPARYy transcription factors are among the most important transcription
factors regulating the process of adipogenesis. Consequently, a number of in vitro and in vivo
studies have been conducted using gain-of-function/loss-of-function of these factors, resulting in

our better understanding of this process.

The C/EBP family consists of six isoforms of basic leucine zipper transcription factors:
C/EBPa, B, 9, v, €, and , out of which, C/EBPa, B3, 6 have been shown to promote adipogenesis in
vitro and in vivo (Sarjeant and Stephens, 2012). Loss-of-function experiments have shown that
attenuation of either C/EBPJ or -6 resulted in inhibition of adipogenesis in murine preadipocytes
(Yeh et al., 1995). Preadipocytes from C/EBPB” mice were found to have an aberrant adipogenic
differentiation potential, which could be rescued upon forced expression of C/EBP (Tang et al.,
2003). Mice lacking C/EBPp and -6 were found to have defective adipogenic differentiation,
further suggesting the importance of these early wave transcription factors during adipogenesis
(Tanaka et al., 1997). Ectopic expression of the C/EBPa was reported to promote the adipogenic
program in a variety of mouse fibroblastic cell types (Freytag et al., 1994). By using an adipocyte-
specific knockout model, C/EBPa was shown to be essential for adipose tissue regeneration and

adipogenesis (Wang et al., 2015).

PPARYy is a member of a superfamily of hormone nuclear receptors and exists as two
isoforms, PPARy1 and PPARYy2. PPARy1 is expressed at low levels in multiple tissues, while

PPARY?2 is selectively expressed in adipose tissue (Fajas et al., 1997) and is strongly upregulated
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during adipogenesis (Tontonoz et al., 1994; Ren et al., 2002), suggesting a specific role for this
isoform in adipocyte differentiation. PPARY is shown be required and sufficient for adipogenic
differentiation both in vitro and in vivo (Wu et al. 1998; Rosen et al., 1999), with adipose tissue-
specific PPARy knockout mice showing reduced adipose tissue weight along with adipocyte
hypertrophy indicative of suppression of adipogenesis in the absence of PPARy (He et al., 2003).
Further, cross-talk between C/EBPa and PPARYy was reported to be critical for adipogenesis, with
C/EBPa required for the maintenance of PPARY expression in adipocytes (Wu et al., 1999). Given
their significance, C/EBPa and PPARY are considered to be master regulators of adipogenesis. As
such, many pro- and anti-adipogenic factors modulate adipogenesis by altering the expression

levels and/or activities of PPARy and C/EBPa (Tang and Lane, 2012).

In addition to C/EBPs and PPARY, there are several other transcription factors that are
known to regulate the process of adipogenesis including the activating protein-1 (AP-1) family of
transcription factors, members of the signal transducer and activator of transcription (STATSs),
members of the Kruppel-like factor (KLF) family of proteins, and sterol response element—binding

protein-1 (SREBP-1) (White and Stephens, 2010).

AP-1 is a large group of transcription factors that includes v-Jun, c-Jun, JunB, JunD, v-
Fos, c-Fos, FosB, Fral, Fra2, and activating transcription factors (ATF2, ATF3/LRFI, and B-
ATF). Upon activation, AP-1 proteins form homodimers or heterodimers and interact with DNA,
thereby regulating genes involved in proliferation and differentiation of various cell types. In the
context of adipogenesis, mRNA expression of c-Fos, c-Jun, Fos-B, and Fral was shown to be
induced upon adipogenic stimulation in murine preadipocytes. AP-1 was shown to regulate

expression of the adipocyte marker aP2 via interactions between c-Fos and the regulatory
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sequences of the aP2 promoter (Distel et al., 1987). Additionally, mice with fat-specific disruptions
in C/EBP and Jun transcriptional activity, display impaired adipose tissue development (Moitra et

al., 1998).

The STAT family of mammalian transcription factors is comprised of seven proteins
(STATs 1, 2, 3, 4, 5A, 5B, and 6), which are activated by Janus Kinase (JAK). The JAK-STAT
pathway is present in almost all cell types and mediates the actions of numerous cytokines, growth
factors, and peptide hormones. Several STATs, especially STATSA and STAT5B, are known to
enhance murine (Stephens et al., 1996) and human adipogenesis in vitro (Harp et al., 2001).
Ectopic expression of STATSA stimulated adipocyte differentiation along with activation of
PPARYy in murine fibroblasts (Nanbu-Wakao et al. 2002; Floyd and Stephens, 2003). Moreover,
growth hormones have also been shown to exert their pro-adipogenic effects through STAT5A/5B-

PPARYy pathway (Kawai et al., 2007).

Among the KLF family of transcription factors, KLFs 4, 5, 6, and 15 have been shown to
have a positive effect on adipogenesis during the first wave of transcriptional cascades, where
KLF4 is induced within 30 minutes after exposure to an adipogenic cocktail. It subsequently binds
to the C/EBPP promoter and increases its expression (Birsoy et al., 2008). KLF5 expression has
been shown to be induced during the early stages of adipocyte differentiation by C/EBP and
C/EBPS. KLF5 contributes to the induction of PPARY, thereby increasing adipocyte differentiation
both in vitro and in vivo (Oishi et al., 2005). By contrast, KLFs 2 and 7 are negative regulators of
adipogenesis, as ectopic expression of KLF2 in 3T3-L1 preadipocytes (Banerjee et al., 2003) and
KLF7 in human preadipocytes (Kawamura et al., 2006) has been shown to significantly inhibit

adipocyte development and expression of PPARy and C/EBPa.
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SREBP-1 has three isoforms: SREBP-1a, SREBP-1c, and SREBP-2 (Hua et al., 1995). In
response to insulin, expression of SREBP-1c, also known as adipocyte determination and
differentiation-dependent factor 1 (ADD-1), is induced in 3T3-L1 cells, stimulating adipogenesis.
SREBP-1c overexpression has also been shown to be accompanied by an increase in the expression

of adipocyte-specific genes and lipid accumulation (Kim and Spiegelman, 1996).

1.6 Extracellular signaling pathway messengers as effectors of adipogenesis

Wnt/B-catenin, bone morphogenetic protein (BMP), and transforming growth factor {3
(TGFP) signaling pathways are the three most significant extracellular signaling pathways
regulating a multitude of cellular processes in a variety of cell types. Several members of these
pathways have been reported to modulate adipogenic differentiation in both murine and human

cellular and in vivo models, as described below.

1.6.1 Wnt signaling as effector of adipogenesis

The name Wnt is derived from a combination of two homologous genes; Wg (the
Drosophila wingless gene) and Int [the murine homologue MMTV (mouse mammary tumour
virus) integration site 1 gene]. Wnts comprise a large family of extracellular effectors secreted by
many different cell types, which upon binding to corresponding Frizzled receptors (FZDs) and
Low-density lipoprotein receptor-related proteins (LRPs), activate downstream signaling
pathways (Sethi and Vidal-Puig, 2010). The hallmark of this signaling pathway is the regulation
of the transcriptional activity of the cofactor B-catenin (CTNNB1), which is the core mediator of

canonical Wnt/B-catenin signaling.

20



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

In the absence of Wnt proteins, cytoplasmic -catenin is recruited to a degradation complex
containing Glycogen synthase kinase-3 (GSK-3), Adenomatous polyposis coli (APC), and Axin.
This primes B-catenin for ubiquitination and proteasomal degradation. Wnt ligand binding to its
receptors activates signaling through Dishevelled (Dvl), leading to the inactivation of the
degradation complex, thereby resulting in the accumulation of cytosolic B-catenin. [-catenin
translocates to the nucleus and coactivates the TCF/LEF (T-cell factor/lymphoid enhancer-binding
factor) family of transcription factors to activate Wnt/TCF target genes, which include AXIN2,
MYC, and CCND1 (Logan and Nusse, 2004; Buechling and Boutros, 2011). Wnt signaling is also
regulated by extracellular antagonists including: (1) Secreted frizzled-related proteins (SFRPs),
which inhibit Wnt signaling by directly binding and sequestering Wnts from their receptors; and
(2) Dickkopf (DKK) family members, which inhibit canonical Wnt signaling by binding as high-

affinity antagonists of LRP co-receptors (Jones and Jomary, 2002; Kawano and Kypta, 2003).

Several studies have shown that activation of the Wnt signaling pathway leads to inhibition
of adipogenic differentiation in rodent MSCs and preadipocytes, while simultaneously directing
their differentiation towards osteogenic or myogenic lineages. Specifically, treatment with Wnts
Wnt3A, Wnt6, Wnt10A, or Wnt10B or ectopic expression of B-catenin have been shown to inhibit
adipogenesis by preventing activation of C/EBPa and PPARY (Shang et al., 2007a; Shang et al.,
2007b; Bennett et al., 2002; Kang et al., 2007; Ross et al., 2000). On the other hand, expression of
secreted extracellular Wnt antagonists: DKK1 and SFRP4 has been shown to spike during early
stages of adipogenesis, thereby stimulating adipogenic differentiation in 3T3-L1 preadipocytes
and human MSCs (Christodoulides et al., 2006; Visweswaran et al., 2015). Moreover, poor

adipogenic differentiation potential of adipose progenitor cells in hypertrophic obesity has been
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shown to be associated with maintained Wnt activation and lack of induction of DKK/ (Gustafson
and Smith, 2012). The role of Wnt signaling in adipogenesis has also been shown in vivo, where
adipocyte-specific Wnt10B overexpression in transgenic mice results in higher bone mass and
reduced fat mass, indicating that Wnt10B shifts mesenchymal cell fate towards the osteoblast

lineage, suppressing adipogenic commitment (Longo et al., 2004).

In addition to B-catenin-dependent Wnt signaling, a few Wnts, primarily Wnt5A and
Wntll, are known to mediate Wnt signaling predominantly through a B-catenin—independent
pathway, known as the non-canonical Wnt pathway. In vitro, inhibition of Wnt5A has been
reported to reduce adipogenesis, suggesting a pro-adipogenic role for this Wnt (Nishizuka et al.,
2008), whereas a more recent study has shown it to be anti-adipogenic in rodent MSCs (Tang et
al., 2018). Wnt5A along with reduced expression of Wnt antagonist, SFRP5, was shown to
contribute to insulin resistance and metabolic dysfunction in in vivo murine models of obesity
(Ouchi et al., 2010). In addition, it is now clear that there is crosstalk between canonical and non-
canonical Wnt signaling, where Wnt5B, another non-canonical Wnt ligand, has been shown to
promote adipogenesis in 3T3-L1 cells by partially antagonizing the canonical Wnt/B-catenin

pathway (Kanazawa et al., 2005).

1.6.2 TGFp signaling as an effector of adipogenesis

The TGFp superfamily consists of 33 members and includes TGFf1-3, BMPs, growth
differentiation factors (GDFs), activins, and nodal-related proteins. In the canonical signaling
pathway, TGFB members bind to their receptors, which ultimately phosphorylate and activate
SMAD proteins and control gene transcription. TGFp can also act through noncanonical signaling

pathways that involve activation of several kinase cascades including the MAPK pathways (Herpin
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et al., 2004). TGFP has been shown to be expressed in murine preadipocytes, 3T3-F442A cells,
and to inhibit adipogenesis through SMAD3-mediated signaling during the early stages of
adipocyte differentiation (Choy et al., 2000). TGFp has also been reported to inhibit adipocyte

differentiation of human MSCs, while enhancing chondrocyte differentiation (Zhou et al., 2004).

Several BMPs, which are members of the TGFf superfamily, have also been implicated in
adipogenesis. BMP2 has been shown to induce PPARy and to promote adipocyte differentiation
in human ADSCs through the activation of Smadl and p38 MAPK signaling pathways (Lee et al.,
2014). Treatment with BMP4 has been shown to improve adipogenesis in human ADSCs, whereas
addition of the BMP4 inhibitor, Noggin, reduces differentiation capacity, suggesting that

endogenous BMP4 acts as a pro-adipogenic factor (Gustafson et al., 2015).

Activin A is a secreted homodimer of inhibin BA. Activin A binds to type I and type II
Activin receptors, which act through the classical TGFf signaling pathway, activating SMAD2/3.
Activin A inhibits adipogenesis by affecting the transcriptional cascade upstream of PPARY in
3T3-L1 preadipocytes (Hirai et al., 2005). Similarly, Activin A exerts anti-adipogenic effects
during adipogenesis in human ADSCs, which is mediated through Smad2-dependent mechanisms

that reduce C/EBPa and PPARY expression (Zaragosi et al., 2010).

Among the GDF members of the TGFB superfamily, GDF5 and GDF8 modulate
adipogenesis in opposite ways. GDF5 is a pro-adipogenic factor, whose expression is increased
during differentiation of 3T3-L1 preadipocytes. It has been shown to promote adipogenesis by
enhancing cell entry into S phase and inducing the expression of genes related to adipocyte

differentiation (Pei et al., 2014). On the contrary, GDF8S, also known as myostatin, has been shown
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to inhibit adipogenesis in human MSCs and preadipocytes through cross-talk between TGFp/Smad

and Wnt/B-catenin/TCF4 signaling, resulting in downregulation of PPARy (Guo et al., 2008).

1.7 Regulation of adipogenesis by Insulin and IGF

Insulin is an anabolic peptide hormone secreted from pancreatic beta cells in response to
increased plasma glucose. It promotes glucose uptake into peripheral tissues, such as skeletal
muscle and adipocytes, for utilization or storage. Insulin-like growth factors (IGFs), IGF1 and
IGFII, are produced in the liver and locally within tissues, including adipose tissues, and have been
found to play an important role in adipose tissue development (Poulos et al., 2010). Insulin is a
potent adipogenic hormone, which during adipogenesis in vitro, controls the activation and
deactivation of transcription factors required for efficient adipocyte differentiation, at both early
and late phases (Klemm et al., 2001; Zhang et al., 2009). Insulin and IGFs stimulate both the
proliferation and differentiation of preadipocytes. Accordingly, insulin is an obligate hormone in
adipogenic induction media for many cell types including human MSCs and 3T3-L1 preadipocytes
(Hauner, 1990). 3T3-L1 preadipocytes predominantly express IGF1 receptor (IGF1R), and upon
induction of adipogenesis, the insulin receptor (INSR) number increases several fold in response
to insulin stimulation, with cells becoming more responsive to insulin at the level of metabolic
regulation (Smith et al., 1988). Inactivation of INSR has been shown to reduce adipogenesis in
3T3-L1 preadipocytes, suggesting that insulin promotes adipogenesis through an INSR-dependent
pathway (Accili and Taylor, 1991). Moreover, in vivo studies on transgenic mice with fat-specific
disruption of the INSR and IGF1R genes have shown that selective deletion of INSR in adipocytes
reduces white fat formation, while deletion of IGF1R has only modest effects on fat mass, clearly

indicating the importance of INSR in white adipocyte development (Boucher et al., 2016).
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At the molecular level, the binding of insulin to the extracellular a-subunit of the INSR
results in autophosphorylation, whereby the intracellular $-subunit of the INSR becomes tyrosine-
phosphorylated via its own activity. This preliminary tyrosine autophosphorylation of insulin
receptor tyrosine residues provides docking sites for the recruitment of proteins known as insulin
receptor substrates 1 - 4. (IRS1-4). Multiple tyrosine residues of IRS1 and IRS2 are phosphorylated
by the INSR leading to binding and activation of phosphatidylinositol 3-kinase (PI3K), which
converts phosphatidylinositol 3,4 bisphosphate (PIP2) to phosphatidylinositol 3,4,5 trisphosphate
(PIP3). These phospholipids act as anchors, binding protein kinases to the plasma membrane and
activating them. PIP3 bound to the plasma membrane recruits and activates PDK 1, which, together
with PI3K, activates major targets of insulin signaling, such as Akt (also known as protein kinase
B, PKB) and atypical forms of protein kinase C (aPKC) (Haeusler et al., 2018; Tsatsoulis et al.,

2013; Capurso and Capurso, 2012).

Activated Akt is thought to initiate many of the metabolic actions of insulin in responsive
tissues: adipose tissue, muscle, liver, and pancreas. For example, Aktl phosphorylates and
inactivates GSK-3, which leads to activation of glycogen synthase and stimulation of glycogen
synthesis. Aktl also results in mammalian target of rapamycin (mTOR) activation and increased
protein synthesis. Moreover, Akt phosphorylates and inhibits FOXO1, a key regulator of
gluconeogenesis. Finally, Akt, together with aPKCs and other factors, promotes insulin stimulated
glucose uptake via glucose transporter 4 (GLUT4) vesicle translocation to the plasma membrane

(Haeusler et al., 2018).

Adipogenesis was found to be reduced by 60% or 15%, respectively, in embryonic

fibroblasts obtained from IRS1-deficient or IRS2-deficient mice, compared to wild-type animals.
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In addition, double IRS1/IRS2-deficient embryonic fibroblasts lacked the ability to differentiate
into adipocytes. They also displayed a significant reduction in the expression of C/EBPa and
PPARYy, further demonstrating the role of insulin signaling in efficient adipogenesis (Miki et al.,
2001). Insulin stimulation was shown to be unable to promote adipogenesis upon treatment with
a dominant-negative mutant form of PI3K or inhibitors of PI3K (wortmannin and LY-294002),
indicating that insulin signaling plays a critical role in adipocyte differentiation (Gagnon et al.,
1999). Insulin pathway-mediated pro-adipogenic signals are relayed to the nucleus through Akt-
dependent phosphorylation and deactivation of the transcription factor, Forkhead box protein O1
(FOXO1), which is a potent inhibitor of PPARY transcriptional activity (Nakae et al., 2003; Dowell
et al., 2003). In addition to the signaling pathway mediated through INSR, insulin has also been
shown to promote adipogenesis by stimulating the expression of another pro-adipogenic

transcription factor, SREBP-1¢ (Kim et al., 1998).
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Fig. 3: Transcriptional and signaling factors controlling adipocyte differentiation. An
adipogenic cocktail of inducers (i.e. insulin, glucocorticoids, a cAMP elevating agent (IBMX) and
serum containing high levels of growth hormone) acts on their targets leading to the activation of
C/EBPp and C/EBPS, which activate the master regulators of adipogenesis, C/EBPa and PPARY.
Once activated, C/EBPa and PPARy can mutually induce the expression of each other and
cooperatively activate the adipogenic gene program manifested by accumulation of lipid droplets
as well as expression of multiple metabolic programs characteristic of a mature fat cells. BMP4
promotes adipogenesis by inducing the expression of PPARYy. In addition to activating C/EBPf
during the early phase of differentiation, insulin also induces PPARY via SREBP1-c, and inhibits
FOXO1, a potent inhibitor of adipogenesis.
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1.8 Role of mitochondria in adipose tissue development

The role of mitochondria in adipocytes was long neglected, possibly because of their low
abundance in these cells. However, recent evidence has shown that mitochondria in adipocytes are
at the core of the energy metabolism of the cell. In a healthy state, mitochondria actively control
the following: lipid turnover, apoptosis, generation of ATP and cell metabolism substrates,
production of new adipocytes, and other essential cellular functions (Boudina and Graham, 2014;

De Pauw et al., 2009).

1.8.1 Mitochondrial homeostasis and function

The term ‘mitochondria’ was first introduced by Carl Brenda in 1898 (Ernster and Schatz,
1981) and originates from the Greek ‘mitos’ (thread) and ‘chondros’ (granule), referring to the
appearance of these structures during spermogenesis. Mitochondria have since become a central
subject of research within numerous disciplines of experimental biology. Mitochondria in humans
are the organelles essential for vital cellular functions, regulating many metabolic pathways by
which chemical energy from various cellular fuel sources (carbohydrates, lipids and proteins) is
converted into the energy-substrate ATP. Pyruvate oxidation, the tricarboxylic acid (TCA) cycle,
fatty acid B-oxidation and oxidative phosphorylation (OxPhos) take place in mitochondria, and

hence, they are aptly known as the “powerhouse” of the cell (Goldenthal and Marin-Garcia, 2004).

Mitochondria have two membranes: an outer membrane and an inner membrane that is
folded into cristae. These membranes divide mitochondria into an intermembrane space and an
inner matrix subcompartment. The folded inner membrane houses the respiratory chain complexes
(I-IV) and ATP-synthase (complex V), which together make up the critical units of oxidative

phosphorylation-dependent energy production in the cell.
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The oxidative phosphorylation pathway consists of ~90 protein subunits that are assembled
into five complexes: (1) complex I (NADH dehydrogenase, with 45 subunits); (2) complex II
(succinate dehydrogenase, with 4 subunits); (3) complex III (cytochrome bc 1, with 11 subunits);
(4) complex IV (cytochrome oxidase, COX, with 13 subunits); and (5) complex V (ATP synthase,
with 17 subunits). In addition to these complexes, the respiratory chain has two mobile electron
shuttles, ubiquinone (Coenzyme Q, CoQ), and cytochrome ¢ (cyt c¢), a heme-containing small

polypeptide (McKenzie et al., 2009; Kiihlbrandt, 2015).

Mitochondria also possess their own multicopy genome, a 16.6 kb circular mitochondrial
DNA (mtDNA) residing in the inner matrix, which contains 37 genes coding for two ribosomal
RNAs (12S and 16S), 22 transfer RNAs, and 14 polypeptides. The 13 mtDNA-encoded proteins
are the core catalytic components of the respiratory chain complexes I, III, IV, and V, and the
remaining OxPhos proteins are encoded in the nucleus, with complex II being solely nuclear-
encoded (Falkenberg et al., 2007; Asin-Cayuela and Gustafsson, 2007). The 14™ mtDNA-encoded
protein called humanin, a biologically active protein involved in stress resistance, was discovered
in 2001 and was found to be encoded by the mitochondrial gene MT-RNR2 (Hashomoto et al.,

2001).

Mitochondrial homeostasis is critical to determine bioenergetic responses to metabolic
stress and is determined by a delicate balance between mitochondrial biogenesis, dynamics and
mitophagy. Mitochondrial biogenesis, defined as the growth and division of pre-existing
mitochondria, is regulated by tightly orchestrated induction of transcriptional regulators, activated
by energy demands (Scarpulla, 2008). Peroxisome proliferator-activated receptor gamma

coactivatorla (PGCla), mitochondrial transcription factor A (TFAM), and nuclear respiratory
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factors (Nrfs), Nrfl and Nrf2, have been shown to be important regulators of mitochondrial

biogenesis (Jornayvaz and Shulman, 2010).

PGCla, by co-activating and controlling the expression of the mitochondrial biogenesis
network, directly links external physiological stimuli to the regulation of mitochondrial production
and function (Scarpulla, 2011). The activity of PGCla is regulated by acetylation, and in a normal
state, PGCla is acetylated and silenced. However, in nutrient excess, sirtuin 1 (SIRT1) activates
PGCla and mitochondrial activity is enhanced (Houtkooper et al., 2010). PGCla regulates the
functions of TFAM. The TFAM promoter contains recognition sites for Nrfl and/or Nrf2, thus
allowing coordination between mitochondrial and nuclear activation during mitochondrial
biogenesis and controling the transcription of mitochondrial proteins (Virbasius and Scarpulla,
1994; Wu et al., 1999). PGCla also targets estrogen-related receptor o (ERRa) and GA repeat-
binding protein a (GABPa) to regulate respiratory chain complexes including cytochrome ¢ and
ATP synthase (Schreiber et al., 2004; Mootha et al., 2004). The transcription factor, FOXO1, is
another important mitochondrial regulator, which enhances the expression of genes involved in

mitochondrial lipid oxidation and oxidative stress protection (Brunet et al., 2004).

An important aspect of proper mitochondrial function is the maintenance of healthy
numbers of mitochondria through mitochondrial dynamics, fusion and fission, which enable
mitochondria to divide and help ensure proper organization of the mitochondrial network during
biogenesis (Green and Van Houten, 2011). Abnormal mitochondrial fusion induces the
fragmentation of mitochondria from a tubular morphology into pieces, whereas disturbed
mitochondrial fission results in the fusion of adjacent mitochondria (Chen, 2006). The processes

of mitochondrial fission/fusion are controlled by GTPases, most of which were identified in
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genetic screens in yeast (Hoppins et al., 2007). Mitochondrial fusion in mammals is mediated by
mitofusins: MTF1 and MTF2, (Bach etal., 2003) and optic atrophy 1 (OPA1) (Cipolat et al., 2004),
while mitochondrial fission is regulated by dynamin-related protein 1 (DRP1) (Smirnova et al.,

2001).

A third process involved in mitochondrial homeostasis is called mitophagy, which is a
mitochondrial-specific equivalent of autophagy that involves breakdown of damaged and
malfunctioning mitochondria. Mitophagy is considered to be a beneficial metabolic event and is
important for preserving mitochondrial quality and insulin sensitivity (Gomes et al., 2011).
Specifically, defective mitochondria are sequestered into a double membrane phagosome that is
later fused with lysosomes to form autolysosomes, where the contents are degraded and can be

recycled (Ding and Yin, 2012).

1.8.2 Regulation of adipogenesis by mitochondrial metabolism

Compared to transcriptional and signaling pathway mediated modulation of adipogenesis,
the role of cellular metabolism in the regulation of adipocyte differentiation has not received as
much attention. Nevertheless, increased oxygen consumption of preadipocytes has been shown
during adipogenic differentiation, which suggests an increase in mitochondrial biogenesis.
Moreover, adipogenic differentiation of 3T3-L1 preadipocytes has been shown to be accompanied
by an increase (several-fold) in the concentration of mitochondrial protein along with marked
changes in mitochondrial morphology (Wilson-Fritch et al., 2003; Wilson-Fritch et al., 2004).
Mitochondrial activity has been shown to be a prerequisite for differentiation of MSCs into
adipocytes, with a significant increase in mitochondrial function observed during early stages of

adipogenesis (Zhang et al., 2013; Drehmer et al., 2016). Coordination between adipogenesis and
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mitochondrial biogenesis is supported by the fact that the same transcription factors are needed in
both processes. PPARy, C/EBPa, CREB, (Rosen and Spiegelman, 2001), ERRa (Ijichi et al., 2007)
and PGCla are all major regulators of mitochondrial biogenesis as well as adipogenesis and body
energy balance (Spiegelman et al., 2000). However, it is not clear whether this increase in
mitochondrial activity is a causal factor or a consequence of adipogenic differentiation, particularly

in the case of metabolic disorders that exhibit altered adipogenesis.

The byproducts of mitochondrial metabolism, mitochondrial reactive oxygen species
(ROS), have been shown to inhibit proliferation of 3T3-L1 mouse preadipocytes (Carriere et al.,
2003) and to exhibit strong anti-adipogenic effects in murine 3T3-F442A preadipocytes (Carriere
et al., 2004). ROS levels have also been shown to drop during early stages of adipogenesis in 3T3-
L1 preadipocytes, with a concomitant increase in expression of antioxidant enzyme genes
(Ducluzeau et al., 2011). On the contrary, ROS levels have been shown to increase during
adipogenesis in 3T3-L1 preadipocytes, where N-acetylcysteine (NAC), a well-known antioxidant,
inhibited ROS levels as well as fat accumulation in a concentration-dependent manner. NAC also
inhibits the expression of adipogenic transcription factors C/EBPB and PPARYy (Calzadilla et al.,
2011). Similarly, ROS generated by mitochondrial complex III has been reported to be essential
for the activation of adipogenic transcription factors in human MSCs, where treatment with
specific mitochondrial antioxidants, such as Mitotempol or MitoCP, resulted in abrogation of
adipogenesis (Tormos et al., 2011). Additional studies on adipogenesis using human MSCs have
also shown ROS levels to go up during early stages of adipogenesis (Zhang et al., 2013; Drehmer
et al., 2016). In addition, high ROS levels are associated with insulin resistance in 3T3-L1

adipocytes, where inducing ROS production has been shown to decrease adiponectin expression
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and secretion. Adiponectin is an important protein for insulin sensitivity, exhibiting anti-
atherogenic and anti-inflammatory effects (Wang et al., 2013a). Taken together, these selected
representative studies suggest that the amount and duration of ROS effects are critical in the

initiation of normal versus pathological responses in adipocyte differentiation (Fig. 4).
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Fig. 4: The importance of physiological ROS levels for adipogenic differentiation. Several
studies have suggested that ROS levels play a critical role in adipogenesis, where the timing and
amount of ROS generation determine the initiation of a normal adipogenic process versus a
pathological obese response. Normal ROS levels are obligate for adipogenesis and mediate a well-
orchestrated process for the cell to become a mature adipocyte. However, below or above a certain
ROS level adipogenesis fails to progress and/or is associated with adipocyte hypertrophy.
(Adapted from: Castro et al., 2016).
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To summarize, numerous studies suggest that normal mitochondrial function is needed to
enable and drive adipogenesis in adipose tissue, and mitochondrial defects affect the differentiation

capacity, and possibly, the expansion potential, of adipose tissue.

1.8.3 Metabolic checkpoints in determining stem cell differentiation and cell fate decisions

In addition to growth factors and extracellular matrix cues, cellular bioenergetics has also
been shown to provide important signals for the self-renewal and differentiation potency of stem
cells (Rehman, 2010). The metabolic profile distinguishes the undifferentiated state from the
differentiated state of stem cells, with associated changes in mitochondrial morphology and a shift
from glycolysis to mitochondrial oxidative phosphorylation (Wanet et al., 2015). Stem cells are
particularly dependent upon glycolysis to support cellular growth and division and exhibit a high
rate of glycolytic lactate production compared to differentiated cells. A high glycolysis rate in stem
cells, together with reduced OxPhos, provides an essential supply of the cofactors and substrates
necessary for the biosynthetic reactions underlying their expansion (Pereira et al., 2014).
Moreover, reliance on glycolysis and circumventing OxPhos helps in maintaining low levels of
ROS, thereby preventing oxidative damage to cellular lipids, proteins, and DNA associated with
excessive ROS accumulation (Maryanovich and Gross, 2013). Further, it has also been proposed
that mitochondria in undifferentiated stem cells are immature with lower transcription of electron
transport chain components, and hence, are unable to fully execute oxidative phosphorylation
(Chung et al., 2007; St John et al., 2007; Prigione et al., 2010). However, after specified lineage
differentiation, mtDNA levels and emerging energy requirements are gradually increased in
support of mitochondrial biogenesis (Cho et al., 2006). In differentiating stem cells, the

development of the mitochondrial network precedes the loss of the pluripotency markers, OCT4
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and Nanog (Mandal et al., 2011). Mitochondrial biogenesis and a metabolic shift toward OxPhos
have been shown to be early events in the differentiation of stem cells towards osteogenic (Chen
et al., 2008), neural (Calvo-Garrido et al., 2019; Zheng et al., 2016), and hepatogenic (Wanet et

al., 2014) lineages.

Further, regulatory pathways that control stem cell/progenitor decisions to differentiate
into specific lineages have been studied. For example, the transcriptional corepressor, p107 (Rbl1)
has been shown to control a metabolic checkpoint occurring at growth arrest that affects progenitor
cell fates between white and pro-thermogenic adipocytes, where p107-depleted progenitors were
shown to undergo a metabolic state resembling aerobic glycolysis, which is required for

commitment towards pro-thermogenic brown adipocytes (Scimé et al., 2005; Porras et al., 2017).

1.9 Mitochondrial and adipose tissue dysfunction in obesity and related metabolic

complications

1.9.1 Adipose tissue dysfunction in obesity

To accommodate excess energy intake during the course of obesity, adipose tissue
undergoes various cellular and structural remodeling processes including: (1) adipose tissue
expansion through a coordinated combination of adipocyte hyperplasia involving the generation
of new adipocytes from progenitors and adipocyte hypertrophy, where existing adipocytes become
enlarged to accommodate more lipids (Wang et al., 2013b); (2) recruitment of inflammatory cells
to adipose tissue (Lolmede et al., 2011); and (3) remodeling of the vasculature and the extracellular
matrix (ECM) to allow effective adipose tissue expansion, oxygenation, and mobilization of
nutrients (Cao, 2103). However, a sustained energy imbalance, together with an inflammatory

microenvironment, results in the failure of these adaptive homeostatic mechanisms, leading to
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adipose tissue dysfunction characterized by secretion of pro-atherogenic, pro-diabetogenic and
pro-inflammatory adipokines, abnormal lipid storage and adipogenesis, impaired fibrosis

deposition, and insulin resistance (Haczeyni et al., 2018) (Fig. 5).

Preadipocyte recruitment and subsequent adipogenic differentiation (hyperplasia) in
subcutaneous adipose tissue, as a response to excess dietary fat, has been reported to be the
metabolically healthy way to expand adipose tissue and to protect against metabolic disease
(Gustafson et al., 2015; Laforest et al., 2015). Increased adipocyte size (hypertrophy), on the other
hand, has been associated with insulin resistance (Kim et al., 2015; Hoffstedt et al., 2010;
Andersson et al., 2014), dyslipidemia and hepatic steatosis (Larson-Meyer et al., 2006), and is
shown to be a predictor of the onset of type 2 diabetes (Weyer et al., 2000; Lonn et al., 2010).
Moreover, enlarged adipocyte size has been linked to cell death and has been suggested to be the
determining factor of inflammatory macrophage infiltration in adipose tissue (Cinti et al., 2005;

Strissel et al., 2007).

Smaller adipocytes have been shown to be associated with an insulin-sensitive phenotype,
and accordingly, have been shown to be present in the visceral fat of obese individuals who are
insulin sensitive (Kloting et al., 2010) and in individuals characterized as “metabolically healthy”
obese (O'Connell et al., 2010). It has been demonstrated that after bariatric surgery, subjects with
the largest reduction in adipocyte size gained most in insulin sensitivity (Andersson et al., 2014).
Also, it has been shown that induction of hyperplastic changes in adipose tissue (adipogenesis)

alleviates symptoms of insulin resistance (Hoffstedt et al., 2010; Lu et al., 2014).
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Fig. 5: Adipose tissue dysfunction in obesity. Long-term excess energy intake causes weight gain
and adipocyte hypertrophy along with impaired lipid handling and altered adipokine secretion,
resulting in a shift towards a pro-inflammatory state. The secreted adipokines further boost the
infiltration of resident and circulating macrophages and inflammatory cells into the adipose tissue
resulting in impaired preadipocyte recruitment and differentiation. Increased inflammatory
adipokine secretion and aberrant lipid metabolism causes insulin resistance in the adipose tissue,
which results in increased free fatty acids (FFAs) spillover, and accumulation in ectopic sites,
thereby leading to whole-body metabolic complications. In muscle and liver, increased lipid
content and insulin resistance is observed, with insulin-resistant adipose tissue contributing to a
rise in blood glucose. In the pancreas, increased glucose concentrations cause overfunctioning of
B-cells and subsequently, their exhaustion.
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In addition to adipose tissue insulin resistance, hypertrophic adipocytes have also been
associated with elevated levels of circulating inflammatory markers and an increased number of
macrophages in adipose tissue (Skurk et al., 2007; Weisberg et al., 2003). Studies in mouse models
of obesity have linked adipocyte hypertrophy with cell death (Cinti et al., 2005; Strissel et al.,
2007; Gornicka et al., 2012). In one of the studies, it was shown that morphologically dying or
dead adipocytes were surrounded by inflammatory macrophages, which fused to form syncytia
that sequestered and scavenged residual "free" adipocyte lipid droplets and, ultimately, formed

multinucleate giant cells, a hallmark of chronic inflammation.

The frequency of adipocyte death has been positively correlated with increased adipocyte
size in adipose tissue of obese mice and humans. (Cinti et al., 2005). In rodents, large adipocytes
secrete more inflammatory tumor necrosis factor o (TNFa) (Morin et al., 1998). Increased
expression and secretion of proinflammatory adipokines such as interleukins 6 and 8 (IL-6, IL-8),
TNFa, monocyte chemoattractant protein 1 (MCP1), C-reactive protein (CRP), chemerin,
progranulin and granulocyte colony stimulating factor (G-CSF) have been related to adipocyte
hypertrophy (Skurk et al., 2007; Jernas et al., 2006; Unamuno et al., 2018). Further, hypertrophied
adipocytes have been shown to release large quantities of free fatty acids (FFAs) via macrophage-
induced adipocyte lipolysis, which serve as naturally occurring ligands for Toll-like receptor 4
(TLR4), thereby inducing inflammatory changes in both adipocytes and macrophages via NF-
kappaB activation (Suganami et al., 2007). Adipocyte apoptosis has also been suggested to be a
key event that contributes to macrophage infiltration into adipose tissue and subsequent insulin

resistance (Alkhouri et al., 2010).

38



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

Several studies have shown adipogenesis to be decreased in hypertrophic obesity (Perez et
al., 2015; Gustafson et al., 2013; Isakson et al., 2009; van Harmelen et al., 2003), where ADSCs
or preadipocytes isolated from SAT of obese individuals have been found to have significant
reduction in their adipogenic differentiation potential. This suggests that hypertrophy of existing
adipocytes, in response to chronic caloric excess, results from an inability to recruit progenitors
for the formation of new adipocytes. Hence, adipocyte hyperplasia (adipogenesis) as a means of
adipose tissue expansion seems to be a mechanism that could protect individuals from the

metabolic complications of obesity.

Depot-specific differences in adipocyte hypertrophy have also been reported during
adipose tissue expansion in response to a continued positive energy balance in high fat diet (HFD)-
fed obese AdipoChaser mice. In this model, HFD-induced adipose tissue expansion occurred
primarily by hypertrophy in both SAT and epididymal adipose tissue depots during the first month
of HFD, whereas after prolonged HFD exposure, a wave of adipogenesis was initiated in the
epididymal adipose tissue, while only negligible levels of adipogenesis occurred in SAT depots

(Wang et al., 2013b).

1.9.2 Mitochondrial dysfunction in obese adipose tissue

Several animal studies using genetic or dietary models of obesity have shown a reduction
in mitochondrial oxidative capacity in white adipose tissue (Wilson-Fritch et al., 2003; Choo et
al., 2006). Mitochondrial number has been shown to be reduced by 50%, along with a decrease in
the transcription of genes encoding mitochondrial proteins in white epididymal adipocytes
obtained from ob/ob mice, when compared with lean mice (Wilson-Fritch et al., 2004). In another

mouse model of obesity, a decrease in citrate synthase activity was accompanied by reduced
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expression of PGCla, together with a decrease in the abundance of several proteins in the
mitochondrial respiratory chain. However, this didn’t result in changes in mitochondrial mtDNA
amounts or basal oxygen consumption levels, suggesting downregulation of mitochondrial activity

at the nuclear level alone (Cummins et al., 2014).

Mitochondrial DNA content, and gene expression associated with mitochondrial
respiration and transcription factors, PGCla, PGC1f and ERRa, were found to be downregulated
in db/db and high-fat diet fed mice compared with non-diabetic or lean mice (Rong et al., 2007).
These defects were rescued upon treatment with the PPARy agonist and insulin sensitizer,
rosiglitazone, suggesting a relationship between mitochondrial function and insulin sensitivity.
Similarly, 3T3-L1 adipocytes exhibited impaired insulin responsiveness due to impaired glucose
transport (decreased GLUT4 translocation to the cell surface) upon induction of mitochondrial
dysfunction by knockdown of a transcription factor involved in mitochondrial biogenesis, TFAM

(Shi et al., 2008).

Mitochondrial dysfunction has also been associated with obese adipose tissue in human
studies. Defects in mitochondrial function, in terms of reduced respiratory chain complex activity,
mitochondrial membrane potential, and inorganic phosphate utilization, have been reported in SAT
of obese and diabetic patients. Interestingly, non-obese diabetic individuals did not show any
change in mitochondrial function, suggesting that obesity per se relates to impaired mitochondrial
function (Chattopadhyay et al., 2011). Similarly, an inverse relationship between BMI and
mitochondrial oxidative phosphorylation capacity has been shown in primary human subcutaneous
adipocytes (Fischer et al., 2015). Moreover, n-3-polyunsaturated fatty acids, which are known to

prevent obesity and insulin resistance, upregulate mitochondrial biogenesis and oxidative
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metabolism in human adipose tissue (Flachs et al., 2005). Reduced mtDNA levels have been
observed in genetically identical twins, when obese siblings are compared with their leaner
counterparts, highlighting that environmentally acquired effects contribute to the regulation of
mitochondrial mass and biogenesis (Pietilainen et al., 2008). Using in vitro differentiated human
preadipocytes, it was shown that adipocytes from obese individuals have lower oxygen
consumption rates after f-adrenergic stimulation compared with preadipocytes from lean subjects

(Yehuda-Shnaidman et al., 2010).

1.9.3 Mitochondrial dysfunction in obesity and its associated complications: cause or

consequence?

Despite ample evidence linking mitochondrial dysfunction with obesity and associated
complications, like insulin resistance, in both mouse and human models, the cause and effect
relationship between the changes in mitochondria and the development of metabolic complications
of obesity has remained unclear. In adipose tissue, high-fat-fed mice have been shown to display
mitochondrial dysfunction that was observed as a secondary feature occurring after the
development of insulin resistance (Sutherland et al., 2008; Wang et al., 2014). Moreover, the
inflammatory cytokine TNFa has been shown to impair mitochondrial biogenesis and function in
adipose tissue in obese mice (Valerio et al., 2006). Similarly, in human preadipocytes, treatment
with the inflammatory cytokine TNFa reduced the expression of respiratory chain pathway genes
in healthy individuals, suggesting a role for inflammation in the development of mitochondrial

dysfunction (Dahlman et al., 2006).

On the other hand, alternate studies have suggested that mitochondrial dysfunction is the

underlying mechanism behind insulin resistance and inflammation. For instance, high levels of
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FFAs and glucose have been reported to directly stimulate mitochondrial dysfunction in 3T3-L1
adipocytes (Gao et al., 2010). TNFa and other inflammatory cytokines can also be secreted because
of dysfunctional mitochondria. Mitochondria are the sites of phospholipid synthesis for the
adipocyte cell membrane (Vance, 1990), and adipocyte cell membrane lipid modifications have
been shown to recruit inflammatory cells to adipose tissue (Pietilainen et al., 2011). It is thus
plausible that mitochondria and their dysfunction might be involved in adipocyte cell membrane
alterations and inflammatory processes of adipose tissue, potentially leading to inflammation

observed in obesity.

Moreover, the mechanisms responsible for reduced mitochondrial function in adipose
tissue in obesity are not yet known. It has been suggested that they involve alterations in
mitochondrial life cycle, such as reduced mitochondrial biogenesis and impaired mitochondrial
dynamics (fission and fusion), or defective clearance of damaged mitochondria (mitophagy), in
combination with increased inflammation and damage caused by excess ROS accumulation in
mitochondrial metabolism and endoplasmic reticulum (ER) stress (Boudina and Graham, 2014;

Kusminski and Scherer, 2012; De Pauw et al., 2009).

1.10 Current treatment strategies for obesity and its related metabolic disturbances

Typically, the first option for weight loss is centered on a commitment to lifestyle changes,
such as dietary restrictions to lower caloric intake, increased physical activity to promote higher
energy expenditure, and behavior therapy to promote healthier eating habits and higher self-control
(Wadden et al., 2012). The success of lifestyle modifications for obesity and avoidance of weight
re-gain is only feasible if healthy routines are maintained in the long-term. Intense diet programs

with meal replacement supplements and heavy exercise regimens, which may be practiced in initial
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stages of weight loss, can be transitioned into practical routines that are better suited for continued
maintenance of a healthy body weight. However, in most cases of obesity, the aforementioned
lifestyle interventions are ineffective for long-term weight loss. In these cases, pharmacological

treatments are used in tandem with dietary restrictions and physical activity to treat obesity.

According to guidelines from the Endocrine Society on the treatment of obesity,
pharmacotherapy should only be used in conjunction with lifestyle changes for individuals with a
BMI of 27 kg/m? or higher with comorbidity or for individuals with a BMI over 30 kg/m? (Apovian
et al., 2015). In more extreme cases (BMI > 40 kg/m?, or BMI > 35 kg/m? with comorbidities),
patients are eligible for bariatric surgery, which is far more efficacious than the aforementioned
interventions in sustaining long-term weight loss. However, due to associated surgical
complications and frequent needs for re-operation, bariatric surgery is not intended for the majority

of obese individuals (Choban et al., 2002).
1.10.1 Current pharmacotherapy options for the treatment of obesity

Existing anti-obesity pharmacological therapies largely act via either suppressing appetite
or preventing fat absorption. There are currently five FDA-approved anti-obesity drugs and two
Health Canada-approved drugs on the market (Srivastava and Apovian, 2018; Canadian obesity

network, 2017).

The longest standing anti-obesity drug is orlistat, which is a gastrointestinal lipase
inhibitor. By interfering with this enzyme’s lipolytic function, to break down triglycerides into
fatty acids, fat absorption is decreased by almost 30%. Nevertheless, there are several
gastrointestinal side effects associated with this drug, such as flatulence, diarrhea and steatorrhea,

but serious adversities have not been reported (Henness and Perry, 2006).
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The second dual-approved medication is liraglutide, which is a long-acting human
glucagon-like peptide-1 (GLP-1) agonist. Although this medication was first introduced for the
treatment of type 2 diabetes, as it increases insulin secretion and decreases inappropriate glucagon
secretion, it is also effective as a weight loss medication because it suppresses appetite and slows

gastric emptying (Pi-Sunyer et al., 2015).

The last three drugs, lorcaserin, phentermine/topiramate and naltrexone/bupropion are only
approved in the United States. Lorcaserin is an analog of 5-hydroxytryptamine (5-HT) and has
properties of serotonin, a key mediator of food intake. It selectively binds to one type of serotonin
receptor, 5-HT2c, which results in appetite suppression and controlled caloric intake (Brashier et
al., 2014). Phentermine/topiramate is a combination medication that also acts as an appetite
suppressant. However, its exact mechanism of action is unknown. It is associated with the highest
weight-loss results, in comparison to its competitors, but is associated with fetal harm in
pregnancies, glaucoma, and adverse cognitive and psychiatric effects (Srivastava and Apovian,
2018). Naltrexone/Bupropion, a combination of an opioid antagonist and antidepressant
respectively, reduces hunger in a mechanism that is not entirely understood. Due to its potential
adverse effects, this medication is not advised for patients with a seizure history, high blood

pressure, cardiac disease or hepatic disease (Tek, 2016).

These aforementioned pharmacological agents have been successful in weight reduction
and counteracting obesity. However, each option has its limitations and is often suited for short-
term use only. In addition, these on-market medications are all based on similar drug targets and
modes of action. Hence, there is still a large clinical need for novel medications with minimal side

effects, that are capable of creating long-term solutions for obese patients.
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1.10.2 Current drug screening platforms for obesity and metabolic disorders

Healthy adipose tissue expansion occurs as a combination of hyperplasic and hypertrophic
tissue expansion and maintenance of an overall anti-inflammatory state. By contrast, obesity is
associated with unhealthy expansion dominated by adipocyte hypertrophy and dysfunctional
adipose tissue due to increased insulin resistance, poor endocrine function, an overall pro-
inflammatory state, defective mitochondrial function, and a higher degree of hypoxia and fibrosis
(Ghaben and Scherer, 2019). Thus, targeting obese adipose tissue has recently gained attention for
developing newer pharmacological interventions for obesity and its associated complications
(Kusminski et al., 2016). To move forward in that direction, robust high-throughput primary drug
screening platforms measuring adipocyte differentiation and/or unhealthy metabolic parameters

are necessary.

Most current screening assays quantify adipogenesis by measuring lipid accumulation as
the primary endpoint. Drug screening platforms using murine OP9 preadipocyte cells (Lane et al.,
2014), human ADSCs (Foley et al., 2015), or induced pluripotent stem cells (iPSCs) (Yuan et al.,
2019), based on high-throughput lipid and nuclear staining measurements to determine changes in
adipogenesis, have been reported. Another high-throughput lipid stain-based microscopy assay has
been developed for screening anti-obesity agents on miniaturized micro-cell patterned chips using
murine 3T3-L1 preadipocytes (Kim et al., 2016). An siRNA screening assay utilizing lipid staining
as an endpoint measurement has also been described for the identification of anti-obesity
compounds (Sohle et al., 2012). Also, a luciferase reporter-based platform has been reported,
where murine 3T3-F442A preadipocytes, stably expressing a luciferase reporter gene driven by

the adipogenic specific promoter-adipocyte Protein 2 (aP2), were used to determine changes in
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adipogenesis upon drug treatment (Waki et al., 2007). A similar drug screening system was
developed by using human MSCs stably expressing a fluorescent reporter gene under the aP2
promoter to detect small molecule mediated changes in adipogenesis (Qin et al., 2010). Moreover,
flow cytometry (Wolins et al., 2018) and image cytometry-based (Doan-Xuan et al., 2013)
methods for the quantification of adipogenesis and lipid accumulation have also been described.

However, they might not be amenable for use in a high-throughput drug-screening process.

The majority of these screening tools employ murine cell lines, and due to interspecies
differences in physiology and metabolism, these models are not ideal for identifying anti-obesity
drugs applicable to humans. Some of these platforms have used human cells, however they were
of healthy origin and hence, are not a true representation of obese adipocyte differentiation that is
the intended target. Thus, there appears to be a vital need to develop primary screening platforms

that are more reflective of the actual drug target tissue, which is obese adipose tissue.
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1.11 Summary of intent

Obesity is characterized by excessive storage of calories resulting from overnutrition in the
form of triglycerides in adipose tissue, which leads to adipose tissue expansion. In response to
overnutrition, adipose tissue expands primarily through a combination of: (1) hyperplasia, where
the adipose tissue resident stem/progenitor cells give rise to new adipocytes, also known as
adipogenesis; and (2) hypertrophy, where existing adipocytes enlarge in size to accommodate
excessive triglycerides. The balance between these two modes of adipose tissue expansion has
been shown to impact the overall metabolic state of an obese individual, where hyperplastic
expansion has been associated with the maintenance of normal adipocyte function and is
considered a metabolically healthy mechanism for adipose tissue expansion. Hypertrophic
expansion on the other hand is accompanied by adipose tissue dysfunction and inflammation,
where hypertrophic adipocytes have been shown to crosstalk with immune cells through cytokines,
FFAs, and leukotrienes to enhance inflammation, thereby providing a metabolically unhealthy

environment for adipose tissue expansion.

Adipogenesis has been studied in great detail using murine and human in vitro models and
has been shown to be a tightly regulated process controlled by complex transcriptional and
signaling cascades. However, the metabolic regulation of this process has not been studied in detail
in human systems. Moreover, given the metabolic derangements observed in obesity, more studies
are required to understand the metabolic control of adipogenesis in the context of obesity. A better
understanding of human adipogenesis in the context of obesity would ultimately aid in the design
of targeted pharmacological approaches aimed at increasing adipogenesis over adipocyte

hypertrophy to treat metabolic disorders.
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Studying adipogenesis in vitro in the context of metabolic disorders has been largely
inconsistent primarily due to the failure to properly represent the metabolic intricacies experienced
by a metabolically unhealthy obese patient. Thus, there remains a lack of in vitro models that are
able to capture the details of molecular and metabolic landscape of an obese microenvironment.
Therefore, I hypothesize that resident stem cells isolated from morbidly obese individuals will
provide an in vitro model that closely recapitulates the pathways uniquely regulating
aberrant adipogenesis in human obesity, allowing for the identification of therapeutic targets

for improving metabolic health in an obese setting.

To address my hypothesis, I defined the following four specific objectives:

(1) Investigate metabolic pathways at molecular and functional levels by using ADSCs in vitro
to create a comprehensive map of healthy human adipogenesis

(2) Develop a patient-derived cellular model for studying obesity in vitro

(3) Identify molecular and metabolic switches that can serve as markers for aberrant
adipogenesis in obesity

(4) Develop a drug screening platform that targets aberrant adipogenesis

First, I needed to create a metabolic map of healthy human adipogenesis that would serve
as a useful model to compare the pathways that are dysregulated in obese adipogenesis. Studying
cellular bioenergetics by using molecular and functional techniques along the time course of
human adipogenesis in ADSCs isolated from subcutaneous adipose tissue depots of healthy donors
allowed me to create a complete metabolic map of human adipogenesis that captured both early

and late stages of the process (Chapter 2).
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I then isolated ADSCs from subcutaneous adipose tissue samples obtained from our cohort
of patients, encompassing overweight and obesity classes over a wide spectrum of BMIs ranging
from 27.1 to 52.4. Upon characterization of ADSCs isolated from across the BMI range, |
identified that ADSCs from class III obese (morbidly obese) individuals were most reflective of
an obese environment in terms of defects in adipogenesis and consistency across multiple patients.
Utilizing this cellular model of obesity, with the help of transcriptomic, proteomic and functional
bioenergetics tools, I identified signaling and metabolic defects underlying blocked adipogenic
differentiation of obese cells that I could partially rescue upon improving their metabolic health.
This provided a proof-of-concept that there is a potential to improve adipogenesis defects in obese

cells with small molecule-mediated pharmacological intervention (Chapter 2).

Through functional metabolic and global transcriptomic analyses of obese versus healthy
patient-specific ADSCs and developing adipocytes, 1 observed a dysregulation in both Wnt
signaling and mitochondrial metabolic gene expression and sought to clarify how Wnt signaling
regulates adipogenesis in my model system (Chapter 3). As my studies provided me with a more
in-depth understanding of the pathophysiology of obesity with potential targetable pathways
towards treatment of obesity, I proceeded to develop a novel high-throughput drug-screening
platform to identify small molecule compounds that improve adipogenesis and metabolic health

in an obese setting (Chapter 4).

Collectively, the studies presented in this thesis advance our understanding of the unique
regulators of adipogenesis in an obesity-specific in vitro cellular model that can be tangibly

targeted for developing disease-selective therapies.
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CHAPTER 2

Morbid obesity impairs stem cell function by blocking early metabolic switches during

adipocyte differentiation

Preface

This chapter is prepared as an unpublished manuscript, in preparation for submission. The authors

include:

Kanwaldeep Singh, Brandon Law, Derek Auyeung, Sansi Xing, Arianna Dal-Cin, Yu Lu, Eva

Szabo and Bradley Doble

I designed the study, conducted the experiments, analyzed the data, assembled the figures
and wrote the manuscript together with Dr. Brad Doble. Brandon Law and Derek Auyeung
performed western blotting experiments. Sansi Xing assisted with proteomics sample preparation.
Dr. Arianna Dal-Cin collected and provided patient samples, patient data and clinical advice. Dr.
Yu Lu designed proteomics analyses and helped with the proteomic bioinformatics. Dr. Eva Szabo

helped with study design and interpretation of data.

Chronic caloric overload in obesity is associated with reduced adipogenesis. Adipose tissue
in the context of obesity expands primarily through hypertrophic expansion of existing adipocytes.
Adipocyte hypertrophy disrupts adipose tissue homeostasis, resulting in adipose tissue

dysfunction, which is characterized by increased secretion of pro-inflammatory adipokines and
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abnormal lipid storage thereby contributing to the development of insulin resistance. Adipogenesis
is considered a metabolically healthy way for adipose tissue to expand, making it critical to study
the molecular mechanisms that contribute to reduced adipogenesis in obesity and metabolic
disorders. The primary goal of this study was to advance our understanding of molecular and

metabolic factors regulating aberrant adipogenesis in the context of obesity.

In this manuscript, we examined, in depth, the molecular and functional differences
between healthy versus obese patient-specific adipose tissue derived stem cells (ADSCs) over the
time course of adipogenic differentiation. Our study has revealed that morbidly obese patient-
specific ADSCs display blocked differentiation as a result of aberrant metabolic regulation, which
limits their capacity to switch on metabolism-specific transcription and signaling pathways,
thereby dysregulating mitochondrial metabolic pathways, insulin sensitivity, and fatty acid
metabolism related genes. When compared to healthy counterparts, obese ADSCs remain
immature, insulin insensitive, and metabolically quiescent. Our study provides proof-of-concept
data in support of the development of new therapeutics by using obese patient-specific cell models

that enable the targeting of aberrant metabolic pathways, towards the treatment of obesity.

51



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

Morbid obesity impairs stem cell function by blocking early metabolic switches during

adipocyte differentiation

Highlights

Adipocyte differentiation is significantly altered in morbid obesity

¢ Glycolytic and mitochondrial dysfunction is observed in morbid obesity resulting in failure
to meet energy demand during adipocyte differentiation

e Insulin sensitization during adipocyte differentiation is impaired in obesity and is

associated with blocked stem cell to preadipocyte conversion

e Adipocyte differentiation-specific pathway activation is delayed in obesity

Summary

Adipogenesis involves a complex interaction between cellular bioenergetics and insulin
signaling. However, it is unclear how these processes are regulated in human obesity. In this study,
by using human adipose tissue resident/derived stem cell (ADSCs), we explored the interplay
between metabolic function and insulin signaling during metabolic switching in healthy versus
morbidly obese settings. Obese ADSCs showed significantly decreased adipogenesis and impaired
induction of insulin signaling compared to healthy cells. The severity of these alterations was
found to be positively correlated with impaired metabolic triggers in both glycolysis and oxidative
phosphorylation. The metabolic derangements, coupled with increased accumulation of reactive

oxygen species (ROS), resulted in overall metabolic quiescence during adipocyte differentiation.
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Induction of mitochondrial activity rescued adipogenic differentiation in obese ADSCs. Our
findings demonstrate the importance of cellular bioenergetics during the early stages of

adipogenesis and provide novel avenues for therapeutically targeting obese adipose tissue.

Introduction

We are in the midst of an obesity epidemic. As a consequence, interest in understanding
the pathophysiology of obesity has gained tremendous momentum. Nevertheless, there is a gap in
our understanding of factors that drive human adipocyte development (i.e. adipogenesis) and

downstream obesity.

Adipogenesis, can be divided into two parts. The first step, termed the “commitment stage,”
involves generation of preadipocytes (adipocyte precursor cells) from ADSCs. The second step
entails terminal differentiation of preadipocytes into mature adipocytes, the “terminal
differentiation stage” (Henry et al., 2012). In humans, adipogenesis largely contributes to
formation of white adipose tissue, which regulates energy homeostasis (balance, storage and
expenditure of energy) and synthesis and release of a variety of adipokines, such as adiponectin
and leptin (Hauner, 2005; Fu et al., 2005; Stern et al., 2016). These adipokines, in turn, promote
cell proliferation and accelerate adipocyte differentiation by enhancing gene expression of
adipocyte specific markers i.e. CCAAT-enhancer binding protein-alpha (C/EBPa), peroxisome
proliferator-activated receptor gamma (PPARY), sterol regulatory element-binding protein-1c
(SREBP-1c¢). They also regulate insulin homeostasis and glucose and lipid metabolism, resulting
in increased lipid content (Stephens, 2012; Rosen and Spiegelman, 2006; Rosen and MacDougald,

2006). Thus, dysregulation of energy homeostasis or pathways involved with adipocyte
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differentiation can result in obesity (Arner et al., 2011; Bergen, 2017; Kloting et al., 2010).

While it is well established that mitochondrial biogenesis plays a major role in metabolism
and energy homeostasis, the functional and molecular mechanisms underlying mitochondrial
biogenesis during healthy and obese human adipogenesis remain to be fully delineated.
Mitochondrial dysfunction and indications of mitophagy induction have been observed in high fat
diet-induced obesity in mice (Kim et al., 2013). In murine models, the interaction between
adipogenesis and mitochondrial biogenesis has also been examined through evaluation of the
relationship between two transcription factors known to regulate both of these processes, namely
PPARYy and its co-activator, peroxisome proliferator-activated receptor gamma coactivator 1 alpha
(PGCla) (De Pauw et al., 2009). Treatment of 3T3-L1 adipocytes with a PPARy agonist increased
the number of mitochondria in individual cells and altered mitochondrial structure and gene
expression (Wilson-Fritch et al., 2003; Wilson-Fritch et al., 2004). In addition, higher oxidative
capacity has been observed during differentiation of human mesenchymal stem cells (MSCs) and
3T3-L1 adipocytes, with oxygen consumption coupled to ATP synthesis in the early stages of
differentiation and progressively uncoupled during maturation to adipocytes, with a concomitant

increase in PGCla levels (Ducluzeau et al., 2011, Zhang et al., 2013, Wilson-Fritch et al., 2003).

ROS production has been shown to play a regulatory role during 3T3-L1 adipocyte and
human MSC differentiation (Ducluzeau et al., 2011), where ROS generation was required for
adipogenesis (Tormos et al., 2011). The timing and the amount of ROS generation determines the
initiation of a normal adipogenic process versus pathological obese responses (Frohnert et al.,
2011; Galinier et al., 2006). For example, previous studies using murine obesity models showed

that oxidative stress due to over production of ROS can inhibit insulin signaling and alter lipolysis,
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resulting in insulin resistance in adipose tissue of obese mice (Curtis et al., 2010; Ruskovska and
Bernlohr, 2013). Furthermore, studies utilizing a high-fat diet regime in mice revealed that
mitochondrial dysfunction might result from the onset of insulin resistance and changes in glucose
tolerance (Sutherland et al., 2008; Wang et al., 2014). However, whether these findings in rodents
will hold true in humans requires further investigation, and the mechanisms of mitochondrial

dysfunction and their impact on adipogenesis in the context of obesity remain unclear.

Previous studies have identified a functional link between metabolism and stem cell
development (Shyh-Chang et al., 2013; Ochocki and Simon, 2013). As stem cells differentiate,
their dependence on glycolysis decreases with a concomitant increase in their requirements for
oxidative phosphorylation-driven pathways (Shyh-Chang et al., 2013). While the metabolic
switches have been explored functionally and mechanistically in healthy and diseased settings for
some adult stem cell types, such as hematopoietic and neural stem cells (Yu et al., 2013; Suda et
al., 2011; Saito et al., 2015, Khacho et al., 2016, Hamilton et al., 2015), a similar in-depth
understanding of the metabolic changes occuring during adipogenesis of ADSCs from healthy
versus obese individuals remains to be elucidated. Only a few studies have explored metabolic
switching during adipocyte differentiation, and these studies were focused on murine 3T3-L1 cell

differentiation (Halama et al., 2016).

Here, we demonstrate that glycolytic and mitochondrial dysfunction is inherent to morbidly
obese human ADSCs, and as a result these cells are refractory to metabolic triggers and show
mitochondrial functional defects resulting in aberrant adipogenesis. While obese ADSCs express
Insulin-like growth factor 1 receptor (IGFR1), the switch from IGFR1-dependent pathways to

insulin receptor (INSR) signaling that takes place during the early stages of differentiation does
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not occur, thus these cells also show hallmarks of insulin resistance during the early differentiation
process. The block in obese ADSC adipogenesis could be rescued, in part, by improving
mitochondrial function, which resulted in improved lipid accumulation and decreased ROS
production. Our results indicate that metabolic check points during early differentiation steps are
important for establishment of healthy adipogenesis. In addition, our study demonstrates that there
are profound differences in healthy versus obese ADSCs and their adipocyte differentiation and
maturation trajectories, suggesting that targeting obese ADSC and adipocyte mitochondrial

biogenesis may provide an important avenue towards treatment of obesity.

Results

For this study, ADSCs were isolated by collagenase digestion of abdominal subcutaneous
adipose tissue obtained from age- and gender-matched healthy and obese donors (Fig. S1). Prior
to using the ADSCs for experiments, the cells were confirmed to be bona fide mesenchymal stem
cells by performing characterization based on three criteria laid out by International society for
cellular therapy (ISCT) (Dominici et al., 2006; Bourin et al., 2013): (1) examining their
morphology and adherence to tissue-culture plasticware, (2) performing flow cytometry for
surface MSC markers: CD73, CD90 and CD105, and (3) examining tri-lineage differentiation
potential into adipocytes, chondrocytes and osteoblasts (Fig. S2). Fibroblast-Colony forming unit
(CFU-F) assay was performed using stromal vascular fraction (SVF) and no significant differences
in the colony forming efficiency were observed for the mesenchymal progenitors in the SVF across

healthy, overweight and obese samples.
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ADSC:s from morbidly obese donors show significant reduction in adipogenesis

To investigate the effect of Body Mass Index (BMI) on adipogenic differentiation potential,
ADSCs from our cohort of patients (n=28) with varying BMIs (healthy (BMI<25), overweight
(BMI between 25.1 and 29.9), Class I obese (BMI between 30 and 34.9), Class Il obese (BMI 35
to 40) and Class III obese (BMI over 40) were subjected to adipogenic differentiation over a 14
day timeline (Fig. 1A and 1B). The degree of adipogenesis was quantified by using Oil Red O
(ORO) staining and extraction at days 7 and 14 of adipogenesis (Fig. 1C) and further confirmed
by BODIPY (Boron-dipyrromethene) staining at day 14 of adipogenic differentiation (Fig. 1D and
1E). ADSCs from healthy (n=6) individuals showed highest adipogenic potential and the extent of
ADSC adipogenesis decreased as donor BMIs increased, with morbidly obese (Class III-BMI over
40) ADSCs (n=6) showing the most significant reduction in adipogenesis as measured by ORO
accumulation over the course of adipogenesis. This suggests that there is a negative correlation
between increasing BMI and the adipogenic differentiation potential (Fig. 1A). Since morbidly
obese (Class III) ADSCs showed the most significant reduction in adipogenesis, further
experiments were focused on characterizing and elucidating the mechanisms underlying the
severely impaired adipogenesis in these ADSCs. In subsequent experiments this subtype of obese

cells will be simply referred to as “obese ADSCs.”

Obese cells showed reduced mRNA expression (Fig. 1F) and protein levels (Fig. 1H, 11)
of master regulators of adipogenesis, PPARy and C/EBPa during the adipogenesis timeline
compared to healthy counterparts. Furthermore, obese ADSC-derived adipocytes, when compared
to their healthy counterparts, showed significantly lower levels and delayed expression of mature

adipocyte markers such as fatty acid transporter - CD36, PLIN1 (Perilipin), ACC (acetyl CoA
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carboxylase), FABP4 (fatty acid binding protein 4), FASN (fatty acid synthase) at the mRNA
(global gene expression analysis; Fig. 1F) and protein levels (Fig. 1G, 1J-M and Fig. S3A-B).
These results suggest that there is a significant loss and shift in adipogenesis in obese ADSC

derived adipocytes compared with healthy counterparts.

To further explore the lack of maturation of obese ADSC-derived adipocytes, we examined
the expression of MSC markers, CD73 and CD105 in healthy and obese cells during the adipocyte
differentiation timeline to determine if there were any defects in their differentiation and
specification trajectory. Both healthy and obese ADSCs displayed high expression of MSC
markers at Day 0, with marker levels over 95% (Fig. S2). However, healthy ADSCs lose MSC
marker expression (CD73 and CD105) gradually over the differentiation timeline, while obese
cells retain significantly higher levels of CD73 compared to healthy counterparts at mRNA and
protein levels, as examined through global gene expression analysis and western blotting,

respectively (Fig. S3C-E).

Moreover, healthy cells gradually switch from Insulin-like growth factor 1 receptor
(IGF1R) to Insulin receptor (INSR) in order to be able to respond to insulin and initiate
downstream insulin signaling in response to adipogenic stimulation during the course
adipogenesis. Differentiated healthy ADSCs displayed a greater than 3-fold increase in INSR
expression levels along with a decrease in IGF1R expression, a pattern that was lacking for
differentiated obese ADSCs (Fig 1G, 1IN and 10). Therefore, obese cells fail to exhibit a switch
from IGF1R to INSR expression for efficient insulin signaling, suggesting that the obese cells

remain in an immature and insulin insensitive state during adipogenesis.
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Overall, these results indicate that obese ADSCs have significantly limited adipogenic
potential compared to healthy cells, which is evidenced by a pronounced attenuation of their
adipogenic differentiation in vitro. Moreover, these results suggest that obese ADSCs retain
obesity-associated insulin insensitivity during in vitro expansion and differentiation and show

signs of insulin insensitivity in adipocytes derived from them.

Obese ADSCs show a distinct gene expression profile compared to healthy cells during

adipogenesis in vitro

We performed global gene expression on healthy and obese cells at different timepoints
over the differentiation time course to capture and identify differential gene expression at early
(days 0, 1, 3) and late differentiation stages (days 7 and 14). We employed Clariom S human HT
gene chip analysis for mRNA expression and tandem mass tag-mass spectrometry (TMT-MS)

analysis for global protein expression.

Gene expression correlation among all the differentiation timepoints was examined by
using Spearman’s rank-order correlation matrix, and as expected, the timepoints with the highest
correlation were observed on the diagonal of the matrix. Very high gene expression correlation
was observed among early timepoints: days 0 and 1 (rho values between 0.9-1) and among late
timepoints days 7 and 14 (rho values between 0.9-1). Interestingly, correlation among different
timepoints along the differentiation time course (from days 0 to 14) showed a higher reduction in
healthy cells (rho values from 1 to 0.75) as compared to obese cells (tho values from 1 to 0.85)
suggesting a greater degree of similarity between obese ADSCs and obese adipocytes compared

to similarities between healthy ADSCs and healthy adipocytes (Fig. 2A).
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Protein expression correlation also showed a similar pattern between healthy and obese
timepoints (Fig. 2B), where similarities among ADSCs and adipocytes were greater for the cells
originating from obese patients versus healthy individuals. The similarities were reduced if the
same comparison was made between cells of the same stage derived from healthy versus obese

patients.

We correlated healthy and obese cells based on their mRNA expression and protein
abundance across all the timepoints tested and observed that the overall correlation between gene
expression and protein abundance was lower than gene-gene and protein-protein correlations.
However, gene-protein comparisons also exhibited a similar pattern of higher correlation between
ADSCs and adipocytes from obese donors as compared to correlation between ADSCs and
adipocytes from healthy individuals. Moreover, later differentiation timepoints (days 7 and 14)
showed better correlation between gene- and protein-expression in both healthy and obese

conditions compared to early differentiation timepoints (days 0, 1 and 3) (Fig. 2C).

We also examined changes in mRNA and protein expression ratios between healthy and
obese samples at different timepoints, which showed a positive correlation values (rho values 0.39
— 0.60) at all the timepoints suggesting a linear relationship between mRNA and protein changes,
which further shows that transcript levels are indicative of protein expression, particularly at later

differentiation timepoints (days 7 and 14 with rho values of 0.60 and 0.59 respectively) (Fig. 2D).

Principal component analysis (PCA) revealed that healthy samples had a gene expression
pattern distinct from that observed for obese samples, collected throughout their transition from
ADSCs (day 0) to mature adipocytes at day 14 of adipogenesis, at both mRNA (Fig. 3A) and

protein expression levels (Fig. 4A). This pattern held across all the healthy and obese patients,
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which indicates that it is independent of genetic background. At the ADSC stage (day 0), obese
and healthy cells cluster together. However, they failed to show a similar trajectory along the
adipogenesis timeline. PCA analysis and hierarchical gene clustering indicate that late
differentiation stage obese cells (days 7 and 14) cluster together with early differentiation stage
healthy cells (day 3) (Fig. 3A-B and Fig. 4A-B). These results, together with correlation analysis,
suggest that obese ADSCs fail to initiate transcriptional pathways that are required for normal

adipogenesis.

We then examined the transcript and protein expression patterns and pathways that are
differentially regulated between healthy and obese samples. We evaluated the number of
differentially expressed genes and proteins during healthy vs obese adipogenesis and performed
functional clustering and enrichment of the genes upregulated during the healthy adipogenic
differentiation timeline in Reactome 2016, Kyoto Encyclopedia of Genes and Genomes (KEGQG)
2019, GO biological processes 2018 and GO cellular compartment 2018 databases (Fig. 3C-E and
Fig. 4C-E). The healthy cells showed a striking difference in gene expression as early as day 1 of
differentiation, showing upregulation in lipid biosynthesis, fatty acid metabolism, mitochondrial
biogenesis and insulin signaling pathway genes. Days 3, 7 and 14 showed a similar pattern of
upregulated genes at both mRNA and protein levels during the course of healthy ADSC
adipogenesis (Fig. 3D and Fig. 4D). By day 3 of differentiation, healthy cells exhibited an
enrichment of triglyceride synthesis and metabolism related gene clusters (i.e. lipid, fatty acid and
glucose metabolism), with mitochondrial metabolism genes showing highest enrichment that
continued into the late differentiation stages as well (days 7 and 14). Consequently, there is also a

set of genes that is upregulated by day 3 of differentiation and remains upregulated through days
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7 and 14 in healthy versus obese cells. This set of genes was also found to be enriched in
mitochondrial metabolism pathway-specific factors (Fig. 3F). Accordingly, gene clustering of
upregulated genes in healthy cells showed highest enrichment for mitochondria- and lipid droplet-
localised genes by as early as day 3 of differentiation, and this enrichment was maintained until

day 14 of differentiation (Fig. 3E and 4E).

These results show that lipid biosynthesis, insulin signaling and metabolic pathways that
are essential for cellular transitions towards the formation of mature adipocytes fail to trigger in

obese cells during the early differentiation stages.

Obese cells display a gene signature reflecting altered glucose metabolism and mitochondrial

biogenesis during adipogenesis

Since our functional gene clustering and enrichment analyses from transcriptomics and
proteomics identified metabolic pathways to be the most enriched cluster, we further looked at the
gene expression of various enzymes involved in major cellular energy-generating pathways. We
first looked at the expression of enzymes involved in glycolysis by global gene expression analysis
and calculated log2 fold change in the expression of these genes with respect to day 0 of
differentiation. Our analysis showed a significantly higher enrichment of glycolysis pathway genes
in healthy cells versus obese cells along the adipogenesis timeline (Fig. SA) These results were
further confirmed at the protein level for glycolysis enzymes, including hexokinase 2 (HK2),
Aldolase, fructose-bisphosphate A (ALDOA) and 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 (PFKFB3), which showed a similar increase in levels in healthy cells compared

to obese cells during adipogenic differentiation (Fig. 5B-D). Moreover, the genes that were
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upregulated in healthy adipocytes at day 14 of differentiation were mapped onto glycolysis

pathway (Fig. SE).

In addition, we examined the gene expression of various mitochondrial pathways over the
time course of differentiation in healthy versus obese settings. Using the global gene expression
dataset, we found an increase in mitochondrial pathways and genes associated with mitochondrial
function (i.e. mitobiogenesis markers, mito-fission/fusion, TCA cycle, oxidative phosphorylation,
fatty acid metabolism) over the timeline of healthy adipocyte differentiation, with several fold
increase of these gene sets over the time course of differentiation (Fig. 6A). This pattern was
minimal to absent during obese adipogenesis. Analysis of protein levels by Western blotting for
mitochondrial markers (SDHA, COX IV, TFAM, TOMM?20, IMMT) (Fig. 6B-F), mitochondrial-
DNA encoded proteins, MT-ND1 and MT-NDS5 (Fig. 6G and 6H) and respiratory chain
complexes, complex [-V (Fig. 61 and 6J) throughout healthy vs obese adipogenesis further
confirmed this enrichment at the protein level for healthy adipocytes and a lack of this increase for
obese counterparts. Further, we mapped the genes upregulated in healthy adipocytes at
differentiation endpoint (day 14) on TCA cycle, electron transport chain (ETC), fatty acid

synthesis and lipid biosynthesis pathways (Figs. 6K, 6L, S4 and S5).

We examined the gene expression of some of the adipogenesis, glycolysis and
mitochondrial function pathway associated genes in the healthy and obese ADSCs (day 0 of
differentiation). ADSCs from healthy and obese patients did not exhibit any conclusive differences
in the gene expression of any of these three pathways suggesting that the aberrations in glycolysis,
adipogenesis and mitochondrial function are inherent in obese ADSCs, however they show up

only upon adipogenic stimulation during the course of differentiation (Fig. S7).
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Obese cells exhibit altered cellular bioenergetics during adipogenesis

Since our gene expression results identified alterations in metabolic pathways in early and
late stages of differentiation in obese cells, our next aim was to confirm these transcriptomics and
proteomics findings by performing functional cellular metabolism assays in healthy and obese
settings. We measured oxygen consumption rate (OCR) as a measure of mitochondrial respiration
in healthy and obese cells over the adipogenic differentiation time course and calculated four
mitochondrial functional activity parameters: basal respiration, ATP production, maximal

respiration and spare respiratory capacity.

Obese adipocytes showed a significant reduction in all four mitochondrial function
parameters compared to the healthy counterparts (Fig. 7A-B). Once we analyzed these parameters
over the time course of adipogenesis, we observed that healthy cells exhibited significantly higher
basal and maximal respiration, ATP production and spare respiratory capacity by day 7 into the
adipogenic differentiation as compared to obese cells, and this pattern was maintained up to day

14 of differentiation (Fig. 7C).

We also examined glycolysis over the timeline of adipogenesis by measuring proton efflux
rate specific to glycolysis (glycoPER) in healthy and obese ADSCs and calculated glycolytic
functional parameters: basal glycolysis and compensatory glycolysis. Glycolysis increased
gradually in healthy cells during adipogenesis compared to obese cells (Fig. 7D-E). Healthy
ADSCs showed significant increase in compensatory glycolysis compared to obese cells as early
as day 3 of adipogenic differentiation (Fig. 7F). Furthermore, when plotted on an OCR vs
glycoPER energy map, the day 14 differentiated obese adipocytes appeared to be in a metabolic

quiescent state versus healthy counterparts, which were highly energetic (Fig. 7G). Taken together,

64



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

these results suggest a positive correlation between impaired adipogenesis and metabolic

quiescence at the cellular level in obese ADSCs.

To reinforce this positive association between mitochondrial function and adipogenesis,
we took a small molecule approach and inhibited mitochondrial activity using ETC complex
inhibitors, Oligomycin A (complex V inhibitor), Antimycin A (complex III inhibitor), and
Rotenone (complex I inhibitor), in healthy ADSCs. Upon inhibition of the individual ETC
complexes in healthy ADSCs, we observed a dose dependent reduction in adipogenesis with all 3
inhibitors (Fig S6A), with a concomitant induction of mitochondrial dysfunction (Fig. S6B). This
suggests that the lack of adipogenesis in an obese setting is due, in part, to the mitochondrial

defects that we observed in morbidly obese patients.

Obese cells generate and accumulate more ROS during adipogenesis

We examined oxidative stress during adipogenesis in obese and healthy cells by measuring
the accumulation of mitochondrial superoxide species and cellular ROS with MitoSox and
CellRox DeepRed stains, respectively, followed by flow cytometry. Obese adipocytes (days 7 and
14 of adipogenic differentiation) generated and accumulated significantly more cellular ROS
during adipogenesis than healthy cells (Fig 8A-B). Moreover, the cellular ROS accumulation
gradually increased in healthy adipogenesis, peaking at day 7, followed by a decrease in ROS
levels as the cells transitioned into mature adipocytes by day 14 differentiation. However, in obese
samples, ROS levels plateaued at day 7 and remained high until day 14 differentiation (Fig. 8A-
B). Similarly, mitochondrial superoxide accumulation was found to be significantly higher in
obese adipocytes compared to healthy counterparts at the differentiation endpoint (day 14) (Fig.

8C-D).
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Overall, these results indicate that obese cells have alterations in their molecular and
functional metabolic profiles, which together with excessive cellular and mitochondrial ROS

accumulation, results in altered adipogenic potential in an obese setting.

Promoting mitochondrial function rescues adipogenesis in obese cells

Given that the obese samples are exhibiting hallmarks of mitochondrial dysfunction at both
the molecular (Fig. 3D-F, Fig. 4D-E and Fig. 6) and functional levels (Fig. 7A-C, G), we then
aimed to determine if the impaired adipogenesis observed in obese ADSCs could be rescued by
improving mitochondrial metabolism and function in these cells. Lipoamide has been shown to
improve mitochondrial biogenesis and insulin resistance in murine 3T3-L1 adipocytes (Shen et al.,
2011) and to alleviate oxidative stress in retinal pigment epithelial cells (Zhao et al., 2015; Li et
al., 2008). RTA-408 (also known as omaveloxolone) is a Nrf2 inducer, shown to improve
mitochondrial defects and oxidative stress in models of neurological disorders (Abeti et al., 2018).
Hence, we treated obese ADSCs with 10 uM lipoamide and 100 nM RTA-408 in an effort to
induce mitochondrial function along the adipogenesis timeline. Lipoamide and RTA-408
treatment resulted in improved adipogenesis as indicated by increased ORO staining (Fig. 9A).
We also observed higher gene expression of adipogenesis (PPARy, C/EBPa, FASN and FABP4)
and mitochondrial markers (COXIV, TOMM?20 and TFAM) versus control cells in both lipoamide
(Fig. 9B) and RTA-408 (Fig. 9C) treated obese patient derived cells and further confirmed this
upregulation at protein level (Fig. 9D) for PPARy, CEBPa, ACC, FASN, PLIN1 and FABP4
(adipogenesis markers) and COXIV, TOMM20, TIMM23, TFAM, MT-NDI (mitochondrial
markers). Moreover, this increase in expression of adipogenesis and mitochondrial markers was

accompanied by a concomitant decrease in the expression of MSC marker, CD73 (Fig. 9D).
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These results provide additional evidence in support of disturbed cellular metabolism,
specifically mitochondrial biogenesis, playing a critical role in the disrupted adipogenesis
observed in obese ADSCs. Our results also suggest that targeting mitochondrial function may be

an effective therapeutic intervention in obesity and insulin resistance.

Discussion

Obesity has been shown to influence cell proliferation, metabolism and ‘stemness’ in
mouse and human adipose tissue derived stem cells (Perez et al., 2015; Frazier et al., 2013; Wu et
al., 2013; Onate et al., 2013; Roldan et al., 2011). However, the overall results have been
inconsistent across species and independent studies. This inconsistency may be due to several
reasons including: 1. limited translation from murine models to humans; 2. differences in
transgenic animal models used; 3. in the human studies, failure to segregate and analyze data for
different classes of obesity; and 4. use of high and non-physiologically relevant concentrations of
free fatty acids, TNFa, high glucose and insulin, which only partly mimics the in vivo obese
environment to which these cells are exposed in an obese individual (Wu et al., 2013; Lo et al.,
2013; Stephens et al., 1997). We used patient-specific ADSCs isolated from age-, gender- and
adipose tissue depot-matched healthy, overweight and individuals from different obesity classes
and showed that differences in adipogenic differentiation potential exist among different obesity
classes, which provided us with a platform to study the effect of inherent metabolic derangements

on adipogenic capacity across different obese patient cohorts.

In this study, using global transcriptomics, proteomics and functional cellular metabolic

analyses, we identified a positive correlation between morbid obesity, metabolic derangements
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and impaired adipogenesis, using obese ADSCs as a cellular model. Our data suggest that obese
ADSC:s fail to activate metabolic pathways and remain in an overall metabolically quiescent state.
Moreover, our results show that adipogenic differentiation from ADSCs is accompanied by a
several fold increase in the two major cellular energy producing pathways: glycolysis and
mitochondrial respiration, which is contrary to differentiation to some other lineages, which is
accompanied by a metabolic switch from glycolysis to oxidative phosphorylation (Hopkinson et
al., 2017; Zheng et al., 2016; Chen et al., 2008; Hu et al., 2018), suggesting that adipogenic

differentiation from ADSCs is a highly energy demanding and dynamic process.

Our analyses at early and late stages of adipogenic differentiation, show that both
glycolytic and mitochondrial metabolism increases very early during adipogenic differentiation,
concomitant with the enrichment for adipogenesis markers, and this metabolic pathway boost fails
in an obese setting. Mitochondrial dysfunction observed in obese cells during adipogenesis could
result from one or more defects in the mitochondrial life cycle, which starts with mitochondrial
biogenesis, followed by mitochondrial fusion to facilitate distribution of mitochondrial DNA,

lipids and proteins across all mitochondria.

Over the course of their life cycle, mitochondria accumulate damage from ROS, and to get
rid of excessive ROS, they undergo fission to split into healthy and damaged mitochondria.
Damaged mitochondria are then removed from the cell through mitophagy. Our results show that
mitochondrial biogenesis programs do not initiate in obese cells during early phases of adipogenic
differentiation, including lack of initiation of the fusion and fission related genes. This results in

reduced mitochondrial function and turnover compared to healthy cells. Moreover, obese cells

68



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

exhibit oxidative stress in terms of higher generation and accumulation of mitochondrial and

cellular ROS.

ROS have been shown to be required for adipogenesis (Tormos et al., 2011; Zhang et al.,
2013), however, in obese ADSCs, excessive ROS accumulation, together with reduced
mitochondrial turnover, results in the observed inhibition of adipogenesis. To this end, we were
able to rescue the reduced adipogenesis phenotype in obese ADSCs upon treatment with lipoamide
and RTA-408. Both lipoamide and RTA-408 are small molecules that induce mitochondrial
biogenesis and improve oxidative stress. This suggests that development of novel small molecule
drug screening platforms using morbid obese ADSCs is necessary to be able to target metabolic
defects in obesity, with the goal of improving free fatty acid and lipid accumulation in obese

adipose tissue and potentially alleviating insulin resistance.

Overall, in this study, we have demonstrated that the resident stem cells within adipose
tissue, when isolated and differentiated in vitro, retain obesity-associated alterations in cellular
metabolism, and hence, offer a good in vitro cellular model to study this disease. Moreover, we
have shown that an altered metabolic landscape drives the adipogenic differentiation blockade and
impaired insulin sensitivity observed in obese cells. Our study provides proof-of-concept that
potential therapeutic interventions targeting cellular bioenergetics may be a viable strategy to
improve adipogenesis and insulin sensitivity in morbidly obese patients. Specifically, targeting
mitochondria in patients showing hallmarks of mitochondrial dysfunction provides an alternative

personalized medicine approach towards treatment of morbid obesity.
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Materials and Methods

Human sub-cutaneous adipose tissue samples

Sub-cutaneous adipose tissue samples were obtained from healthy (BMI 21.5 & 2.4; n=6),
overweight (BMI 28.1 + 1.4; n=2), class I obese (BMI 32.1 &+ 1.0; n=3), class II obese (BMI 37.6
+ 0.6; n=2) and class III morbid obese (BMI 45.1 + 4.3; n=6) individuals undergoing elective
abdominoplasty surgery at Juravinski Hospital, Hamilton. All subjects were females aged 40-50
years. Samples were collected with consent, in accordance with the guidelines for research
involving human subjects, and with the approval of the Research Ethics Board, McMaster

University.

Adipose tissue samples were collected in 1X DPBS (Corning, Cat# 21-031-CV) containing

1X penicillin and streptomycin. ADSCs were isolated from adipose tissue samples as described
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previously (Skurk and Hauner, 2012) (Fig. S1). Adipose tissue was minced into 1-2 mm pieces
and media was filtered out using a 100 pum nylon filter. Minced adipose tissue was digested with
200 U/mL Collagenase I (ThermoFisher, Cat# 17100017) at 37°C in a shaking water-bath for 1
hour, and the degree of digestion was checked every 10 minutes. The digested tissue was filtered
again using a 100 um nylon filter to remove undigested tissue from liberated cells. Filtrate was
centrifuged at 300xg for 10 minutes to pellet stromal vascular fraction (SVF) containing the
ADSCs and cultured in ADSC growth media, which is composed of DMEM-F12 (Corning, Cat#
10-090-CV) supplemented with 10% FBS, ImM L-Glutamine (Corning, Cat# 25-005-CI) and
10ng/mL bFGF (Peprotech, Cat# 100-18B). Cells were plated on standard tissue-culture
plasticware at a density of 5000-7500 cells/cm?. Cells were characterized based on minimal
defined criteria (Dominici et al., 2006; Bourin et al., 2013) (Fig. S2). ADSCs were checked for
fibroblast like morphology, adherence to regular cell culture plasticware and expression of
mesenchymal stem cell (MSC) markers, CD73 (BD Biosciences, Cat# 561254), CD90 (BD
Biosciences, Cat# 555596) and CD105 (BD Biosciences, Cat# 562408) by flow cytometry. ADSCs

between passage 3 — 6 were used for all experimental procedures.
Adipogenic differentiation

ADSCs were plated at a density of 7500 cells/cm? and were grown until they reached
confluency in ADSC growth media. Adipogenic differentiation was induced two days post
confluency (day 0) with adipogenic differentiation medium composed of DMEM-F12
supplemented with 10% FBS, ImM L-Glutamine, 250 pM isobutyl-methylxanthine (IBMX)
(Sigma, Cat# 15879), 0.5uM dexamethasone (Sigma, Cat# D2915), 10 pg/mL insulin (Sigma, Cat#

19278), and 100 uM indomethacin (Sigma, Cat# 17378), followed by a complete media change
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with fresh differentiation medium every other day until day 14. For lipoamide (Toronto Research
Chemicals, Cat# L.468710) and RTA-408 (Cayman Chemicals, Cat# 17854) treatments, cells were
cultured in ADSC growth medium until confluency and differentiated in adipogenic differentiation

media containing either 10uM lipoamide or 100nM RTA-408 until day 14.

ORO and BODIPY stainings

Cells were fixed with 4% paraformaldehyde (PFA) (Electron Microscopy Sciences, Cat#
15710) for 10 minutes at room temperature at days 0, 1, 3, 7 and 14 of differentiation. For ORO
staining, cells were rinsed with 60% isopropanol for 2 minutes followed by staining with ORO
working solution (6 parts 0.5% ORO (Sigma, Cat# 00625) in 100% isopropanol and 4 parts
distilled water) for 30 minutes. Cells were washed under running water until water ran clear. Whole
cell culture plate wells were scanned by using an Epson V700 photo scanner followed by imaging.
For BODIPY (ThermoFisher, Cat# D3922) staining, cells were stained with 0.1 mg/mL BODIPY

solution for 30 minutes at 37°C.

ORO Extraction and Quantification

ORO was extracted with 100% isopropanol for 30 minutes with gentle shaking at room
temperature. Extracted ORO was quantified spectrophotometrically by measuring absorbance at

492nm against 100% isopropanol as background control.

Osteogenic differentiation

Osteogenic differentiation was performed using StemPro Osteogenesis differentiation kit
(ThermoFisher, Cat# A10072-01). Briefly, ADSCs were plated at a density of 5000 cells/cm2 in

ADSC growth media in 6-well plates and incubated at 37°C, 5% CO: for two days. Media was
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replaced with pre-warmed complete osteogenesis differentiation media followed by a complete
media change with fresh differentiation media every 3 days until day 21. After 21 days, cells were
fixed with 4% PFA for 30 minutes at room temperature and rinsed twice with distilled water. Fixed
cells were then stained 2% Alizarin Red solution (Sigma, Cat# TMS-008-C) for 3 minutes at room

temperature, washed thrice with distilled water and imaged under light microscope.
Chondrogenic differentiation

Chondrogenic differentiation was performed on ADSC micromass cultures using StemPro
Chondrogenesis differentiation kit (ThermoFisher, Cat# A10071-01). ADSCs were trypsin
dissociated to generate cell solution of 1.6x107 viable cells/ml. Micromass cultures were generated
by seeding SuL droplets of this cell solution in the center of 12-well plate wells followed by
incubation for 2 hours at 37°C, 5% CO> under high humidity conditions. Pre-warmed complete
chondrogenesis media was then added to the wells followed by a complete media change with
fresh differentiation media every 2 days until day 7. At day 7, the developing chondrogenic pellets
in the wells were fixed with 4% PFA for 30 minutes at room temperature and rinsed twice with
DPBS. Fixed cell pellets were then stained 1% Alcian Blue solution (Sigma, Cat# TMS-008-C)
for 30 minutes at room temperature, washed thrice with distilled water and imaged under light

microscope.
Fibroblastoid colony-forming unit (CFU-F) assay

The CFU-F assay was used to evaluate the frequency of mesenchymal progenitors in the
SVF as described (Samsonraj et al., 2015). Briefly, cells from the SVF were plated at 1x10° cells
in T75 tissue culture flasks in ADSC growth media and incubated at 37°C, 5% CO.. After 2 weeks,

the cells were washed with DPBS and stained with 0.5% crystal violet (Sigma, Cat# C0775).
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Visible colonies were quantified only when they were greater than or equal to 50 cells, and not in
contact with an adjacent colony. Efficiency was calculated by estimating the number of colonies

formed per 10° cells plated.
Western blotting

Cell lysates for protein analysis were prepared at days 0, 1, 3, 7 and 14 of adipogenic
differentiation by lysing the cells in lysis buffer containing 4% SDS, 20% glycerol in 125 mM Tris
HCI, pH 6.8 and 1X protease inhibitor cocktail (ThermoFisher, Cat# 78441). Protein concentration
in the cell lysates was determined by using the BCA method (ThermoFisher, Cat# 23225). Whole
cell lysates (15pg/lane) were resolved on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on 10% or 15% acrylamide/bisacrylamide gels (15% gels for
detection of low molecular weight proteins: COXIV, TOMM20 and TIMM23) using a Mini Trans-
Blot kit (Bio-Rad) and transferred to Immun-Blot polyvinylidene difluoride (PVDF) membranes
(Bio-Rad, Cat# 1620177). Membranes were then incubated first with unconjugated primary
antibodies against the protein of interest or for B-actin or Vinculin overnight at 4°C followed by
incubation with horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG secondary
antibodies for 1 hour at room temperature. Signals were detected using a chemiluminescence
horseradish peroxidase substrate (ThermoFisher, Cat# 34577) on a Bio-Rad ChemiDoc MP

system.
Immunofluorescence staining

ADSCs were plated and differentiated as described above and were fixed at day 14 of
differentiation using BD Cytofix/CytoPerm kit (BD Bioscience, Cat# 554714). Upon fixation,

blocking was performed in 10% normal donkey serum for 1 hour at room temperature followed
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by overnight incubation with primary unconjugated antibodies against CD36 (Abcam, Cat#
ab133625), PLINI (Abcam, Cat# ab172907) and FABP4 (Abcam, Cat# ab92501) at 4 °C. The
next day, cells were washed three times and stained with Alexa Fluor-647 conjugated secondary
antibodies (ThermoFisher, Cat# A21244) at room temperature for 1 hour. Cells were washed three

times, stained with DAPI (ThermoFisher, Cat# D3571), and then imaged.

RNA Extraction and quantitative RT-PCR

Total RNA was isolated at day 14 of adipogenic differentiation from control and lipoamide
treated cells using an RNA Isolation kit (Norgen Total RNA Purification Plus Kit, Cat# 48400).
Approximately 1 pg of total RNA was reverse transcribed into cDNA by using a Bioline SensiFast
cDNA synthesis kit (Cat# BIO-65054) according to the manufacturer’s protocol. 2pul of cDNA was
used as template for each qRT-PCR reaction, using gene specific TagMan expression assays
(ThermoFisher, PPARY assay id: Hs01115513 m1; CEBPa assay id: Hs00269972 s1; FASN
assay 1id: Hs01005622 ml; FABP4 assay id: Hs01086177 ml; COX4I2 assay id:
Hs00261747 m1l; TOMM?20 assay id: Hs00740685 sH; TFAM assay id: Hs00273372 sl; Cat#
4331182) and measured on QuantStudio3 Real-Time PCR detection system. Gene expression was
normalized to the endogenous control, ribosomal protein lateral stalk subunit PO (RPLPO)

(ThermoFisher, assay id: Hs00420895 gH).

Glycolysis and Mitochondrial function assays

13000 cells/well were plated in Seahorse-Agilent 96-well plates (Agilent Technologies,
Cat# 101085-004). For glycolysis and mitochondrial function assays on ADSCs, glycolytic rate
assay (GRA) and mitochondrial stress test (MST) assays were performed a day after plating as per

the manufacturer’s protocol and were measured on an Agilent Seahorse XFe96 Analyzer using
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GRA (Agilent Technologies, Cat# 103344-100) and MST (Agilent Technologies, Cat# 103015-
100) kits respectively. For glycolysis and mitochondrial function assays conducted over the
adipogenic differentiation timeline, adipogenesis was induced one day after cell plating and the
GRA/MST assays were performed at days 1, 3, 7 and 14 of adipogenic differentiation. At specific
time points, cells were rinsed twice with complete XF assay media, and MST and GRA assays
were performed as per the instructions provided with the respective kits. XF assay media for the
MST assay was XF DMEM base media without phenol red (Agilent Technologies, Cat# 103335-
100) supplemented with 2.5 mM L-Glutamine, 1 mM sodium pyruvate, and 17.5 mM glucose. For
the GRA assay, the same media was further supplemented with 5 mM HEPES, pH 7.4 (Agilent
Technologies, Cat# 103337-100). Prior to use, the pH of all media was adjusted to 7.4 at 37 °C.
The MST assay was performed using the optimized concentrations for Oligomycin (2 uM), FCCP
(1 uM), and Antimycin/Rotenone (0.5 pM). The GRA assay was performed with
Antimycin/Rotenone (0.5 uM) and 2-Deoxyglucose (50 mM). OCR (for the MST assay) and
glycoPER (for the GRA assay) readouts were normalized to total cellular DNA content after GRA
and MST assays to account for any differences in cell numbers. Cellular DNA content was
measured using a CyQuant Cell Proliferation assay kit (ThermoFisher, Cat# C7026) following the
manufacturer’s protocol. Data analysis was performed by using Wave 2.6 desktop analysis

software.

MitoSox and CellRox staining and quantification

Cells at indicated timepoints during adipogenesis were stained with 5 uM MitoSox Red

(ThermoFisher, Cat# M36008) or 1 uM CellRox DeepRed (ThermoFisher, Cat# C10422) for 30
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minutes at 37°C and quantified by flow cytometry on a BD LSR-II flow cytometer. Data analysis

was performed by using FlowJo software.

Global Gene expression and functional gene enrichment analysis

RNA samples from 6 healthy and 6 morbidly obese cell samples were isolated at days 0,
1, 3, 7, and 14 of adipogenic differentiation, in duplicates, using an RNA Isolation kit (Norgen
Total RNA Purification Plus Kit, Cat# 48400). Global gene expression analysis was performed by
using Clariom S human HT gene chips at the McMaster Genome Facility and the CEL files
generated were analyzed with Transcriptome Analysis Console Software (TAC version 4.0).
Differentially expressed genes were identified between healthy and obese cells at the indicated
timepoints, and those with fold-change >2 and p<0.05 were considered significant. To visualize
similarity of gene expression patterns, we applied hierarchical clustering and principal component
analyses methods using TAC4.0 software. To examine whether differentially expressed genes are
biologically relevant, we performed functional enrichment analysis using the integrative web-
based softwares, g:profiler and Enrichr, which enables the analysis of significant enrichment of
genes/pathways in different databases including: Gene Ontology (GO) Consortium database,
Kyoto Encyclopedia of Genes and Genomes (KEGG) database, and Reactome database (Chen et

al., 2013; Kuleshov et al., 2016; Reimand et al., 2007).

Mass spectrometry and protein quantification

Proteomics analysis was performed at the Proteomics facility at Stem cell and cancer
research institute, McMaster University. Briefly, whole cell lysates were prepared from cell
samples were collected at days 0, 1, 3, 7 and 14 of adipogenic differentiation from 3 healthy and

3 morbid obese samples in the lysis buffer containing 8M urea and 100mM ammonium
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bicarbonate. Lysates were spun down at 10000 rpm for 10 minutes and the supernatant was used
for protein estimation. The proteins were reduced in 10mM tris(2-carboxyethyl) phosphine
(TCEP) (10mM final) for 45min at 37°C followed by alkylation in 20mM iodoacetamide for 1
hour at room temperature and trypsin digested. The resulting peptides were labeled using tandem
mass tag (TMT), and identified and quantified by Liquid chromatography—mass spectrometer (LC-

MS).

Transcriptomics and proteomics integration, and gene function enrichment analysis

While transcripts were identified by official gene symbols, Uniprot IDs were used for
proteins. To integrate the two, we mapped 8062 out of 8419 Uniprot IDs to official gene symbols
present in the transcriptomics data using the id mapping file from the Uniprot website.
Transcriptomics versus proteomics correlation analysis were performed on the log2 signal
intensities for 8062 genes based on official gene symbols, for which we have matched mRNA and
protein expression data in all the samples. log2 of protein expression ratios and mRNA expression
ratios between healthy and obese samples at all the different timepoints (days 0, 1, 3, 7 and 14)
were calculated and plotted to analyse correlation between these two datasets for all the timepoints.
Differentially expressed genes were identified between healthy and obese cells at the indicated
timepoints and those with fold-change >1.5 and p< 0.05 were considered significant. To visualize
similarity of gene expression patterns, we applied hierarchical clustering and principal component
analyses methods using BioVinci software. To examine whether differentially expressed genes are
biologically relevant, we performed functional enrichment analysis using the integrative web-
based softwares, g:profiler and Enrichr, which enable the analysis of significant enrichment of

genes/pathways in different databases including: Gene Ontology (GO) Consortium database,
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Kyoto Encyclopedia of Genes and Genomes (KEGG) database, and Reactome database (Chen et

al., 2013; Kuleshov et al., 2016; Reimand et al., 2007).

Quantification and Statistical Analysis

Data are presented as means + SEM. GraphPad Prism 8 was used to analyze the differences
between two groups by multiple unpaired two-tailed Student’s t-tests and two-way ANOVA
corrected for multiple comparisons with Tukey’s test as appropriate. The statistical test used and
parameters (i.e. the exact n numbers and p values) can be found in the figure legends. For all

experiments, a p-value less than 0.05 was considered significant.
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Table 1: Key Resources Table

McMaster University — Biochemistry

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit monoclonal anti-TIMM23 Abcam Cat# ab116329; RRID:
AB 10903878
Rabbit monoclonal anti-Vinculin Abcam Cat# ab129002; RRID:
AB 11144129
Rabbit monoclonal anti-CD36 Abcam Cat# ab133625; RRID:
AB 2716564
Rabbit monoclonal anti-IGF1R beta Cell Signaling Cat# 9750S; RRID:
Technology AB 10950969
Rabbit monoclonal anti-INSR beta Cell Signaling Cat# 3025S; RRID:
Technology AB 2280448
Rabbit monoclonal anti-PLIN1 Abcam Cat# ab172907
Rabbit monoclonal anti-FABP4 Abcam Cat# ab92501; RRID:
AB 10562486
Rabbit monoclonal anti-PPARgamma Abcam Cat# ab178860; RRID:
Rabbit monoclonal anti-CEBPalpha Abcam Cat# 40761; RRID:
AB 726792
Rabbit monoclonal anti-TOMM20 Abcam Cat# ab186734; RRID:
AB 2716623
Rabbit monoclonal anti-IMMT (Mitofilin) Abcam Cat# ab137057
Mouse monoclonal anti-COXIV Abcam Cat# ab33985; RRID:
AB 879754
Mouse monoclonal anti-f-Actin Abcam Cat# ab8224; RRID:
AB 449644
Rabbit monoclonal anti-fatty acid synthase (FASN) Cell Signaling Cat# 3180S; RRID:
Technology AB 2100796
Rabbit monoclonal anti-Acetyl CoA Carboxylase (ACC) Cell Signaling Cat# 3676S; RRID:
Technology AB 10694239
Rabbit monoclonal anti-hexokinase 2 (HK2) Cell Signaling Cat# 2867S; RRID:
Technology AB 2232946
Rabbit monoclonal anti-Aldolase A (ALDOA) Cell Signaling Cat# 8060S
Technology
Rabbit monoclonal anti-PFKFB3 Cell Signaling Cat# 131238
Technology
Rabbit monoclonal anti-SDHA Cell Signaling Cat# 11998S
Technology
Rabbit monoclonal anti-CD73 Abcam Cat# ab124725; RRID:
AB 10976033
Mouse monoclonal anti-CD105 Abcam Cat# ab44967; RRID:
AB 726054
Rabbit monoclonal anti-mtTFA (TFAM) Abcam Cat# ab176558
Rabbit monoclonal anti MT-ND1 Abcam Cat# ab181848; RRID:
AB 2687504
Rabbit polyclonal anti MT-ND5 Abcam Cat# ab138136
Total OXPHOS WB Antibody Cocktail Abcam Cat# ab110413; RRID:
AB 2629281
Rabbit Anti-Mouse IgG H&L (HRP) Abcam Cat# ab97046; RRID:

AB 10680920
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Goat Anti-Rabbit IgG H&L (HRP) Abcam Cat# ab6721; RRID:
AB 955447

Rabbit monoclonal anti-Vinculin Abcam Cat# ab129002; RRID:
AB 11144129

Mouse monoclonal anti-beta actin antibody Abcam Cat# ab8224; RRID:
AB 449644

Biological Samples

Healthy weight patient subcutaneous adipose tissue This paper N/A

Overweight patient subcutaneous adipose tissue This paper N/A

Class I obese patient subcutaneous adipose tissue This paper N/A

Class II obese patient subcutaneous adipose tissue This paper N/A

Class III obese patient subcutaneous adipose tissue This paper N/A

Chemicals, Peptides, and Recombinant Proteins

IBMX Sigma Cat# 15879; CAS:
28822-58-4

Dexamethasone Sigma Cat# D2915; CAS: 50-
02-2

Indomethacin Sigma Cat# 17378; CAS: 53-
86-1

Insulin Sigma Cat# 19278; CAS:
11061-68-0

basic Fibroblast growth factor (bFGF) Peprotech Cat# 100-18B

MitoSox Red ThermoFisher Cat# M36008

CellRox DeepRed ThermoFisher Cat#t C10422

Lipoamide Toronto Research Cat# L468710; CAS:

Chemicals (TRC) 940-69-2

RTA-408 Cayman chemicals

Oil Red O (ORO) Sigma Cat# 00625; CAS:
1320-06-5

BODIPY ThermoFisher Cat# D3922

Critical Commercial Assays

CyQUANT™ Cell Proliferation Assay Kit ThermoFisher Cat# C7026

Glycolytic Rate Assay (GRA) kit Agilent Technologies Cat# 103344-100

Mito Stress Test (MST) kit Agilent Technologies Cat# 103015-100

Deposited Data

Raw and analyzed data (Clariom S transcriptomics) This paper

Raw and analyzed data (TMT-MS proteomics) This paper

Experimental Models: Cell Lines

Healthy weight patient subcutaneous adipose tissue derived This paper N/A

ADSCs

Overweight patient subcutaneous adipose tissue derived This paper N/A

ADSCs

Class I obese patient subcutaneous adipose tissue derived This paper N/A

ADSCs

Class II obese patient subcutaneous adipose tissue derived This paper N/A

ADSCs

Class III obese patient subcutaneous adipose tissue derived This paper N/A

ADSCs

Software and Algorithms
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Wave 2.6 Desktop

Agilent Technologies

https://www.agilent.co
m/en/products/cell-
analysis/software-
download-for-wave-
desktop

GraphPad Prism 8

GraphPad Software

https://www.graphpad.
com/scientific-
software/prism/

Enrichr

http://amp.pharm.mss
m.edu/Enrichr/

g:profiler

https://biit.cs.ut.ee/gpr
ofiler/gost

Transcriptome Analysis Console (TAC) 4.0

ThermoFisher

https://www.thermofis
her.com/ca/en/home/lif
e-science/microarray-
analysis/microarray-
analysis-instruments-
software-
services/microarray-
analysis-
software/affymetrix-
transcriptome-
analysis-console-
software.html

FlowlJo 10.2

FlowlJo, LLC
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Fig. 1: ADSCs derived from obese donor tissue show significant reduction in adipogenesis.
(A) Representative scanned ORO whole well images during adipogenic differentiation from
ADSC:s isolated from healthy, overweight and individuals from different obesity classes. (B)
Representative images of ORO-stained morbidly obese (Class III obese, henceforth referred to as
obese) and healthy ADSC-derived adipocytes. Scale bar represents 200um. (C) Quantification of
extracted ORO measured at 492nm by using a BioTek spectrophotometer. (D) Representative
BODIPY -stained images of healthy and obese adipocytes. Scale bar represents 100 um. (E) Imagel
quantification of BODIPY -positive cells, expressed as % fluorescence intensity normalized to cell
numbers (DAPI). (F) Heat map showing log2 fold change in gene expression. (G) Heat map
showing log2 fold change in INSR and IGF1R gene expression. (H) Representative western blots
showing changes in CEBPa protein expression during adipogenesis and quantification of CEBPa
expression upon normalization to vinculin (loading control). (I) Representative western blots
showing changes in PPARy, FASN (J), ACC (K), CD36 (n=5) (L), PLIN1 (n=5) (M), IGFIR
(n=5) (N), and INSR (n=5) (O) protein expression during adipogenesis and quantification of their

expression upon normalization to B-actin (loading control).

Data is represented as mean+SEM, n=6 (except where indicated), where n represents biological
replicates of healthy and obese ADSCs. Statistical significance was determined by using student’s
two-tailed t-test for panel (E) and two-way ANOVA corrected for multiple comparisons with

Tukey’s test for panels (C) and (H) - (O). * p<0.05, * p<0.01.

See also Fig. S3.
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Fig. 2: Comparative analyses of transcriptomic and proteomic data at different timepoints
during healthy and obese adipogenesis show positive correlation between gene and protein
expression. (A) Heatmap showing correlation of transcriptomic data between different timepoints
in healthy and obese adipogenesis. (B) Heatmap showing correlation of proteomic data between
different timepoints in healthy and obese adipogenesis. (C) Heatmap showing correlation between
transcriptomic and proteomic data along different timepoints in healthy and obese adipogenesis.
(D) Correlation between changes in transcript (log2 mRNA expression ratio) and protein levels
(log2 protein abundance ratio) of the gene products detected at both transcript and protein levels

(n=8062) between healthy and obese samples at specified timepoints during adipogenesis.

p = Spearman’s correlation coefficient.
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Fig. 3: Obese ADSCs present a distinct transcriptomic profile compared to healthy cells
during adipogenesis over a 14-day time course. (A) PCA analysis and (B) Hierarchical
clustering for healthy and obese samples at the indicated timepoints during adipogenesis. (C)
Volcano plots showing number of differentially expressed genes in healthy and obese adipogenesis
at indicated timepoints. (D) Functional gene clustering and enrichment analysis for upregulated
genes in healthy cells at indicated timepoints during adipogenesis in REACTOME 2016, KEGG
2019, GO Biological Processes 2018. (E) GO Cellular component 2018 databases (F) Venn
diagram showing upregulated genes common among days 3, 7 and 14 of adipogenic differentiation

in healthy cells and functional gene clustering for these common upregulated genes.

All gene expression analyses (PCA, hierarchical clustering and volcano plots) were performed by
using the TAC4.0 program from Thermo Scientific. Functional gene clustering was performed
using the web-based gene clustering and enrichment tool, G:profiler. Enrichment of specific genes
or pathways were considered statistically significant for p-values <0.05. n=6, where n represents

healthy and obese biological replicates with two experimental replicates for each sample.

99



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

(A) ® Healthy Day0

A ® Healthy Day 1

128

* Healthy Day 3
© Healthy Day 7
* Healthy Day 14
© Obese Day0

© ObeseDay1

® ObeseDay3

¢ ObeseDay7

PC1
* Obese Day 14

(B)

100



Ph.D. Thesis — K. Singh

-log10 p-value

McMaster University — Biochemistry

(C)
Day 0 Day 1
Down: 89 Up: 938 Down: 84 Up: 500
Day 3 Day 7
Down: 232 Up: 260 Down: 253 Up: 421

Day 14

Down: 292 Up:

367

log2 fold change

101



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

(D)

Metabolic pathways © . .
PPAR signaling pathway- o ® ®
Lipid metabolism- 2] Count
Fatty acid biosynthesis ° ® @ =0
@ 100
Glucose metabolism- © 3 . 150
Fatty acid metabolism+ o
Oxidative phosphorylation ) @ neglLog10_qgvalue
TCA cycle < ) 80
Glycolysis ° ° 60
. 1 40
Insulin signaling pathway- e ®
- 20
mRNA splicing . @ -
Chromatin reorganization- @] o
DNA repair 1 (] L
Day0 Day1l Day3 Day7 Day 14
(E)
Mitochondrion ) © @
Mitochondrial envelope- [} ¢ @] Count
@® 200
Mitochondrial matrix - e ® @ . 400
@ oo
Lipid droplet- . ° o
Oxidoreductase complex ® o] neglLog10_qvalue
Respiratory chain complex ¢ ® 100
Peroxisome ¢ °
s S0
Nucleus- O
O -
Chromosome @ ®

Day0 Day1l Day3 Day7 Day 14

102



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

Fig. 4: Obese ADSCs display a distinct proteome profile compared to healthy cells during
adipogenesis over a 14-day timespan. (A) PCA analysis and (B) Hierarchical clustering for
healthy and obese samples at indicated timepoints during adipogenesis. (C) Volcano plots showing
number of differentially expressed genes in healthy and obese adipogenesis at indicated
timepoints. (D) Functional gene clustering and enrichment analysis for upregulated genes in
healthy cells at indicated timepoints during adipogenesis in REACTOME 2016, KEGG 2019, GO
Biological Processes 2018 and (E) GO Cellular component 2018 databases. n=3, where n

represents healthy and obese biological replicates.
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Fig. 5: Obese cells have an altered glucose metabolism gene signature during adipogenesis.
(A) Heat map showing log2 fold change in gene expression of glycolysis markers in healthy and
obese cells during adipogenic differentiation. (B) Representative western blots showing changes
in HK2 protein expression during adipogenesis and quantification of HK2 expression upon
normalization to B-actin (loading control). (C) Representative western blots showing changes in
ALDOA protein expression during adipogenesis and quantification of ALDOA expression upon
normalization to vinculin (loading control) (n=5). (D) Representative western blots showing
changes in PFKFB3 protein expression during adipogenesis and quantification of PFKFB3
expression upon normalization to vinculin (loading control) (n=5). (E) Glycolysis pathway

showing genes upregulated in day 14 healthy compared to obese adipocytes.

Data is represented as mean+SEM, n=6 (except where indicated), where n represents biological
replicates of healthy and obese ADSCs. Statistical significance was determined by using two-way

ANOVA corrected for multiple comparisons with Tukey’s test. ** p<0.01.
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Fig. 6: Obese cells show aberrant mitochondrial biogenesis and function gene signature
during adipogenesis. (A) Heat map showing log2 fold change in gene expression of mitochondrial
biogenesis and function markers in healthy and obese cells during adipogenic differentiation. (B)
Representative western blots showing changes in SDHA, COX 1V (C), TFAM (D), TOMM20 (E),
IMMT (n=5) (F), MT-ND1 (n=3) (G), and MT-ND5 (n=3) (H) protein expression during
adipogenesis and quantification of their expression upon normalization to B-actin (loading
control). (I) Representative western blots showing protein expression of respiratory chain
complexes [-V during adipogenesis in healthy and obese cells and quantification of their
expression (J) upon normalization to vinculin (loading control). (K) Tricarboxylic acid (TCA)
cycle and electron transport chain (L) pathways showing genes upregulated in day 14 healthy

compared to obese adipocytes.

Data is represented as mean+SEM, n=6 (except where indicated), where n represents biological
replicates of healthy and obese ADSCs. Statistical significance was determined by using two-way

ANOVA corrected for multiple comparisons with Tukey’s test. * p<0.05, * p<0.01.

See also Figs. S4 and S5.
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Fig. 7: Obese cells exhibit altered cellular bioenergetics during adipogenesis. (A)
Representative MST plots for healthy and obese cells at the start of adipogenic differentiation (day
0) and at the differentiation endpoint (day 14). (B) Mitochondrial function parameters: Basal
respiration (Basal), ATP production (ATP), Maximal respiration (Maximal) and Spare respiratory
capacity (SRC) calculated using the Agilent Seahorse Wave 2.6 desktop program at day 0 and 14
of differentiation in healthy and obese cells. (C) Fold change in mitochondrial function parameters
in healthy and obese cells during adipogenesis. (D) Representative GRA plots for healthy and
obese cells at the start of adipogenic differentiation (day 0) and at the differentiation endpoint (day
14). (E) Glycolytic function parameters: Basal glycolysis (Basal) and Compensatory glycolysis
(Compensatory) calculated using the Agilent Seahorse Wave 2.6 desktop program at day 0 and 14
of differentiation in healthy and obese cells. (F) Fold change in glycolytic function parameters in
healthy and obese cells during adipogenesis. (G) Energy map of healthy and obese cells at the

differentiation endpoint (day 14).

Data is represented as mean+SEM, n=6, where n represents biological replicates of healthy and
obese ADSCs. Statistical significance was determined by using two-way ANOVA corrected for

multiple comparisons with Tukey’s test. * p<0.05, * p<0.01.

See also Fig. S6.
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Fig. 8: Obese cells generate and accumulate more ROS during adipogenesis. (A)
Representative flow cytometry plots for CellRox DeepRed staining of healthy and obese cells at
the indicated timepoints during adipogenesis. (B) Quantification of CellRox DeepRed staining of
healthy and obese cells during adipogenesis by MFI calculated with FlowJo software. (C)
Representative flow cytometry plots for MitoSox Red staining of healthy and obese cells at the
differentiation endpoint (Day 14). (D) Quantification of MitoSox Red staining in Day 14

differentiated healthy and obese cells by MFI calculated with FlowJo software.

Data is represented as mean+=SEM, n=6, where n represents biological replicates of healthy and
obese ADSCs. Statistical significance was determined by using two-way ANOVA corrected for
multiple comparisons with Tukey’s test for panel (B) and student’s two-tailed t-test for panel (D).

* p<0.05, * p<0.01.
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Fig. 9: Small molecule-mediated rescue of adipogenesis in obese cells. (A) Representative
scanned ORO whole well images of control, 10 uM Lipoamide- and 100 nM RTA408 treated
obese cells. (B) Fold change in adipogenesis and mitochondrial marker gene expression by qPCR
analysis of RNA isolated from 10 uM Lipoamide- and 100 nM RTA-408-treated (C) obese cells
compared to control cells at the differentiation endpoint (day 14). (D) Representative western blots
for adipogenesis, mitochondrial and MSC markers in lysates obtained from 10uM Lipoamide- and
100 nM RTA-408-treated obese cells compared to control cells at the differentiation endpoint (day

14) (n=1).

Data is represented as meantSEM, n=6 (except where indicated), where n represents obese

biological replicates.
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Fig. S2: Characterization of ADSCs based on ISCT criteria for MSCs. (A) Representative
phase contrast image of ADSCs. (B) Representative flow cytometry plots showing CD73, CD90
and CDI105 staining for healthy and obese ADSCs and their quantification. (C) Representative
images of ADSCs differentiated into adipocytes (stained with BODIPY), chondrocytes (stained

with Alcian blue) and osteocytes (stained with Alizarin Red). Scale bar represents 200pum.
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Fig. S3: Obese cells show significantly reduced adipogenic differentiation potential. (A)
Immunofluorescence staining for adipocyte markers, CD36, PLIN1 and FABP4 on healthy and
obese ADSC-derived adipocytes. (B) Quantification of fluorescent cells for CD36, PLINI and
FABP4 stained cells, expressed as percent fluorescence intensity normalized to cell numbers
(DAPI). (15 images analyzed for n=6 healthy and obese samples). Scale bar represents 100um. (C)
Heat map showing mRNA expression for MSC markers (CD73 and CD105) expression in healthy
and obese cells during adipogenesis. (D) Representative western blots showing changes in CD73
(n=7) and CD105 (E) protein expression during adipogenesis and quantification of their expression
upon normalization to B-actin (loading control).

Data is represented as mean+SEM, n=6 (except where indicated), where n represents biological
replicates of healthy and obese ADSCs. Statistical significance was determined by using multiple
unpaired student’s two-tailed t-tests for panel (B) and two-way ANOVA corrected for multiple

comparisons with Tukey’s test for panels (D) and (E). * p<0.05, ** p<0.01.
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Fig. S6: Alterations in cellular bioenergetics result in reduced adipogenesis.

(A) Representative scanned whole well ORO images of healthy ADSCs differentiated with DMSO
vehicle (control) and indicated concentrations of mitochondrial function inhibitors, Oligomycin A,
Antimycin A and Rotenone at day 14 of adipogenic differentiation. (B) Representative traces of
mitochondrial function parameters for healthy adipocytes differentiated with DMSO vehicle
(control) and indicated concentrations of mitochondrial function inhibitors, Oligomycin A,

Antimycin A and Rotenone at day 14 of adipogenic differentiation.
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CHAPTER 3

Whnt signaling modulates adipogenesis and mitochondrial dysfunction in morbid obesity

Preface

This chapter is an original article in preparation for submission. The authors include:

Kanwaldeep Singh, Sansi Xing, Victor Gordon, Arianna Dal-Cin, Yu Lu, Eva Szabo and Bradley

Doble

I designed the study, conducted the experiments, analyzed the data, assembled the figures
and wrote the manuscript together with Dr. Brad Doble. Sansi Xing assisted with the proteomics
experiments. Dr. Arianna Dal-Cin provided primary adipose tissue samples for isolation of
ADSC:s. Victor Gordon tested the biological activity of Wnt3A of prepared conditioned medium.
Dr. Yu Lu designed proteomics analyses and helped with the proteomic bioinformatics. Dr. Eva

Szabo helped with study design and interpretation of data.

Our results from Chapter 2 revealed significant disturbances in cellular metabolism and
adipogenesis in obese cells. Previous observations linking abnormal Wnt signaling to obesity-
associated pathologies led us to question whether there are aberrations in Wnt signaling in obese
cells that are driving the defects in cellular bioenergetics we observed in them. Wnt signaling has

been shown to be associated with obesity and associated metabolic disorders in in vitro as well as
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genome-wide association studies (GWAS) (Gustafson and Smith, 2012; Christodoulides et al.,
2006b). However, the exact molecular and cellular mechanisms that lead to metabolic
derangements in response to deregulated Wnt signaling pathway are not known. Using our in vitro
model of obesity, the studies in this chapter provide evidence supporting Wnt-mediated regulation
of cellular metabolism and suggesting that alterations in Wnt signaling could contribute to the

aberrant cellular bioenergetics and impaired adipose stem cell function observed in obesity.
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Wnt signaling modulates adipogenesis and mitochondrial dysfunction in morbid obesity

Abstract

The increasing prevalence of obesity and metabolic syndrome has become a growing health
concern with extensive socioeconomic consequences. One of the hallmarks of obesity is the
inability of adipose-derived stem cells (ADSCs) in fat depots to generate new adipocytes in
response to increased energy load, which leads to metabolic complications. Accordingly, studying
how obesity regulates ADSC development and downstream adipogenesis is crucial to improving
our understanding of the pathophysiology of the disease. To this end, ADSCs derived from obese
patients offer an ideal platform to study molecular mechanisms involved in adipogenic
differentiation, providing an opportunity to identify gene regulatory and signaling pathways that

are aberrantly regulated in obesity.

In this study, ADSCs derived from healthy and morbidly obese patients were analyzed by
using global transcriptomic and proteomic approaches across the adipogenesis timeline to identify
differences in regulatory pathways that are driving adipogenesis. One of the pathways that was
immediately evident to be dysregulated in obese ADSCs versus healthy cells was Wnt signaling.
Wnt pathway components become enriched in our transcriptomic and proteomic analyses as
ADSCs differentiate towards adipocytes in the obese setting, whereas the pathway is

downregulated in healthy ADSCs within the first few days of differentiation.

This study also demonstrates a correlation between adipogenesis defects, mitochondrial
dysfunction and aberrant Wnt signaling. By using Wnt ligands, Wnt antagonists, and small

molecule modulators of the Wnt pathway, we present data suggesting that elevated Wnt signaling
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is, in part, driving defects in adipogenesis and mitochondrial function observed in morbid obesity,
providing a potential targetable pathway for the treatment of this physically and mentally

debilitating disease.

Introduction

In normal conditions, white adipose tissue expands through a balance between formation
of new adipocytes (adipogenesis) and storage of lipids in pre-existing adipocytes (adipocyte
hypertrophy). In obesity, however, this balance shifts towards adipocyte hypertrophy and is
accompanied by reduced adipogenesis, which is known to be associated with whole body insulin

resistance (Hoffstedt et al., 2010; Andersson et al., 2014).

Adipose tissue resident mesenchymal stem cells, known as adipose tissue-derived stem
cells (ADSCs), give rise to new adipocytes through adipogenesis, a process that is tightly regulated
to ensure that adipogenic differentiation is strongly linked to the energy demands of the body.
Among the regulatory networks that were previously shown to control this process is Wnt
signaling network, which has been shown to negatively regulate adipogenesis in both murine and

human cellular adipogenic models (Kang et al., 2007; Ross et al., 2000; Visweswaran et al., 2015).

Previous studies have shown that Wnt/p-catenin pathway activation plays a critical role in
controlling mesenchymal stem cell fate and differentiation (Ling et al., 2008; Van Camp et al.,
2014). For instance, Wnt activation in murine mesenchymal stem cells has been shown to impair
their adipogenic differentiation, while promoting their differentiation towards osteogenic and
myogenic lineages (Shang et al., 2007a; Shang et al., 2007b; Bennett et al., 2002; Kang et al.,
2007; Ross et al., 2000; Bennet et al., 2005). Inhibition of Wnt signaling, on the other hand, has

been shown to promote adipogenesis (Arango et al., 2005), whereas overexpression of Wnt10b or
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B-catenin in adipose tissue has been shown to impair white and brown adipose tissue development
and function in vivo (Longo et al., 2004). Moreover, secreted extracellular Wnt antagonists have
been shown to stimulate adipogenic differentiation of murine 3T3-L1 preadipocytes, human MSCs
(Christodoulides et al., 2006a; Visweswaran et al., 2015), and adipose tissue progenitors from

obese individuals (Gustafson and Smith, 2012).

Obesity-induced inflammatory cytokines have been shown previously to mediate their anti-
adipogenic functions through Wnt signaling. For example, two inflammatory cytokines,
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFa), have been shown to exert anti-
adipogenic action in 3T3-L1 pre-adipocytes by promoting Wnt/B-catenin signaling (Cawthorn et

al., 2007; Gustafson et al., 2006).

Most of the evidence linking Wnt signaling and adipogenesis has been gained through the
use of mouse models and from in vitro loss- and gain-of-function experiments, which might not
be a true reflection of a relevant human disease environment. However, in one study, Wnt
antagonism was shown to rescue adipogenesis in human hypertrophic obesity (Gustafson and
Smith, 2012). Moreover, Wnt signaling has also been shown to modulate cellular energetics in a
cell- and tissue-specific manner. For instance, Wnt3A/B-catenin signaling has been shown to
enhance mitochondrial biogenesis and O2 consumption in myoblasts (Yoon et al., 2010), whereas
Wnt3A has also been shown to stimulate aerobic glycolysis independent of B-catenin, in bone-
marrow stromal cells differentiating towards osteoblasts (Esen et al., 2013). Such studies provide
direct evidence of the context-dependent nature of Wnt signaling in the regulation of cellular

metabolism.
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It is important to use physiologically relevant human disease models to further evaluate the
role of Wnt signaling in obese adipogenesis. Hence, in this study, we used obesity-relevant disease
models, comprising patient-specific ADSCs, and took a systematic approach to identify Wnt
signaling as a target pathway that promotes the pathophysiology of obesity during adipocyte
differentiation. The systematic analysis of temporal adipogenic differentiation in obese and
healthy settings reveals that Wnt signaling is dysregulated in stem cells isolated from obese
individuals and illustrates the consequences of aberrant Wnt signaling on adipogenesis and

mitochondrial function in our cellular model of obesity.

Results

The major aim of this study was to identify the molecular mechanisms that potentially
contribute to the defects in cellular metabolism in obese cells that were identified and detailed in

Chapter 2 of this thesis.

Obese cells display a significant enrichment for Wnt signaling pathway genes during

adipogenesis

Morbidly obese ADSC lines and healthy ADSC lines were differentiated towards
adipocytes and were sampled at specific intervals (days 0, 1, 3, 7 and 14) during the differentiation
timeline in order to identify differentially regulated pathways and gene networks. Days 0, 1, 3, 7
and 14 of adipocyte differentiation were compared in-depth in healthy versus obese cells by using
Clariom S human HT gene chip transcriptomics (n=6) and tandem mass tag-mass spectrometry
(TMT-MS) proteomics (n=3) datasets. Functional gene clustering and enrichment analyses were
performed by using “The Panther Metabolic and Cell Signaling Pathway Database 2016” and

“Kyoto Encyclopedia of Genes and Genomes (KEGG) database 2019 to identify functional gene
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clusters that showed upregulation in obese cells compared to healthy counterparts during the

adipogenesis timeline (days 0, 1, 3, 7 and 14).

Multiple signaling networks were found to be upregulated during the adipogenesis time
course in obese cells versus healthy counterparts, namely the chemokine/cytokine mediated
inflammatory network, integrin signaling, TGFp signaling, interleukin signaling, and Wnt
signaling (Fig. 1A). Some of the networks, such as TGFPB and interleukin signaling, were
upregulated as differentiation progressed (day 3 onwards), indicating that these networks influence
adipogenesis in the later stages of adipocyte development. By contrast, the apoptotic signaling
pathway is already upregulated at the ADSC stage (day 0), which indicates that obese ADSCs have

inherent aberrant regulation of apoptotic pathways.

Nevertheless, one of the most prominent pathways that showed enrichment at both gene
and protein levels, across all differentiation time points, and which was enhanced as differentiation
progressed, when compared to healthy counterparts, is the Wnt signaling pathway (Figure 1A and
B). Accordingly, the gene expression of several mediators of Wnt signaling (WNT3A4, WNT5A,
CTNNBI, FZD6, FZD7 and PORCN) was observed to be elevated, even in day 0 obese ADSCs,
compared to healthy ADSCs (Fig. 1C). Functional clustering of the 114 genes commonly
upregulated across days 0 to 14 during obese ADSC differentiation showed a clustering of Wnt
pathway genes (Fig. 1C). Further, the upregulated genes in obese cells on days 0 and 14 of
adipogenic differentiation were mapped onto the Wnt signaling pathway, showing an enrichment
in Wnt/B-catenin pathway-specific genes (Fig. 2A and B). It is important to note that the majority

of the upregulated Wnt components at day 0 and 14 are found upstream in the Wnt pathway (i.e.
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ligands and receptors), suggesting that these would impact regulation of a wide number of

downstream Wnt signaling axes.

Overall, our analyses suggest that Wnt signaling remains upregulated in obese ADSCs
during the differentiation timeline, whereas in normal ADSCs, Wnt signaling is downregulated

during the course of adipogenic differentiation.

Artificially enhanced Wnt signaling in healthy ADSCs results in reduced adipogenesis and

mitochondrial dysfunction

Obese differentiating ADSCs showed an enrichment for Wnt pathway genes, which
indicates a possible correlation between enhanced Wnt signaling and the impaired adipogenesis in
these cells. Thus, to further evaluate the role of Wnt signaling in aberrant adipogenesis, healthy
ADSCs were exposed to the Frizzled ligand, Wnt3A, during adipogenesis. Healthy ADSCs were
differentiated in the presence of different amounts of Wnt3A-conditioned medium (Wnt3A-CM).
That is, differentiation media were prepared with 25%, 50% and 100% Wnt3A-CM. Conditioned
media from Wnt3A-expressing L-cells and control L- cells was prepared, and Wnt3 A biological
activity was assessed prior to use (Fig.S1). Healthy ADSCs treated with Wnt3A-CM exhibited a
dose-dependent decrease in their adipogenic potential compared to control-CM-treated cells, as
illustrated by Oil Red-O (ORO) staining, which is used to measure the lipid droplet accumulation
that is a hallmark of adipocyte differentiation (Fig. 3A). To further confirm the negative effect of
Whnt signaling on healthy adipogenesis, healthy ADSCs were differentiated in the presence of a
small-molecule Wnt pathway activator, CHIR-99021 (1uM and 10uM). ORO staining of CHIR-
treated healthy ADSCs showed that activation of Wnt signaling by CHIR results in a similar

reduction in adipogenesis as that observed for Wnt3A (Fig. 3B).
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Next, we evaluated mitochondrial activity at day 14 of differentiation in healthy ADSCs
treated with control-CM, Wnt3A-CM or CHIR-99021, given that aberrant Wnt signaling has been
previously associated with reduced adipogenesis in metabolic disorders such as obesity and type
2 diabetes (Gustafson and Smith, 2012; Gustafson et al., 2013; Chen and Wang, 2018), and our

prior results (Chapter 2) also showed that there is mitochondrial dysfunction in obese ADSCs.

Significant mitochondrial dysfunction was observed in healthy ADSCs treated with Wnt
ligand, Wnt3A and CHIR-99021 during differentiation (Fig. 3C and 3F). Treatment with Wnt-3A-
CM in healthy ADSCs showed reduced levels of mitochondrial basal and maximal respiration in
differentiated adipocytes (Fig. 3D-E), indicating that Wnts negatively regulate mitochondrial
function and oxidative phosphorylation-dependent metabolism. Similarly, treatment with CHIR
reduced mitochondrial function, as indicated by reduced basal and maximal respiration rates (Fig.

3G).

These results suggest that elevated Wnt signaling can drive reduced adipogenesis and

mitochondrial dysfunction in healthy ADSC-derived adipocytes.

Wnt antagonism rescues adipogenesis and mitochondrial dysfunction in obese ADSCs

Our transcriptomic and proteomic datasets revealed that the expression of a Wnt signaling
inhibitor, Dickkopf 1 (DKK1) spikes upwards significantly at day 1 of differentiation in healthy
adipogenesis at the mRNA (~15-fold) and protein (~2-fold) levels (Fig. 4A and B). This suggests
that effective antagonism of Wnt activity is required during early time points of adipogenesis for
this process to proceed efficiently. Such Wnt antagonism fails to occur in obese cells. Hence, to

further examine the role of Wnt signaling in adipogenesis and mitochondrial activity in the context
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of obesity, Wnt signaling was antagonized during obese adipogenesis in vitro by treatment with

DKK1 as well as a small molecule Wnt antagonist, PNU-74654.

Treatment of obese ADSCs with either DKK1 (250 ng/mL) or PNU-74654 (1 uM and 10
uM) resulted in increased adipogenesis as shown by ORO staining (Fig. 4C). Further, we observed
that this rescue of adipogenesis upon Wnt antagonism with DKK1 or PNU-74654 was
accompanied by an improvement in the mitochondrial function, as shown by significant

improvement in both basal and maximal mitochondrial respiration in obese adipocytes (Fig. 4D-

G).

Taken together, these results further suggest a link between Wnt activity and attenuated
adipogenesis and mitochondrial function. Wnt signaling maintenance and upregulation during
differentiation might be driving the observed defects in obese ADSC adipogenesis and
metabolism, as enrichment of Wnt mediators precedes the impaired induction of adipogenesis and

mitochondrial defects observed in the context of obesity.

Discussion

In this study, we observed a significant enrichment of Wnt signaling genes, particularly for
the Wnt/B-catenin pathway (often referred to as the canonical Wnt pathway), in resting obese
ADSC and during their blunted adipogenesis, compared to healthy counterparts. The expression
of mediators of the Wnt/B-catenin pathway, including Wnt ligands, Wnt34 and Wnt5A, Frizzled
receptors, FZD5 and FZD6, and CTNNBI (B-catenin), was found to be higher in obese ADSCs.

The expression of these Wnt pathway genes remained higher throughout the 14-day adipogenic

140



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

differentiation timeline, with further enrichment for other members of the pathway (FZD6, FZDS8,

LRP6, ROR1/2, DVLI) along the course of adipogenesis.

Canonical Wnt signaling is known to regulate mesenchymal cell fate towards different
lineages in vitro and in vivo. Overexpression of Wnt10B has been associated with improved
differentiation towards osteoblasts and myoblasts, while inhibiting adipogenesis (Bennet et al.,
2002; Kang et al., 2007; Bennet et at., 2005; Longo et al., 2004). Similarly, Wnt3A-initiated
signaling and -catenin overexpression have been shown to decrease the expression of
adipogenesis regulators, PPARy and CEBPa, while simultaneously promoting the expression of

pro-myogenic factors (Shang et al., 2007a; Shang et al., 2007b).

On the other hand, disruption of B-catenin expression in mesenchymal cells has been shown
to be associated with a switch from myogenesis to adipogenesis in vivo (Arango et al., 2005). In
our study, obese cells upregulated inflammatory mediators like IL-6 and TNFa at the ADSC stage
and showed further enrichment in chemokine/cytokine mediated inflammation pathway genes at
both mRNA and protein levels during the course of adipogenesis. This inflammatory environment
is likely contributing further to the inhibition of adipogenic differentiation in obese cells through
Wnt signaling, as inflammatory mediators are known to exert their anti-adipogenic effects through
B-catenin-dependent Wnt signaling (Cawthorn et al., 2007; Gustafson and Smith, 2006). Thus, our
study provides evidence that there is an inherent elevation in Wnt signaling in morbidly obese

ADSCs, which ultimately impacts their differentiation potential and adipocyte function.

The extracellular Wnt antagonists, Secreted frizzled-related proteins (SFRPs) and
Dickkopf (DKK) family members, modulate Wnt signaling by directly binding and sequestering

Wnts from their receptors or by binding to LRP co-receptors as high-affinity antagonists,
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respectively. These Wnt signaling antagonists also play an important regulatory role during
adipogenic differentiation (Park et al., 2008). DKKI expression is shown to be transiently
upregulated in human adipogenesis, while constitutive DKK expression in 3T3-L1 preadipocytes
has been shown to inhibit Wnt/B-catenin signaling and promote adipogenesis (Christodoulides et
al., 2006a). Similarly, we observed a spike in DKK/ gene and protein expression during early
stages (day 1) of healthy ADSC adipogenesis, whereas obese cells failed to exhibit any increase

in DKK expression at any time point in the differentiation time course.

Overall, obese ADSCs lack coordinated regulation of Wnt signaling mediators and Wnt
antagonists during the early and late stages of differentiation, resulting in significantly reduced
adipogenic capacity in the obese setting. This understanding of a mechanism underlying the
pathophysiology of obesity provides a novel targetable pathway, the Wnt/B-catenin pathway, for

the treatment of obesity.

We also observed enrichment for other pathways, such as the TGF-f signaling pathway, in
later stages of the differentiation timeline for obese ADSCs, which together with Wnt signaling,
has been primarily associated with differentiation of mesenchymal stem cells towards osteogenic
lineages (Zhao et al., 2009; Kulterer et al., 2007). This enrichment in TGF-f} signaling pathway
components could potentially be either another consequence of enhanced Wnt signaling or a
completely separate axis that also negatively regulates adipogenesis in obese cells. Hence, it is
important to note that while Wnt signaling has a negative impact on adipogenesis, the coordinated
effects of multiple signaling pathways dysregulated during obesity could have an additive impact

on adipocyte development and function in obesity.
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Nevertheless, Wnt signaling is one of the only pathways that is inherently dysregulated in
obese ADSCs and early adipogenesis. Thus, to confirm the association between Wnt pathway
enrichment and reduced adipogenesis, and to evaluate the potential metabolic phenotype that
results from Wnt stimulation, we induced Wnt signaling in healthy ADSCs during the course of
adipogenesis via the Wnt ligand, Wnt3A, or the small molecule Wnt agonist, CHIR-99021
(Bennett et al., 2002; Qin et al., 2010). Both treatments resulted in reduced adipogenesis and
significant reduction in mitochondrial activity, indicating that Wnt signaling can impact
metabolism in developing adipocytes. As a counter experiment, we antagonized Wnt signaling in
obese ADSCs with the Wnt antagonist, DKK1, and a small molecule canonical Wnt inhibitor,
PNU-74654, which blocks B-catenin/TCF/LEF interactions (Trosset et al., 2006). This resulted in
enhanced adipogenesis and improved mitochondrial function in obese ADSCs. These data provide
preliminary evidence of an association between Wnt signaling and metabolism (mitochondrial

function) in the context of human adipogenesis in the healthy vs obese state.

Whnt signals have been previously shown to be associated with metabolic disorders such as
obesity and diabetes in human and transgenic animal models, where they have been shown to play
an important role in the pathophysiology of these diseases. Wnt5A expression has been reported
to be upregulated in murine models of obesity and type 2 diabetes, where increased expression of
Wnt5A, together with reduced expression of SFRPS, was shown to contribute to insulin resistance

and metabolic dysfunction observed in obesity (Ouchi et al., 2010).

In addition, fat metabolism defects as a result of hyperactive Wnt signaling, along with
pharmacological mitigation of these defects by attenuating Wnt pathway, have been reported in

Drosophila larvae models (Zhang et al., 2017). Moreover, Wnt antagonism has been shown to
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rescue adipogenesis defects in hypertrophic obesity (Gustafson and Smith, 2012). However, our
study provides the first evidence that enhanced Wnt signaling attenuates adipocyte development

and promotes an aberrant metabolic phenotype in ADSCs from morbidly obese patients.

Our study provides the foundation for further in-depth experiments aimed at understanding
how altered Wnt signaling drives mitochondrial dysfunction (and potentially, insulin resistance)
observed in morbidly obese cells. Given the association of Wnt hyperactivity with metabolic
disorders and our data showing upregulated Wnt signaling in stem cells isolated from obese
individuals, stabilizing Wnt activity in a tissue-specific manner represents an attractive
pharmacological strategy for designing newer therapeutic interventions for metabolic diseases

such as obesity.
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Materials and Methods
Cell culture and adipogenic differentiation

Age-, gender- and adipose tissue depot-matched healthy (n=3; BMI = 22.4 + 1.4) and
morbidly obese ADSC (n=3; BMI = 44.8 + 2.5) samples from our previously characterized
biobank developed from a cohort of healthy, overweight and obese patient-derived ADSCs,
(unpublished, Chapter 2 of this thesis) were used in this study. All ADSC lines have previously
been characterized according to mesenchymal stem cell (MSC) guidelines issued by the

International Society for Cellular Therapy (ISCT) (Dominici et al., 2006; Bourin et al., 2013).

ADSCs were cultured in DMEM-F12 (Corning, Cat# 10-090-CV) supplemented with 10%
FBS, 1 mM L-Glutamine (Corning, Cat# 25-005-CI) and 10 ng/mL bFGF (Peprotech, Cat# 100-
18B). For adipogenic differentiation, ADSCs were plated at a density of 7500 cells/cm? and grown
until they reached confluency in ADSC growth medium, and differentiation was induced two days
post confluency (day 0) with adipogenic differentiation medium composed of DMEM-F12
supplemented with 10% FBS, 1 mM L-Glutamine, 250 pM isobutyl-methylxanthine (IBMX)
(Sigma, Cat# 15879), 0.5 uM dexamethasone (Sigma, Cat# D2915), 10 pg/mL Insulin (Sigma,
Cat# 19278), and 100 uM indomethacin (Sigma, Cat# 17378), followed by a complete medium
change with fresh differentiation medium every other day until day 14. For CHIR-99021 (Stem
cell technologies, Cat# 72054), DKK1 (Peprotech, Cat# 120-30) and PNU-74654 (Cayman
Chemicals, Cat# 16349) treatments, cells were cultured in ADSC growth medium until confluency
and were differentiated in adipogenic differentiation media containing either CHIR-99021 (1 and
10uM), DKK1 (250ng/mL) or PNU-74654 (1 and 10uM), followed by a complete medium change

every other day until day 14. For differentiation in Wnt3A and control L-cell-conditioned media,
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the respective conditioned media were diluted in ADSC growth medium to 25% and 50%
strengths. Differentiation media were then made in 25%, 50% and 100% conditioned media by
adding the adipogenesis inducers (IBMX, dexamethasone, indomethacin and insulin), as described
above. Differentiation was induced in healthy ADSCs two days post-confluency in differentiation
media prepared in Wnt3A- or control-L-cell-CM followed by respective media changes every

other day until day 14.

ORO staining

Cells were fixed with 4% PFA (Electron Microscopy Sciences, Cat# 15710) for 10 minutes
at room temperature at days 0, 1, 3, 7 and 14 of differentiation. For ORO staining, cells were rinsed
with 60% isopropanol for 2 minutes, followed by staining with ORO working solution (6 parts
0.5% ORO (Sigma, Cat# 00625) in 100% isopropanol and 4 parts distilled water) for 30 minutes.
Cells were washed under running water until water ran clear. Whole cell culture plate wells were

scanned on an Epson V700 photo scanner followed by imaging by light microscopy.

Wnt3A-conditioned and control L-cell-conditioned media

L-cells producing and secreting biologically active mouse Wnt3A protein (LWnt3A cells,
ATCC Cat#CRL-2647) and control L-cells (ATCC Cat# CRL2648) were used for making Wnt3 A-
and control-conditioned media respectively. Briefly, a confluent monolayer of the cells was split
1:10 in ten T75 flasks in 10 mL culture medium (DMEM-F12 + 10% FBS + 2.5mM L-glutamine)
and grown for 4 days. The media was then collected from the flasks, filter sterilized and stored at
4°C. Additional fresh medium (10 mL) was added to each flask and incubated for another 3 days.

The second batch of media was collected after the additional 3 days and was filter sterilized and
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mixed with the first batch of conditioned medium at a 1:1 ratio, resulting in the final Wnt3A or

control conditioned media.

Wnt3A biological activity assay

Mouse embryonic stem cells (mESCs) transfected with a fluorescence-based TCF/LEF
reporter construct based on the plasmid 7TGP were used to analyse the biological activity of
Wnt3A in the conditioned media. 7TGP was a gift from Roel Nusse (Addgene plasmid #
24305). mESCs were exposed to Wnt3A- or control L-cell-conditioned media for 24 hours
followed by imaging for expression of the fluorescent reporter. 10uM CHIR-99021 was used

as a positive control.

Mitochondrial function assay

Mitochondrial respiration assays were performed on a XFe96 extracellular flux analyzer
(Seahorse-Agilent). 13000 cells/well were plated in Seahorse-Agilent 96-well plates (Agilent
Technologies, Cat# 101085-004). Adipogenesis was induced with or without indicated
compounds the following day, as described above. At day 14 of the differentiation, cells were
rinsed twice with complete XF assay medium pH 7.4 (XF DMEM base medium without phenol
red (Agilent Technologies, Cat# 103335-100) supplemented with 2.5 mM L-Glutamine, ] mM
sodium pyruvate, and 17.5 mM glucose) and a mitochondrial stress test (MST) was performed
as per the instructions provided with the MST kit (Agilent technologies, Cat# 103015-100). The
MST assay was performed using the recommended/optimized concentrations of oligomycin (2
uM), FCCP (1 uM) and antimycin+rotenone (0.5 uM each). Oxygen consumption rate (OCR)
readouts were normalized to total cellular DNA content after the MST assays, to account for

any differences in cell number. Cellular DNA content was measured by using a CyQuant Cell

147



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

Proliferation assay kit (ThermoFisher, Cat# C7026) following the manufacturer’s protocol.

Data analysis was performed with Wave 2.6 desktop analysis software.

Functional gene and protein enrichment analysis

Transcriptomic and proteomic datasets for the adipogenesis timeline (days 0, 1, 3, 7 and
14) from healthy and morbidly obese ADSCs (unpublished, Chapter 2 of this thesis) were utilized
to study the gene and protein networks that show upregulation in obese ADSCs and during the
course of obese adipogenesis. Upregulated genes from both datasets were analyzed for functional
clustering and enrichment using the integrative web-based software packages, g:profiler and
Enrichr, which enable the analysis of significant enrichment of genes/pathways in different
databases including: Gene Ontology (GO) Consortium database, Kyoto Encyclopedia of Genes
and Genomes (KEGQG) database, and The Panther Metabolic and Cell Signaling Pathway Database

2016 (Chen et al., 2013; Kuleshov et al., 2016; Reimand et al., 2007).

Statistical Analysis

Data are presented as means + SEM. GraphPad Prism 8 was used to analyze the differences
between two groups by multiple unpaired two-tailed Student’s t-tests. The statistical parameters
(i.e. the exact n numbers and p values) can be found in the figure legends. For all experiments, a

p-value less than 0.05 was considered significant.
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Fig. 1: Obese cells show significant enrichment of Wnt signaling pathway genes during
adipogenesis. (A) Functional gene clustering and enrichment analysis for upregulated genes in
obese cells at indicated time points during adipogenesis using The Panther Metabolic and Cell
Signaling Pathway Database 2016 and KEGG database 2019 (n=6). (B) Functional gene clustering
and enrichment analysis for upregulated genes in obese cells derived from proteomics datasets at
indicated time points during adipogenesis in The Panther Metabolic and Cell Signaling Pathway
Database 2016 and KEGG database 2019. (n=3). (C) Venn diagram showing 114 upregulated
genes common among days 0, 1, 3, 7 and 14 of adipogenic differentiation in obese cells, and
functional clustering of these 114 genes showing clusters for Interleukin, Wnt, TGFB and

chemokine-mediated inflammatory signaling pathways.

153



ity — Biochemistry

1Vers1

McMaster Un

Ph.D. Thesis — K. Singh

uiajoad pue yNyw yioq ui dn [

Ajuo yNyw ur dn [

Remped

9ONAd

HOMdd

VoMydd

WIN 1
1431
£aNDD
112401
nvld | Z2ANDD oL P 1= The)
NAr || 1ONDD 1dato yOLVAN POLVAN
uonduasues) ou:u:n“> 11504 AN £40L _ €J1V4N €OLViAN
9|9} SO
A = _w_ 2 ZOLVAN ZOLVAN
A
LOLVAN LOLVAN
uoneAldy |euonduosuel) LIX0s
Z¥eddd
IMEdYIN p—— Y
oIV uoisaypy |edo4 / AINYD 20¢ddd
6)dVIN LYLYINSD
BulleuBis MY o v TLYLYINSD i) govadd
Z00¥ ﬁ VZIAYD voeddd
H awoseajoid S92 S a TR
[ 1ovy j«—+ voHy [ wixv |
)
+2eD
ZWYva £VZYINSO|ZVZHINSD
HYYa Zvad G2YINSO |LYZHNSD
ﬂ By ena | |
ZdN3S
£1AQ ZOvN v £821d
ana | [ ||_ [[roxxo 2891d
BTV 3\,6 31)INSD [ 1801d |
Z3MORd \ /
@ 13THORId
90zd | sazd |o1az4| 8az4 CTONVA cHOY | 19024 | 3024 0107 80Z4 | 2024 | 91 |, * FH_s.mzz 9074 | saz4 |01az4| 8z | zazd
vdzd4| £0zd | 60z4 VIONVA || 130y vaz4 | £az4 | 6az4 1az4 | saw1| . yaz4 | £az4 | 6az4 1az4
F5LNM
HULNM 9LLNM | VOLLNM | SSLNM | €LNM
VSLNM
9LINM | SLLNM | VSLNM | SZLNM
LLLNM | VZLNM | vLNM | ZLNM
SOLLNM | SLNM | VELNM | LLNM | No¥od |

Aemyied Ayiejod

||I°®D ieue|d

spuesi| pajzzii4

Aemyied

UM |ed1uoue)

Aemyied

+BD/3Um

(v)

154



ity — Biochemistry

1Vers1

McMaster Un

Ph.D. Thesis — K. Singh

uiajo.d pue yNyw yioq ui dn [

Ajuo ynyw ur dn [

uonduosuel) abueyd
|e3a@)s03hD
3

A

LHEdYIN

oI uoisaypy [e304

€ANDD

nvld || ZANDD
NAP

1
[XER
112401
[4-1=1%e)
272401 {H
1da1d
1401
A
LIXOS

UONeARdY [euondudsuel]

ar—s

u:..ﬁﬂﬁﬁu&%«i VR s
. TLYINNSD
SHVIN uonepeibaq
H 2100y awoseajold mwNAll L E
_ 1oV T|_ VYOHY _
/ geNsO
ZNYva EVCHUNSO[ZYIINSD
vl T 82YINSO [LYZINSD
ﬂ Livad
L — _ £a | [zanas||
/ | Z7AA LOYN _ T _”vuxxu

\ ZIIHORId

\ i ] —

/ /({I‘ 90Z4 | sazd ovazd|8azd [zazd| |
e $2d9
¥0az4 | £az4 | 6az4 1az4

Aemyzeq Ajuejod

|I2D Jeuejd

N

902Z4 | 50Z4 |010Z4| 80Zd | 2ZAZd | 941

TIONVA |
IONVA | LYOY | tuli

¥0Z4 | £€0zZ4 | 60Zd4

9LLNM | VOLLNM €LNM

9LLNM | 8LLNM HZLNM
LLLNM | VZLNM | PLNM ZLNM

G0LLNM | 9LNM LLNM

spuesi| pajzzii4

Aemyred

UM\ [edluoue)

+28D

v801d
£€807d

2801d
1801d

YOLViN d) VOLViN
1 [ cowvan £2LVAN
ZOLVYiN d ) 2OLViN
LOLV4AN d) LOLViN
Zdgddd
OTINYD ldeddd
AZINYD J9tddd 20%ud
HIINYD 808ddd 9OMd
VZINYD ¥otddd VoM
uusnyned

90z4 | saz4 |01az4| 8azd | zaz4{-
| vazd | eaz4 | 6az4 =

Aemyieq

~+BD/3um

(1)

155



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

Fig. 2: Wnt signaling pathway showing genes upregulated at mRNA and protein levels in
obese ADSCs (day 0 of differentiation) (A) obese adipocytes (day 14 of differentiation) (B)

compared to healthy cells.
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Fig. 3: Promoting Wnt signaling in healthy ADSCs results in reduced adipogenesis and
induces mitochondrial dysfunction. (A) Representative whole well ORO (Oil Red-O stained)
scans of healthy ADSCs treated with different concentrations: 25%, 50% and 100% of Wnt3A-
CM (Wnt3A-conditioned media) or control-CM (control L-cell-conditioned media) at day 14 of
differentiation. (B) Representative whole well ORO scans at day 14 of differentiation for healthy
ADSCs differentiated in the presence of vehicle control or CHIR-99021 (1 uM and 10 puM). (C)
Representative mitochondrial respiration traces at day 14 of adipogenic differentiation for healthy
ADSCs treated with Wnt3A-CM (Wnt3A-conditioned media) or control-CM (control L-cell-
conditioned media). Mitochondrial function parameters: basal (D) and maximal (E) respiration
calculated from mitochondrial respiration specific oxygen consumption rates (OCR) values at day
14 of differentiation in control-CM or Wnt3A-CM differentiation media. (F) Representative
mitochondrial respiration traces at day 14 of adipogenic differentiation of healthy ADSCs
differentiated in the presence of vehicle control or CHIR-99021 (1uM and 10uM). (G)
Mitochondrial function parameters: basal and maximal respiration calculated from mitochondrial
respiration OCR values at day 14 of healthy differentiation in control or CHIR-99021-treated cells.

(n=3; *p<0.05 and **p<0.01)
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Fig. 4: Wnt antagonism rescues adipogenesis and mitochondrial dysfunction in obese
ADSCs. Fold change in DKK1 expression at mRNA (n=6) (A) and protein (n=3) (B) levels in
healthy and obese cells compared to their respective day 0 ADSCs, calculated from transcriptomic
and proteomic datasets, respectively. (C) Representative whole well ORO scans at day 14 of
differentiation for obese ADSCs differentiated in the presence of vehicle control, DKK1 (250
ng/mL) or PNU-74654 (1 uM and 10 uM). (D) Representative mitochondrial respiration traces at
day 14 of adipogenic differentiation for obese ADSCs differentiated in the presence of vehicle
control or DKK1 (250 ng/mL). (E) Mitochondrial function parameters: basal and maximal
respiration calculated from mitochondrial respiration OCR values at day 14 of obese
differentiation in control or DKKI-treated cells. (F) Representative mitochondrial respiration
traces at day 14 of adipogenic differentiation for obese ADSCs differentiated in the presence of
vehicle control or PNU-74654 (1 uM and 10 uM). (G) Mitochondrial function parameters: basal
and maximal respiration calculated from mitochondrial respiration OCR values at day 14 of obese
differentiation in control or PNU-74654 (1uM and 10uM) treated cells. (n=3; *p<0.05 and

*#p<0.01)
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Fig. S1: Wnt3A-CM contains biologically active Wnt3A. Representative fluorescent images
showing Wnt reporter expression after 24 hours of stimulation with Wnt3A-CM, control L-cell-
CM or 10uM CHIR-99021 in mESCs cells transfected with a fluorescence-based TCF/LEF

reporter construct.
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CHAPTER 4

A novel functional high-throughput drug-screening platform for the identification of

compounds that target aberrant adipogenesis in an obese setting

Preface

This chapter is an original article in preparation for submission. It is presented in its pre-submission

format. The authors include:

Kanwaldeep Singh, Brandon Law, Eva Szabo and Bradley Doble

I designed the study, conducted the experiments, analyzed the data, assembled the figures
and wrote the manuscript together with Dr. Brad Doble. Brandon Law performed BODIPY
stainings and image quantification. Dr. Eva Szabo helped with study design and interpretation of

data.

Current drug screening platforms for adipogenesis modulators largely quantify
adipogenesis based on lipid accumulation, which is measured by using high content image
analyses of stained lipid droplets. However, these strategies are tedious to perform, suffer from
reproducibility issues, provide little/no functional readouts, and employ cellular models that are
not reflective of the target disease. Thus, there is a need to develop more robust drug screening
assays in clinically relevant disease models to improve the clinical translation potential of

identified candidate drugs. Previous work (Zhang et al., 2013; Wilson-Fritch et al., 2003) and our

163



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

results from Chapter 2 revealed a strong correlation between mitochondrial activity and
adipogenesis. Moreover, stem cells derived from obese patients exhibited reduced adipogenesis,
which could be rescued by improving their cellular metabolism and increasing their mitochondrial
activity. This chapter describes how we used the positive association between these processes to

develop and validate a novel functional drug screening platform targeting adipogenesis in obesity.
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A novel functional high-throughput drug-screening platform for the identification of

compounds that target aberrant adipogenesis in an obese setting

Abstract

Obesity is a worldwide epidemic, affecting over 39% of the global population. Thus, given
its socioeconomic and health severity, numerous weight management programs have been
proposed, including pharmacologic treatments. However, most of the current
pharmaceuticals/drugs have severe side effects, minimal efficacy, and do not target obese adipose
tissue. Accordingly, they have had limited success in reducing fat mass. There is an urgent need
for therapeutics that directly target adipose tissue mass in an obese context, a treatment strategy
that is currently unavailable in a clinical setting. Our study established a functional drug-screening
platform that identifies small molecules/drugs which impact the pathways specifically
dysregulated in obese adipocytes. Recent studies, as well as our work, have demonstrated that the
molecular and functional pathways are differentially regulated in an obese versus healthy setting,
and that these pathways impact mitochondrial bioenergetics, lipid accumulation and insulin
responsiveness. Our proposed screening platform employs a live cell screening assay using patient-
specific obese adipose tissue-derived stem cells (ADSCs) and allows for the discovery of drugs
that influence mitochondrial function, lipid accumulation, and induction of brown adipogenesis.
Overall, our study provides a screening platform that identifies drugs that directly target obese
adipose tissue, with the potential to correct defects specific to diseased adipocytes, thereby offering

a novel treatment for obesity.
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Introduction

The process of adipocyte development/differentiation from precursors/preadipocytes
derived from mesenchymal stem cells (MSCs) and adipose derived stem cells (ADSCs) is
commonly referred to as adipogenesis. Adipocyte development encompasses both white and
brown/beige adipogenesis, resulting in three distinct pools of adipose tissues: 1. white adipocyte
tissue (WAT), 2. brown adipocyte tissue (BAT) and 3. brite/beige adipocyte tissue (b/bAT) (Billon
and Dani, 2012). WAT is the main type of adipose tissue found in adult humans and is the primary
site of energy storage. It synthesizes and releases a variety of adipokines (cytokines and hormones)
such as adiponectin and leptin (Rosen and MacDougald, 2006), which promote cell proliferation
and accelerate adipocyte differentiation. Dysregulation of energy homeostasis or pathways
involved with WAT development can result in obesity (Derecka et al., 2012). BAT, on the other
hand, plays an important role in the regulation of energy expenditure (Virtanen et al., 2009; Cypess
et al., 2009; Zingaretti et al., 2009), and its activity is inversely correlated with severity of obesity
and age. Several recent studies have shown that there is another type of fat called brite/beige
adipose tissue (b/bAT), which resides in WAT depots (Wu et al., 2012). b/bAT is similar to BAT
in that it can be induced to have a thermogenic phenotype. Thus, induction of b/bAT programs in
WAT depots offers a unique opportunity to increase energy expenditure via burning fat, versus

storing it, providing a potential strategy to combat obesity.

Over the past decade, numerous programs have been proposed for management of obesity.
However, the long-term success of these programs is limited because of significant barriers
influencing affected individuals (i.e. maintaining lifestyle changes) (Lau et al., 2006), limited

efficacy, and severe side effects of treatments (Yanovski and Yanovski, 2002). For most obese
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individuals, only 5-10% of weight can be managed by the current pharmacotherapies, which may
be due to the fact that the drugs employed do not act on the physiological pathways specific for fat

tissue mass regulation in obesity.

Current screening strategies that are used to identify potential drugs are mainly focused on
identifying inhibitors of adipogenesis and/or are mostly conducted in mouse models. Assays using
murine preadipocyte cell lines, such as 3T3-L1 and 3T3-F442A, involve staining and quantifying
lipid content and measuring the activity of mature adipocyte markers (Choi et al., 2005; Sottile
and Seuwen, 2001; Qin et al., 2010; Waki et al., 2007; Lane et al., 2014; Kim et al., 2016).
However, due to inherent differences between human and murine adipogenesis (Mikkelsen et al.,
2010) identification and subsequent translation of the drugs identified in mouse models to human
obesity has been largely unsuccessful and is one of the main reasons for the lack of efficacious
drugs/treatments available for human obesity. To date, only one drug screen has been performed
in a human system (Moisan et al., 2015). It used a luminescence UCP1 mRNA capture assay to

identify compounds that induce browning of white adipocytes from MSCs.

Notably, all existing screening platforms and protocols are optimized for healthy
adipocytes and do not take into account the disease state. It has been shown that adipogenesis is
differentially regulated in obese versus healthy states, resulting in functionally different adipocytes
(Perez etal., 2013; De Girolamo et al., 2013). Hence, it is critical to study and identify adipogenesis
modulators that specifically target obese adipocytes. In addition, present screening methods are
only capable of identifying “hits” based on a single criterion/readout, either modulation of
adipogenesis or induction of browning. They do not measure effects on insulin resistance and/or

mitochondrial dysfunction, which drive development of obesity (Gustafson et al., 2015; Boudina
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and Graham, 2014). Our present study demonstrates that it is possible to develop functional
screening strategies that are capable of measuring multiple parameters, such as inhibition or
induction of white adipogenesis, induction of brown adipogenesis and improving mitochondrial
function, in a single assay using human obese adipocytes. Our screening assay represents a major
improvement over previous assays and has the potential to identify novel compounds that could

directly target obese adipose tissue towards treatment of obesity.

Results

We have previously shown a positive correlation between mitochondrial dysfunction and
reduced adipogenic differentiation potential in obese ADSCs, along with proof-of-concept
experiments suggesting that the defects in adipogenesis observed in obese ADSCs could be
rescued by using small molecule-mediated improvement in mitochondrial function (unpublished,
Chapter 2 of this thesis). Here, we have developed a novel drug screening strategy to identify
compounds that promote adipogenesis based on their ability to stimulate mitochondrial function

in obese ADSC:s.

Mitochondrial functional assay optimization using obese ADSCs

We first optimized the mitochondrial stress test (MST) for obese ADSCs by using the
XFe96 extracellular flux analyzer. This assay measures the oxygen consumption rate of cells,
plated at optimal cell density, with sequential addition of Oligomycin (electron transport chain
(ETC) complex V - ATP synthase inhibitor), FCCP (mitochondrial respiration uncoupler) and a

mixture of Antimycin and Rotenone (inhibitors of ETC complexes I and III). It provides a complete
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picture of the mitochondrial function under both basal and stressed conditions, including basal
respiration, ATP production and maximal respiration capacity of the cells. One of the most
important parameters that needs to be optimized for a successful MST assay capable of obtaining
a robust and accurate measurement for OCR, is the concentration of FCCP to which the cells are
exposed during the assay. OCR was thus measured with different FCCP concentrations (0, 0.25,
0.5, 1 and 2 uM) and was found to peak at 1 uM FCCP (Fig. S1). Therefore, 1 uM FCCP was

determined to be the optimal FCCP concentration for all subsequent experiments.

Mitochondrial functional screening assay validation using mitochondrial biogenesis/function

inducers

As the first step of validating a screening strategy using an optimized MST assay, obese
ADSCs were pre-treated with known mitochondrial biogenesis inducers, RTA-408 and lipoamide,
at two different concentrations during differentiation. Both compounds elicited a significant
increase in OCR, compared to vehicle treated cells, in the MST assay performed at the
differentiation endpoint (day 14). RTA-408 induced the highest increase in both basal and
maximal respiration rates (~ 4 to 5-fold increase) (Fig. 1A-D). Cells were stained with BODIPY
(lipid stain) to confirm that this increase in mitochondrial function in obese ADSCs was
accompanied by an increase in adipogenic potential, as indicated by increased lipid accumulation
per cell. An increase in BODIPY staining was observed following treatment with both compounds
(Fig. 1E-F), indicative of an increased capacity to accumulate lipids. Overall, these results suggest
that this platform can identify drugs that are able to regulate mitochondrial activity in
differentiating adipocytes, which translates into changes in adipogenesis, as a result of improved

mitochondrial biogenesis and function, in obese ADSCs.
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Mitochondrial functional screening assay validation using known stimulators and inhibitors

of adipogenesis

To evaluate the robustness of a screening platform, it is necessary to validate the platform
by using known inhibitors or stimulators of the pathways that are being assayed. Thus, to validate
our screening platform, obese ADSCs were pre-treated with known adipogenesis inducers and
insulin sensitizer compounds (AM-251, rosiglitazone, harmine and adiporon) during the course of
adipogenic differentiation, followed by readout of mitochondrial activity at the end of the
differentiation timeline (day 14). AM-251 (100 nM and 1 uM) and rosiglitazone (50 uM) showed
significant improvement in mitochondrial functional parameters, basal and maximal respiration,
in differentiated adipocytes compared to vehicle treated cells (Fig. 2A-B and 2E-F). Similarly,
treatment with harmine (1 uM and 10 uM) and adiporon (1 uM and 10 pM) also showed significant
increase in mitochondrial function (Fig. 2C-F) by day 14 of differentiation. Compound- and
vehicle-treated differentiated cells were stained with BODIPY to confirm that compound pre-
treatment resulted in an increase in lipid accumulation, which is indicative of enhanced
adipogenesis. Differentiation in presence of all four compounds, AM-251, rosiglitazone, harmine,
and adiporon, showed an increased BODIPY staining, indicating an increase in adipogenic
capacity (Fig. 2G-H). These results show that the high-throughput mitochondrial function assay is
able to detect upregulation of mitochondrial activity, which translates to improved adipogenesis in

obese ADSCs.

The screening assay was also validated for adipogenesis inhibitors, MK-2206 and
wortmannin. MK-2206 (1uM and 10uM) and wortmannin (1uM and 10uM) both showed

significant decreases in mitochondrial maximal respiration (Fig. 3A-C).
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Taken together, these results show that a mitochondrial function-based screening assay can

efficiently detect compounds that modulate adipogenesis in obese ADSCs.

Secondary screening assay for identification of “browning” inducers

This screening platform is aimed to identify ‘“hits” based on changes in functional
mitochondrial activity upon treatment with test compounds during the course of adipogenesis.
However, the increase in mitochondrial activity during adipogenesis could be attributed to
improvement in either white adipogenesis and/or induction of “browning” during adipogenesis.
To determine whether the “hits” obtained from the primary mitochondrial function screen are
white adipogenesis promoting agents or browning inducers, we developed a high-throughput
brown adipocyte function-specific secondary screening assay based on B-adrenergic receptor

agonist stimulated UCP1-dependent respiration on the XFe 96 extracellular flux analyzer.

We induced “browning” during adipogenesis of healthy ADSCs upon treatment with
known browning inducers, R406 and tofacitinib (Moisan et al., 2015), during the course of
adipogenesis. Changes in adipocyte morphology were evaluated by phase-contrast microscopy
followed by BODIPY and ORO staining. The presence of unilocular lipid droplets in individual
cells is characteristic of white adipocytes, while the presence of multiple lipid droplets is indicative
of induction of brown adipogenesis. Therefore, when these parameters were measured, control
adipocytes appeared as cells containing a single lipid droplet, while R406- and tofacitinib-treated
adipocytes were all multilocular, a characteristic of brown adipocytes (Fig. 4A). Further, R406 and
tofacitinib treatments resulted in ~3-fold increase in mRNA expression of UCP1, a known brown
adipocyte marker, thereby further supporting “browning” of the compound-treated adipocytes

(Fig. 4B).
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Changes in OCR were measured upon stimulation with isoproterenol, a B-adrenergic
receptor agonist, which has been shown to stimulate respiration in brown adipocytes via UCP1-
dependent -adrenergic receptor agonism (Li et al., 2014; Schnabl et al., 2019). Both R406 (0.5
uM) and tofacitinib (2.5 uM) treatments resulted in efficient browning of ADSCs obtained from
white adipose depots, as suggested by ~ 2-fold increase in OCR upon isoproterenol stimulation
compared to control (Fig. 4C). These results suggest that this secondary assay can efficiently

detect brown adipocyte emergence and activity.

The effect on adipogenesis observed in the primary screen, using a panel of known
mitochondrial biogenesis/function inducers (RTA-408 and lipoamide) and adipogenesis
inducers/insulin sensitizers (AM-251, rosiglitazone, harmine and adiporon), was further evaluated
in a secondary screening assay, to determine whether the adipogenesis improvement shown by
these compounds was due to enhanced white adipogenesis and/or browning of the adipocytes.
Among the compounds tested, only harmine (10 uM) and rosiglitazone (50 pM) exhibited a
significant increase in OCR upon isoproterenol stimulation in this assay, suggesting that, in
addition to increasing overall adipogenesis, these compounds lead to the browning of adipocytes

as well (Fig. 4D).

Discussion

Obesity is characterized by limited adipogenesis, with adipose tissue expansion occurring
almost exclusively through adipocyte hypertrophy, which results in increased lipid accumulation
and ultimately leads to an insulin resistant state. Current efforts to identify compounds capable of

rescuing adipogenesis and metabolic symptoms are restricted primarily due to limitations in cell

172



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

culture models used for the studies. Most studies utilize murine cell lines (Waki et al., 2007; Lane
etal., 2014; Kim et al., 2016; Sohle et al., 2012), however this approach is highly limiting, as there
is low translation between murine and human models in molecular events that drive adipogenesis
(Mikkelsen et al., 2010). Furthermore, all current human and mouse cell models used in screening
platforms are of healthy origin (Foley et al., 2015; Qin et al., 2010). The adipogenic deficiencies
are generated by removing critical components of the differentiation media, which do not
accurately reflect the etiology of obesity (Qin et al., 2010). Hence, compounds identified via these
approaches would have unclear efficacy regarding their effects on adipogenesis, casting doubts

over their translation potential in a clinical setting.

Our group (unpublished, chapter 2 of this thesis), and other preceding research, have shown
a strong correlation between mitochondrial biogenesis and adipogenesis. Differentiation from
ADSC:s to adipocytes is accompanied by stimulation of mitochondrial proteins and an increase in
mitochondrial functional activity (Wilson-Fritch et al., 2003; Zhang et al., 2013; Drehmer et al.,
2016). We have used this strong correlation between these two cellular conditions to develop a
novel high-throughput drug screening platform to identify compounds that promote adipogenesis
in an obese setting by using a Seahorse XFe96 extracellular flux analyzer. Further, we developed
a secondary screening method to categorize the “hits” obtained from the primary screening assay
into white and/or brown adipogenesis inducers. We differentiated healthy ADSCs into brown
adipocytes upon treatment with JAK3 inhibitor, tofacitinib, and SYK inhibitor, R406, both of
which have been shown to efficiently induce browning of white adipocytes. Tofacitinib and R406
have been shown to inhibit the JAK-STAT pathway in human adipocytes, leading to

downregulation of the interferon alpha (IFN), beta and gamma responses, thereby relieving
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inhibition of the sonic hedgehog (SHH) pathway, thereby leading to accumulation of UCP1 and
browning of adipocytes (Moisan et al., 2015). BAT program induction in our adipocytes was
further confirmed by development of a high-throughput functional brown adipocyte activity assay
based on isoproterenol (B-adrenergic receptor agonist)-stimulated UCP 1-dependent mitochondrial

respiration (Fig. 5).

The screening platform presented here improves on current methods in several ways: (1)
It uses human cellular models of obesity, specifically, morbidly obese ADSCs instead of healthy
cell lines, leading to a more accurate representation of “obesity in a dish”; (2) It provides
multiparametric and functional readouts for both white and brown adipogenesis, compared to
methods using single parameters (i.e. BODIPY or ORO stained lipid-droplet imaging), which do
not provide any evidence of functional activity of the adipocytes; and (3) It provides a more
economical platform than traditional 96-well screening assays, as the well area for a Seahorse
XF96-well plate is ~ 3 times smaller than regular tissue-culture 96-well plates, thereby requiring

significantly fewer cells and costly reagents/human growth factors for running the screening assay.

The ability of this screening platform to capture potential “hits” was further verified by
testing eight different adipogenesis and mitochondrial function modulators across three different
compounds categories: (1) mitochondrial biogenesis/function inducers, RTA-408 and lipoamide;
(2) adipogenesis inducers and insulin sensitizers, AM-251, rosiglitazone, harmine and adiporon;
and (3) adipogenesis inhibitors, MK-2206 and wortmannin. RTA-408 (also known as
omaveloxolone) is a potent Nrf2 (a key transcription factor in mitochondrial biogenesis) activator
that has been shown to improve mitochondrial bioenergetics in models of neurological disorders

(Abeti et al., 2018). Our group has previously shown the pro-adipogenic effects of this compound
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in an in vitro obesity model (unpublished, Chapter 2 of this thesis). Lipoamide has been shown to
stimulate mitochondrial biogenesis, where lipoamide-treated 3T3-L1 adipocytes exhibited
increased mitochondrial DNA copy number, protein levels, and expression of transcription factors
involved in mitochondrial biogenesis (Shen et al., 2011). Among the adipogenesis modulators
tested, rosiglitazone is a PPARY agonist that is known to stimulate adipogenesis in a number of in
vitro models (Benvenuti et al., 2007; Lu et al., 2016; Crossno et al., 2006). It has also been shown
to induce browning of adipocytes in vitro (Merlin et al., 2017). AM-251 is a type I cannabinoid
(CB1) receptor antagonist that has been reported to improve adipogenesis from MSCs in vitro
(Idris et al., 2009). Harmine has been reported to have a dual mode of action and exerts its pro-
adipogenic effects via PPARy agonism, together with inhibition of the Wnt signaling pathway
(Waki et al., 2007). In addition, it has been shown to promote browning of white adipocytes in
vitro and in vivo (Nie et al., 2016). AdipoRon is a small molecule activator of adiponectin
receptors, AdipoR1 and AdipoR2, that has been shown to ameliorate obesity-associated insulin
resistance in mouse models (Okada-iwabu et al., 2013). MK-2206 and wortmannin inhibit
adipogenesis by targeting key proteins involved in insulin-mediated signal transduction, Akt and
phosphatidylinositol 3-kinase (PI3K), respectively (Kajno et al., 2015; Tomiyama et al., 1995;
Tomiyama et al., 1999). Using these known compounds, our screening platform demonstrated
sensitivity to increased adipogenesis and mitochondrial biogenesis in obese cells, providing

validation of this tool for use in a high throughput screening setting for anti-obesity drugs.

Overall, our screening method provides a proof of concept for using “obese ADSCs” as a
screening tool to identify novel compounds that specifically target obese fat depots. Moreover, this

platform has illustrated the ability to identify “hits” that act through various mechanisms of action
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to improve metabolic function, enabling this screening platform to be an effective tool to
interrogate libraries composed of diverse classes of molecules, towards identification of new

therapeutic approaches for obesity.
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Materials and Methods

ADSC culture, compound treatments and adipogenic differentiation

Healthy ADSCs (n=1, BMI =22.6) and morbidly obese ADSCs (n=1, BMI =45.4) from
our previously characterized cohort of age-, gender- and adipose tissue depot matched healthy,
overweight and obese patient-derived ADSC biobank (unpublished, Chapter 2 of this thesis)
were used in this study. Cells were cultured in DMEM-F12 (Corning, Cat# 10-090-CV)

supplemented with 10% FBS, 1 mM L-Glutamine (Corning, Cat# 25-005-CI) and 10
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ng/mLbFGF (Peprotech, Cat# 100-18B). For adipogenic differentiation, ADSCs were plated at
a density of 7500 cells/cm? and were grown until they reached confluency in the ADSC growth
medium, Differentiation was induced two days post confluency (day 0), with adipogenic
differentiation medium composed of DMEM-F12 supplemented with 10% FBS, 1 mM L-
Glutamine, 250 pM isobutyl-methylxanthine (IBMX) (Sigma, Cat# 15879), 0.5 uM
dexamethasone (Sigma, Cat# D2915), 10 pg/mL Insulin (Sigma, Cat# 19278), and 100 uM
indomethacin (Sigma, Cat# 17378), followed by a complete medium change with fresh
differentiation medium every other day until day 14. RTA-408 (Cayman chemicals, Cat#
17854), lipoamide (Toronto Research Chemicals, Cat# L468710), AM-251 (Cayman
chemicals, Cat# 71670), rosiglitazone (Cayman chemicals, Cat# 71740), harmine (Cayman
chemicals, Cat# 10010324), adiporon (Cayman chemicals, Cat# 15941), MK-2206 (Cayman
chemicals, Cat# 11593), and wortmannin (Cayman chemicals, Cat# 10010591) were used for
treatments and adipogenic differentiation in obese cells, as indicated. For compound treatments,
obese ADSCs were cultured in ADSC growth medium until confluency and were differentiated
in adipogenic differentiation medium containing either RTA-408 (10 and 100 nM), lipoamide
(1 and 10 uM), AM-251 (100 nM and 1 uM), rosiglitazone (10 and 50 uM), harmine (1 and 10
uM), adiporon (1 and 10 uM), MK-2206 (100 nM, 1 uM and 10 pM) or wortmannin (100 nM,

I uM and 10 uM), followed by a complete medium change every other day until day 14.
BODIPY staining and image quantification

At day 14 of adipogenic differentiation, cells were stained with 0.1 mg/mL BODIPY
(ThermoFisher, Cat# D3922) solution for 30 minutes at 37°C, washed thrice with DPBS, and

imaged under fluorescent microscope. BODIPY intensity for the images was quantified by
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using Image] software. Image quantification results are expressed as average fold increase in

the BODIPY intensity normalized to cell numbers (DAPI) from 15 images for each treatment.
Mitochondrial function assay

Mitochondrial respiration assays were performed on an XFe96 extracellular flux
analyzer (Seahorse-Agilent). 13000 obese ADSCs/well were plated in Seahorse-Agilent 96-
well plates (Agilent Technologies, Cat# 101085-004). Adipogenesis was induced with, or
without, indicated compounds the following day, as described above. At day 14 of
differentiation, cells were rinsed twice with complete XF assay medium pH 7.4 (XF DMEM
base medium without phenol red (Agilent Technologies, Cat# 103335-100) supplemented with
2.5 mM L-Glutamine, 1 mM sodium pyruvate, and 17.5 mM glucose), and the mitochondrial
stress test (MST) was performed as per the instructions provided with the MST kit (Agilent
technologies, Cat# 103015-100). FCCP concentration was optimized by using 0, 0.25, 0.5, 1
and 2 uM concentrations. All subsequent MST assays were performed by using the optimized
concentration of FCCP (1 pM) along with recommended concentrations of oligomycin (2 uM)
and antimycin+rotenone (0.5 uM each). Oxygen consumption rate (OCR) readouts were
normalized to total cellular DNA content, after the MST assays, to account for any differences
in cell number. Cellular DNA content was measured using the CyQuant Cell Proliferation assay
kit (ThermoFisher, Cat# C7026) following the manufacturer’s protocol. Data analysis was

performed by using Wave 2.6 desktop analysis software.
Differentiation towards brown adipocytes

Healthy ADSCs were plated were plated at a density of 7500 cells/cm? and were grown

until they reached confluency in ADSC growth medium. Differentiation was induced two days
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post confluency (day 0) with adipogenic differentiation medium containing either 0.5 uM R406
(Cayman chemicals, Cat# 11422) or 2.5 uM tofacitinib (Cayman chemicals, Cat# 11598),
followed by a complete medium change with fresh differentiation medium every other day until
day 14. At day 14 of differentiation, cells were imaged by phase contrast microscopy followed
by ORO and BODIPY staining. Cells were fixed with 4% PFA (Electron Microscopy Sciences,
Cat# 15710) for 10 minutes at room temperature, followed by a rinse with 60% isopropanol for
2 minutes and staining with ORO working solution (6 parts 0.5% ORO (Sigma, Cat# 00625)
in 100% isopropanol and 4 parts distilled water) for 30 minutes. Cells were washed under
running water until the water ran clear. Cells were then imaged by light microscopy. For
BODIPY (ThermoFisher, Cat# D3922) staining, cells were stained with 0.1 mg/mL BODIPY
solution for 30 minutes at 37°C, washed thrice with DPBS, and imaged by epifluorescence

microscopy.

RNA isolation, cDNA synthesis and qPCR

Total RNA from control and lipoamide treated cells was isolated at day 14 of adipogenic
differentiation by using an RNA Isolation kit (Norgen Total RNA Purification Plus Kit, Cat#
48400). Approximately 1 pg of total RNA was reverse transcribed into cDNA by using a Bioline
SensiFast cDNA synthesis kit (Cat# BIO-65054) according to the manufacturer’s protocol. 2
uL of cDNA was used as template for each qRT-PCR reaction using a UCP1 TagMan gene
expression assay (ThermoFisher, assay id: Hs01084772 ml, Cat# 4331182), which was
evaluated by using the QuantStudio3 Real-Time PCR detection system. UCP1 expression was
normalized to that of an endogenous control RPLPO (ThermoFisher, assay id:

Hs00420895 gH).
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Isoproterenol-stimulated respiration assay for “browning” of adipocytes

13000 healthy ADSCs/well were plated on Seahorse-Agilent 96-well plates (Agilent
Technologies, Cat# 101085-004). Adipogenesis was induced with or without indicated
compounds the following day, as described above. At day 14 of the differentiation, cells were
rinsed twice with complete XF assay medium pH 7.4 (XF DMEM base media without phenol
red (Agilent Technologies, Cat# 103335-100) supplemented with 2.5 mM L-Glutamine, 1 mM
sodium pyruvate, 17.5 mM glucose, and 2% BSA). BSA scavenges extracellular free fatty acids
and allows to specifically measure UCPI1-mediated uncoupled respiration. A mitochondrial
stress test (MST) was performed with the following sequential drug injections: isoproterenol (1
uM) to investigate UCP1-dependent uncoupled respiration, followed by oligomycin (2 uM) and
antimycin+rotenone (0.5 uM each). OCR readouts were normalized to total cellular DNA
content after the assays to account for any differences in cell numbers. Cellular DNA content
was measured by using the CyQuant Cell Proliferation assay kit (ThermoFisher, Cat# C7026)
following the manufacturer’s protocol. Data analysis was performed by using Wave 2.6 desktop
analysis software. Results are expressed as stimulated respiration, which is calculated as fold

increase of basal respiration.

Statistical Analysis

Data are presented as means + SEM. All experiments were conducted at least three times
with similar results. GraphPad Prism 8 was used to analyze the differences between two groups by
multiple unpaired two-tailed Student’s t-tests. The statistical parameters (i.e. the exact n numbers
and p values) can be found in the figure legends. For all experiments, a p-value less than 0.05 was

considered significant.
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Fig. 1: Mitochondrial biogenesis/function inducers improve mitochondrial function and
adipogenesis in obese ADSCs. (A) Representative mitochondrial respiration traces for day 14
vehicle (control) and RTA-408- (10 nM and 100 nM) treated and differentiated obese ADSCs. (B)
Representative mitochondrial respiration traces for day 14 vehicle (control) and lipoamide- (1 uM
and 10 uM) treated and differentiated obese ADSCs. Mitochondrial function parameters: basal (C)
and maximal (D) respiration calculated from OCR measurements at day 14 of differentiation in
control and compound-treated obese cells (n=4 experiments). (E) Representative BODIPY stain
images at day 14 of adipogenic differentiation for control and compound-treated obese cells. (F)
Fold change in BODPIY intensity normalized to cell numbers (DAPI). 15 images were quantified
for each treatment. Scale bar represents 100 um. Statistical significance was determined by using

multiple unpaired student’s two-tailed t-tests. * p<0.05, ** p<0.01.
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Fig. 2: Adipogenesis inducers and insulin sensitizers stimulate mitochondrial respiration and
promote adipogenesis in obese ADSCs. Representative mitochondrial respiration traces for day
14 differentiated obese ADSCs differentiated in the presence of DMSO vehicle (control) and (A)
AM-251 (100 nM and 1 uM), (B) Rosiglitazone (10 uM and 50 uM), (C) Harmine (1 uM and 10
uM), and (D) AdipoRon (1 uM and 10 uM). Mitochondrial function parameters: basal (E) and
maximal (F) respiration calculated from OCR measurements at day 14 of differentiation in control
and compound-treated obese cells (n=4 experiments). (G) Representative BODIPY stained images
at day 14 of adipogenic differentiation for control and compound-treated obese cells. (H) Fold
change in BODPIY intensity normalized to cell numbers (DAPI). 15 images were quantified for
each treatment. Scale bar represents 100 um. Statistical significance was determined by using

multiple unpaired student’s two-tailed t-tests. * p<0.05, ** p<0.01.
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Fig. 3: Adipogenesis inhibitors decrease mitochondrial respiration during adipogenesis in
obese ADSCs. Representative mitochondrial respiration traces for day 14 obese ADSC-derived
adipocytes in the presence of DMSO vehicle (control) and (A) MK-2206 (100 nM, 1 uM and 10
uM) and (B) Wortmannin (100 nM, 1 uM and 10uM). (C) Graph representing maximal
mitochondrial respiration at day 14 of differentiation in control and compound-treated obese cells
(n=3 experiments). Statistical significance was determined using multiple unpaired student’s two-

tailed t-tests. * p<0.05, ** p<0.01.
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Fig. 4: R406 and Tofacitinib induce browning of adipocytes during healthy ADSC
differentiation. (A) Representative phase-contrast, BODIPY and ORO images of healthy ADSCs
differentiated in the presence of 0.5 uM R406 and 2.5 uM tofacitinib and control differentiated
cells at day 14 of differentiation. Arrows in the images point to the unilocular lipid-bearing cells
observed in control differentiated cells. Scale bar represents 100 um. (B) Fold change in UCP1
gene expression in healthy ADSCs treated and differentiated with R406 and tofacitinib compared
to control cells (n=3 experiments). (C) Changes in OCR pattern for R406- and tofacitinib-treated
and control healthy differentiated cells measured upon sequential exposure to isoproterenol,
oligomycin and antimycintrotenone. OCR is expressed as percent relative to baseline OCR
measurements. (D) ISO (isoproterenol)-stimulated OCR expressed as percent of baseline OCR
measured on day 14 of adipogenic differentiation of healthy ADSCs differentiated in the presence
of indicated compounds (n=5 experiments). Statistical significance was determined using multiple

unpaired student’s two-tailed t-tests. * p<0.05, ** p<0.01.
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CHAPTER 5: DISCUSSION

This thesis set out to investigate the molecular and metabolic mechanisms that control
aberrant adipogenesis in a healthy versus obese setting. I hypothesized that resident stem cells
isolated from obese individuals would provide an ideal in vitro model for studying the pathways
that uniquely regulate aberrant adipogenesis in obesity, which can be targeted for improving
metabolic health in an obese setting. Through my studies I was able to identify inherent obesity-
associated molecular and metabolic aberrations in obese ADSCs leading to reduced adipogenic
differentiation in these cells. Here, I discuss the significance, limitations, and future directions of

my findings.

5.1 Comprehensive molecular and functional metabolic mapping of the human adipogenesis

timeline

The process of in vitro adipogenesis is divided into two stages: commitment and terminal
differentiation. Multipotent stem cells commit to become unipotent preadipocytes in the
commitment phase, and committed preadipocytes differentiate into mature adipocytes in the
terminal differentiation phase (Siersback and Mandrup, 2011). This thesis describes
comprehensive metabolic profiling using transcriptomic, proteomic, and functional cellular
metabolic analyses at different timepoints during the course of adipogenic differentiation,
capturing both early (days 0-3) and late (days 7 and 14) cellular transition events in adipocyte

development.
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Changes in transcriptional networks (Siersbaek et al., 2012; Rangwala and Lazar, 2000)
and epigenetic status (Musri and Parrizas, 2012; Andersen et al., 2019) that happen during the
early and late phases of adipogenic differentiation have been studied in detail. However, the
metabolic profiling has largely been limited to baseline analyses in undifferentiated cells (stem
cells or preadipocytes) and endpoint (mature adipocytes) analyses (Wilson-Fritch et al., 2003; von
Heimburg et al., 2005). Also, some previous studies have focused on early changes in
mitochondrial metabolism only (Ducluzeau et al., 2011; Zhang et al., 2013; Drehmer et al., 2016)
and do not illustrate a complete dynamic metabolic profile that accompanies the cellular changes
across the adipogenesis process. Moreover, many prior studies were performed in murine models.
Hence, translatability of these findings to a human system remains largely unclear given the

interspecies differences in adipocyte development and metabolism.

Through my studies, using healthy ADSCs as a model system for human adipogenesis, |
observed dynamic metabolic triggers that happen as early as day 1 of differentiation, as indicated
by upregulation of metabolic pathway gene expression. This was followed by upregulation of
functional cellular bioenergetics during early stages of differentiation, with further enrichment
taking place at both functional and molecular levels as differentiation proceeded towards mature

adipocytes (day 14 of differentiation timeline, Chapter 2).

The currently accepted metabolic perspective of stem cell differentiation suggests that as
stem cells differentiate into mature cell types metabolism switches from a predominantly
glycolytic phenotype to aerobic respiration/oxidative phosphorylation to meet most of the energy
demands of the differentiating cell (Hu et al., 2016). Accordingly, increasing evidence suggests

that cellular differentiation is an energy demanding process, which is driven by a shift from
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glycolysis to oxidative phosphorylation, as this pathway generates significantly more net ATP than
glycolysis (36 mol of ATP produced per mol of glucose consumed in oxidative phosphorylation
vs 2 mol of ATP produced per mol of glucose consumed in glycolysis). For example, stem cell
differentiation into neural precursors and mature neurons (Calvo-Garrido et al., 2019; Zheng et al.,
2016), osteocytes (Chen et al., 2008), hepatocytes (Wanet et al., 2014; Hopkinson et al., 2017) and
cardiomyocytes (Hu et al., 2018), as well as hematopoietic stem cell differentiation (Klimmeck et
al., 2012; Suda et al., 2011; Takubo et al., 2013) have been shown to be accompanied by a
metabolic switch from glycolysis to mitochondrial respiration. In addition to the changes in ATP
demands, differentiating cells require a continuous supply of precursor molecules for biosynthesis
of amino acids, lipids, and nucleotides for the cellular transitions that take place during
differentiation. These anabolic molecules are primarily biosynthesized de novo from TCA cycle

intermediates (Costello and Franklin, 2013).

However, contrary to current views of stem cell metabolism changes during differentiation,
my results (Chapter 2) showed that adipogenesis is accompanied by a several fold increase in both
cellular energy producing pathways, glycolysis and mitochondrial respiration. The upregulation in
gene expression of these pathways starts to occur as early as day 3 of differentiation and shows
continued enrichment until day 14. This suggests that adipogenesis is a highly energy demanding
process requiring a constant supply of biosynthetic precursors and NADPH-reducing equivalents
for the synthesis of lipids and other biomolecules, and those energy and biosynthetic precursor
requirements are met by an upregulation of both glycolysis and oxidative phosphorylation. Further,
since the enrichment in the molecular gene signatures for metabolic pathways and the changes in

functional cellular bioenergetics starts very early-on during adipogenic differentiation, this
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indicates that the upregulation of cellular energy metabolism drives, and is required for, efficient

adipogenesis, rather than being a passive consequence of this process.

Moreover, my analyses indicated that an increase in mitochondrial respiration starts as
early as day 3 of adipocyte differentiation with an accompanying increase in reactive oxygen
species (ROS) production. I mapped the dynamic changes in cellular ROS levels across the
adipogenesis timeline, which indicated a gradual increase during adipogenesis, peaking at day 7,
followed by a decrease by day 14 of differentiation to levels similar to day O of differentiation
(Fig. 1B), suggesting that ROS is required for adipogenesis but only during the initial steps of
differentiation (Chapter 2). These data also demonstrate that evaluation of ROS levels in the
undifferentiated state and mature adipocytes alone would be misleading, as the dynamic changes
that are observed during the differentiation timeline would be completely missed. A few other
studies have also suggested that ROS may be required at early stages of adipogenesis without
showing how the levels are impacted in mature adipocytes upon completion of adipogenesis

(Drehmer et al., 2016; Tormos et al., 2011; Zhang et al., 2013).

Hence, my study is the first report showing a complete functional cellular energy metabolic
landscape that is supported by transcriptomic and proteomic analyses capturing all the stages of in
vitro human adipogenesis (Fig. 1). These datasets provide the obesity and adipogenesis fields not
only a resource to mine for metabolic and molecular signaling aberrations during adipogenesis,
but also for novel stage-specific markers of adipocyte development. In addition, my study
provides a more systematic understanding of human adipogenesis at both molecular and metabolic

levels.
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5.2 Development of a robust cellular model for studying obesity in vitro

“Well begun is half done” holds true for cellular disease modeling as well. One of the
primary aims of this study was to elucidate the molecular mechanisms underlying the altered
adipogenesis observed in human obesity by using in vitro cellular models that are able to mimic
the in vivo disease environment as closely as possible. This made the choice of our cellular model
of obesity critical for the success of this project. Most of the available in vitro models of obesity
and insulin resistance rely on the use of non-physiological concentrations of FFAs and
inflammatory mediators to induce an obese environment in an in vitro setting and hence, are
capable of capturing isolated events only. These models do not provide a complete overview of
the deranged metabolic profile associated with obesity and thus, generate fairly inconsistent
conclusions (Wu et al., 2013; Stephens et al., 1997; Lo et al., 2013). Moreover, with regard to
ADSCs; age, gender, and the location of adipose tissue source material have been shown to affect
their proliferation and differentiation characteristics (Aksu et al., 2008; Alt et al., 2012; Choudhery
et al., 2014; de Girolamo et al., 2009; van Harmelen et al., 2004; Padoin et al., 2008; Wong et al.,

2018; van Harmelen et al., 2004; Faustini et al., 2010; Jurgens et al., 2008; Di Taranto et al., 2015).

Thus, in an effort to develop the best possible in vitro model that most closely mimics the
human in vivo obese microenvironment, I isolated and characterized ADSCs from abdominal
subcutaneous adipose tissue samples obtained from age-, and gender-matched patients with
varying BMI levels: ranging between normal weight, overweight and obese (including different
classes of obesity). Interestingly, there were no significant differences in the morphology or MSC
surface marker expression observed between ADSCs isolated from the different classes of obese,

overweight and healthy patients. However, I observed a spectrum of differences in their adipogenic
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differentiation potential, with healthy ADSCs at the top, with highest adipogenic capacity, and
morbidly obese (class III) ADSCs at the bottom, demonstrating severely impaired adipogenic
differentiation in vitro. Further comparative experiments revealed significant differences in insulin
sensitivity and mitochondrial function between healthy- and morbidly obese-ADSC-derived

adipocytes, suggesting that they provided a robust model for studying obesity in vitro.

In addition, our results from Chapter 2 illustrate that obese ADSCs retain obesity-
associated differences even after culturing in vitro. Accordingly, the cellular metabolism and
insulin sensitivity profiles of these in vitro cultures during the course of adipogenesis reflect patient
specific-aberrations. This holds particular significance for the application of ADSCs in the field of
regenerative medicine and provides grounds for caution in their use in a clinical setting, with strong

indications that development of clear guidelines for their use is absolutely critical.

Nevertheless, ADSCs derived from obese patients provide an improved platform for
disease modeling in vitro. If properly quality controlled, ADSCs are an excellent cellular source
for tissue engineering and reconstructive surgery applications, primarily because of the following
ADSC properties: (1) they are able to differentiate into multiple lineages; (2) they secrete cytokines
such as TGFp, vascular endothelial growth factor (VEGF), granulocyte/macrophage colony-
stimulating factor (GM-CSF), hepatocyte growth factor (HGF) and stromal derived factor 1 (SDF-
1); (3) they are readily available and relatively straightforward to harvest and purify; and (4) they
exhibit limited donor-site morbidity (Naderi et al., 2017). As such, ADSCs have been used in
wound healing (Hong et al., 2013); angiogenesis and regeneration of several tissue types including:

skin (Lu et al., 2012), muscle (Rodriguez et al., 2006), neural (Ghoreishian et al., 2013), adipose
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(Ito et al., 2014), tendon Uysal., 2012) and cartilage (Oliveira et al., 2010); and in cosmetic

reconstructive procedures.

My results have shown significant inherent differences in cellular metabolism (Chapter 2)
and Wnt signaling cascades (Chapter 3), which were strongly associated with reduced
differentiation potential of ADSCs from morbidly obese donors, suggesting that ADSCs used for
regenerative and reconstructive purposes should be more stringently quality controlled and also

indicating that obese ADSCs should not be utilized for regenerative medicine purposes.

Currently, MSCs are defined based on minimal criteria proposed by the Mesenchymal and
Tissue Stem Cell Committee of the International Society for Cellular Therapy (ISCT) that
includes: (1) adherence to normal cell-culture plasticware; (2) > 95% surface expression for MSC
markers, CD73, CD90 and CD105; and (3) ability to differentiate in vitro into adipogenic,
chondrogenic and osteogenic lineages (Dominici et al., 2006; Bourin et al., 2013). Our results
show, based on these ISCT criteria, that it was not possible to differentiate between age- and sex-
matched healthy and obese ADSCs that we have profiled in this study. Similarly, others have found
significant differences in the proliferation capacity in age- and sex-matched donor-derived MSCs,
which were otherwise indistinguishable based on ISCT minimal criteria (Samsonraj et al., 2015).
Together, this suggests that additional assessments including, quantification of differentiation
potential, cellular metabolism, and proliferation, needs to be combined with existing ISCT
minimum criteria, which will allow for a better determination of MSC effectiveness and quality

prior to their use for therapeutic applications.
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5.3 Identification of metabolic and transcriptional switches that can act as early markers for

adipogenesis using a cellular model of morbid obesity

Studying changes in cellular metabolism throughout the time course of adipogenesis, by
using healthy and obese cellular models, allowed me to identify metabolic triggers that do not
initiate in obese cells during early stages of adipogenesis (days 1 - 3) in response to adipogenic
stimuli. Hence, obese cells fail to follow the differentiation trajectory of healthy cells (Chapter 2).
The obese cells retain a more primitive phenotype, with minimal insulin responsiveness and
significantly reduced differentiation capacity, which may be, in part, responsible for promotion of

an insulin resistant phenotype in an obese setting.

My analyses showed that initiation of mitochondrial gene networks and mitochondrial
function is minimally activated in obese ADSCs during the early stages of adipogenesis (day 0-3).
This indicates that oxidative phosphorylation-specific pathways, which have been suggested to be
critical for specification of stem cells and for normal differentiation, are not triggered and are
delayed in obese ADSCs, resulting in reduced activation of adipocyte regulatory networks and
functional lipid metabolism. Collectively, the observed defects are indicative of an adipogenic
differentiation blockade in obesity (Fig. 2). Overcoming this blockade and allowing obese cells to

respond to metabolic stimuli would provide an alternative strategy for the treatment of obesity.

The transcriptomic and proteomic analyses not only showed that metabolic pathways,
specifically mitochondrial metabolism, are not appropriately triggered in obese cells, but it also
showed enrichment for canonical Wnt pathway genes in these cells (Fig. 2). Canonical Wnt
signaling has been shown to negatively regulate the differentiation of MSCs towards adipocytes,

while favoring differentiation towards osteogenic and myogenic lineages (Shang et al., 2007a;
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Shang et al., 2007b; Bennett et al., 2002; Kang et al., 2007). I modulated Wnt/B-catenin signaling
in healthy and obese cells during the course of adipogenesis by using both endogenous and small
molecule ligands and antagonists and showed the negative consequences of dysregulated Wnt
signaling on adipogenic differentiation potential and mitochondrial function (Chapter 3). The
determination that prolonged Wnt signaling hinders adipogenesis and metabolic function of obese
adipocytes offers the opportunity for the development of Wnt-targeted therapeutic approaches for

obesity.

More studies on these metabolic and transcriptional signaling switches are critical, as they
will provide a better understanding of how adipocyte development is affected by obesity. As such,
the omics data we obtained for healthy and obese human adipogenesis provide the basis for further
studies focusing on the requirement of stage-specific signaling pathways, such as the TGFp,
interleukin, and integrin signaling pathways, that are dysregulated in obese adipogenesis. Adipose
tissue secretes a variety of adipokines, which play an important role in the manifestation of obesity-
associated comorbidities. Secretion of adipokines with pro-inflammatory properties are
overproduced with increasing adiposity, whereas secretion of some adipokines with anti-
inflammatory or insulin sensitizing properties, like adiponectin, are decreased. These pro- and anti-
inflammatory adipokines, which are differentially secreted depending on the degree of obesity, are
being viewed as potential biomarkers indicative of pathophysiological obesity and its

complications (Katsareli and Dedoussis, 2014).

My studies suggest that the transcriptome and proteome of developing adipocytes also offer
the opportunity to identify potential molecular and metabolic markers of morbid obesity.

Moreover, through my studies, I analyzed obese patient samples across overweight and different
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groups of obesity, and it became evident that some overweight and obese group I and II patient
derived ADSCs also exhibited hallmarks of mitochondrial dysfunction and reduced adipogenic
capacity, while others within these groups did not exhibit these signs (Fig. 3B). This suggests that
there may be a subset of overweight and obese class I and II patients that is more prone to becoming
morbidly obese and insulin resistant. Hence, molecular and metabolic biomarkers could provide
an alternative means to treat obesity and could provide a window towards implementation of

preventative strategies for these patients.

5.4 Altered cellular metabolism governs impaired adipogenesis and insulin resistance in

cellular models of obesity

In this thesis, by using ADSCs derived from subcutaneous adipose tissue of different
individuals within a spectrum of BMI scores, I have shown a positive association between
mitochondrial dysfunction and BMI at a cellular level. Morbidly obese individuals, with highest
BMI scores, showed the greatest alterations in their mitochondrial function. Other reports have
also shown a similar positive correlation between alterations in mitochondrial bioenergetics and
BMI, however, by using primary adipocytes (Fischer et al., 2015) rather than isolated stem cell
populations. Our results have shown a positive association between BMI and metabolic defects
(Fig. 3) in adipose tissue-resident stem cells (ADSCs). We believe our model captures the inherent
defects in the cellular energetics in these cells, as these defects are retained through in vitro

culturing and passaging and only emerge upon induction of adipogenic differentiation.

Many studies, in humans and in animal models, have shown that subcutaneous adipose
tissue in obesity is characterized by hypertrophic expansion of adipocytes, which leads to

dysfunctional adipose tissue exhibiting increased tissue fibrosis, infiltration and activation of
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inflammatory cells, aberrant adipokine secretion, and local and systemic insulin resistance
(Hoffstedt et al., 2010; Andersson et al., 2014; Larson-Meyer et al., 2006; Cinti et al., 2005; Strissel

et al., 2007).

Through my studies, I observed that obese cells exhibited hallmarks of insulin resistance.
They failed to show a switch from IGFIR to INSR expression, which happens during early stages
of adipogenic differentiation and is required for initiation of INSR-mediated insulin signaling and
normal adipogenesis that we observed in our healthy ADSCs and which has also been reported for
murine 3T3-L1 adipogenic differentiation (Smith et al., 1988). This suggests that obesity-
associated insulin insensitivity defects are retained in obese ADSCs and contribute to their reduced

adipogenic differentiation, which is an insulin signaling-dependent process.

There is fairly inconsistent evidence linking mitochondrial dysfunction to the development
of insulin resistance and metabolic disorders. Some studies have shown a positive association
between reduced expression of markers of mitochondrial function and insulin resistance
(Heilbronn et al., 2007; Morino et al., 2005; Ritov et al., 2005), whereas others have reported no
association between these processes (Holloway et al., 2007; Samocha-Bonet et al., 2012).
However, the evidence is relatively more consistent at the cellular level in white adipose tissue,
where mitochondrial number and function have been shown to be reduced in mouse models of
obesity and diabetes, suggesting a positive correlation between mitochondrial dysfunction and
insulin resistance in white adipose tissue (Wilson-Fritch et al., 2004; Choo et al., 2006; Gao et al.,
2010). Similarly, our in vitro obesity model also exhibited indicators of an association between
reduced mitochondrial biogenesis and function with insulin insensitivity during adipogenesis,

which were not observed during healthy cell adipogenesis.
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Another consequence of altered mitochondrial metabolism is excessive ROS generation
and accumulation in cells. Although low physiological levels of ROS are required for adipogenic
differentiation (Tormos et al., 2011; Drehmer et al., 2016), chronic ROS production has been
shown to be an important contributor to the pathogenesis of obesity-associated insulin resistance
(Wang et al., 2013; Houstis et al., 2006; Han, 2016). I observed that obese cells exhibited
continuously elevated levels of ROS throughout the adipogenic time course compared to healthy
cells, revealing another level of metabolic insult that potentially contributes to the differentiation

and insulin sensitivity defects observed in obese cells (Fig. 2).

Some recent high impact studies have suggested the existence of distinct subpopulations
of adipose stem and precursor cells within the stromal vascular fraction (SVF) obtained from
subcutaneous and visceral adipose tissues, with significant differences in their adipogenic
potential. Using single-cell transcriptomics, a unique population of LY6C+ PDGFR+ cells that
display fibrogenic and functional pro-inflammatory phenotypes, and lack inherent adipogenic
capacity, ‘fibro-inflammatory progenitors’ (FIPs), has been identified in the visceral adipose tissue
of adult mice. LY6C- CD9- PDGFRp+ cells that represent a distinct pool of highly adipogenic
adipocyte precursor cells (APCs) has also been identified in the same model (Hepler et al., 2018).
Similarly, functionally distinct subpopulations of stromal cells have also been identified in
subcutaneous adipose tissue. Adipogenesis-regulatory cells (Aregs), characterized by high surface
expression of CD142 are refractory to adipogenesis and have been shown to suppress adipocyte
formation in vivo and in vitro in a paracrine manner. Interestingly, SVF obtained from obese mice
showed significantly more Aregs than lean mice, in both the subcutaneous and the visceral adipose

depots, and it was shown that Aregs control the formation of mature adipocytes in vivo (Schwalie
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et al., 2018). This suggests that increased numbers of Aregs in obese adipose tissue potentially

contribute to the reduced adipogenesis observed in the context of obesity.

Approaches aimed at increasing adipogenesis over adipocyte hypertrophy are now being
considered as a means to treat obesity-associated metabolic complications. Studies on mouse
models have suggested that healthy expansion of fat mass (adipogenesis) is associated with
improved metabolic health. Transgenic expression of Tenomodulin, a protective adipose tissue
factor, has been shown to promote preadipocyte proliferation, adipogenesis, adipose tissue health
and insulin responsiveness in vivo in HFD-induced obese mice models (Senol-Cosar et al., 2016).
Using gain-of-function and loss-of-function models for mitoNEET, a dimeric mitochondrial outer
membrane protein, massive adipose tissue expansion through adipogenesis, coupled with
upregulation of adiponectin production and release from adipocytes, has been reported in obese
mice models wherein, despite of the resulting massive obesity, insulin sensitivity was shown to be
preserved (Kusminski et al., 2012). Similarly, loss-of-function mice models of the protein
phosphatase and tensin homologue (PTEN) were shown to gain more weight on both chow- and
high-fat diet exposure. However, despite the increase in weight, they retained enhanced insulin
sensitivity, and showed improvements in oral glucose tolerance tests, together with reduced
adipose tissue inflammation and elevated adiponectin levels (Morley et al., 2015). Furthermore, a
class of insulin-sensitizing drugs for the treatment of type 2 diabetes, called thiazolidinediones
(TZDs) promote adipogenesis and hence stimulate healthy expansion of adipose tissue. TZDs
exhibit potent insulin-sensitizing and antidiabetic effects through a ‘lipid steal”’ mechanism, which
is defined as a partitioning of circulating lipids into adipose tissue thereby providing a ‘safe haven’

to neutralize and store excess free fatty acids away from other more sensitive organs such as muscle

207



Ph.D. Thesis — K. Singh McMaster University — Biochemistry

and liver (Ye at al., 2004; Semple et al., 2006). Taken together these studies suggest that increased
adipogenesis during weight gain can offset the negative metabolic consequences of high fat

exposure.

I was able to rescue the BMI-associated defects in adipogenesis I observed in obese cells
by improving mitochondrial biogenesis and metabolism with a small molecule approach. I decided
to use a small molecule approach, as it offered an advantage over knockdown/overexpression
approaches in providing a proof-of-concept for pharmacological targeting and development of
drug screening tools in our cellular model. Selectively targeting mitochondrial metabolism by
using pharmacological compounds with known mode of action showed improvement of
adipogenic defects, suggesting that cellular metabolism governs impaired adipogenesis and,
potentially, insulin resistance in obese stem cells. Moreover, there are other pathways, such as the
Wnt pathway that were also found to be dysregulated in the obese patient samples, which might
provide an alternative target for treatments. It is clear from my studies that obesity is a complex
disease with many factors and pathways affected. As such, treatment strategies may have to be
tailored to a patient’s specific metabolic and molecular profile. That is, obesity may require a

personalized medicine approach for effective treatment.

5.5 Novel cellular bioenergetics-based drug screening strategies for improving adipogenesis

and insulin resistance in obesity

My observations of a positive association between altered energy metabolism and reduced
adipogenesis in obese ADSCs, together with the proof-of-concept data obtained by using small

molecule mitochondrial function inducers that supported the idea that pharmacological
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interventions could improve overall metabolic state and adipogenesis in obese cells (Chapter 2),

established the foundation for a novel screening platform (Fig. 4).

I developed a mitochondrial function-based high throughput drug screening platform to
identify compounds that promote adipogenesis and potentially improve insulin sensitivity in obese
cells. The screen is based on measuring changes in the oxygen consumption rate (OCR), one of
the most informative parameters for the assessment of mitochondrial status, in tandem with
quantification of lipid accumulation. As both white and brown adipogenic processes are
accompanied by increased mitochondrial function and activity, to distinguish whether ‘“hits”
identified in the screening assay promoted mitochondrial function accompanied with white and/or
brown adipogenesis, I established a secondary screen for the “hits” to examine their “browning”

potential in a brown adipocyte-specific functional assay (Chapter 4).

The screening method I developed provides a functional readout of improved metabolism
and adipogenesis in obese cells and offers clear advantages over current screening methods based
solely on image-based quantification of lipid droplets in murine 3T3-L1 preadipocytes or human
MSCs (Lane et al., 2014; Foley et al., 2015). My approach uses obese ADSCs, which we have
shown to possess inherent obesity-associated metabolic complications and, hence, serve as a
disease model, which most closely mimics a bona fide obese environment when compared to the
available in vitro models of obesity. My strategy also provides label-free and functional readouts
of adipogenesis in contrast to fluorescent BODIPY - or ORO-stained image quantification methods
that require lengthy staining and image analysis steps that yield reproducibility issues (Lane et al.,
2014; Foley et al., 2015). My platform is also capable of identifying the “browning” potential of

compounds, in addition to white adipogenesis, by evaluating functional metabolic parameters,
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which is an improvement over current image lipid droplet imaging-based or UCP1 mRNA
quantification-based browning assays that are tedious to perform in a high throughput manner and
require high content image analyses (Moisan et al., 2015). Finally, my new drug-screening
platform provides an economic advantage as it uses one third of the media, reagents, human growth
factors, and cell numbers required by current 96-well cell-based screening methods, hence

significantly reducing the cost associated with running a high throughput screen.

To my knowledge, this is the first drug-screening platform that provides functional activity
readouts of adipogenesis in disease-specific (obese) cells in the primary screening assay. This
approach is likely to reduce drug attrition rates in subsequent orthogonal and validation assays for
lead compounds. Moreover, since this screening assay is based on measuring mitochondrial
function in obese cells after their continuous exposure to test compounds throughout the
adipogenic differentiation timeline of 14 days, “hits” coming from the primary screening assay are
automatically screened for their mitochondrial liabilities as well, which is crucial for avoiding late-

stage attrition during drug development of new chemical entities (Dykens et al., 2007).

5.6 Concluding Remarks

In vitro adipogenesis was first reported using murine 3T3-L1 preadipocytes almost forty
years ago (Green and Meuth, 1974), and subsequent studies have reported development of several
additional murine and human in vitro models for studying adipogenesis. Most attention has been
focused on elucidation of transcriptional networks and signaling events controlling early and late
stages of adipogenesis. Very few studies have attempted to study the role of cellular metabolism
in this critical process, primarily because of the unavailability of sensitive methods to study cellular

bioenergetics until recently. To address this deficiency, I have reported a comprehensive functional
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metabolic profile of human adipogenesis, together with transcriptomic and proteomic datasets
capturing early and late stages of differentiation, which indicate that cellular bioenergetics can

drive adipogenic differentiation of healthy ADSCs.

I developed a robust cellular model for studying obesity in vitro, and using this model, I
identified differences in metabolic and signaling cascades at very early stages of adipogenic
differentiation that contribute to defects in adipogenesis observed in obesity. My results show that
obese ADSCs retain obesity-associated metabolic derangements, which emerge as the cells
differentiate and result in impaired adipogenesis. I also conducted experiments that support the
possibility of rescuing adipogenic defects in obese cells through small molecule-mediated
improvements in cellular metabolic health. Taken together, my results demonstrate that cellular
metabolic defects drive alterations in stem cell function, particularly in their adipogenic

differentiation potential in an obese setting.

Lastly, I used metabolically impaired obese ADSCs to develop a novel high-throughput
drug screening platform to identify small molecule compounds that can improve obese ADSC
energy metabolism and, hence, adipogenesis. I also established an additional functional high-
throughput secondary assay to identify browning adipogenesis inducing activity for potential
‘hits’. Taken together, the results reported in this thesis provide novel insights into the druggable

unique pathways that govern adipogenesis in the context of obesity.

5.7 Future Directions

While my studies have provided novel insight into cellular metabolism dynamics and their
potential as therapeutic targets for human obesity, there are some avenues available for this work

to be improved upon and continued. My studies show that not all obese ADSCs have the potential
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to give rise to adipocytes, This suggests the existence of heterogeneous populations within
harvested obese cells, where there is the possibility that one or more sub-populations lack
adipogenic differentiation potential altogether, while others may be completely free of any defects
in their adipogenic potential. Identification and segregation of these adipogenic and non-
adipogenic sub-populations from obese ADSCs would permit further confirmation of the
association between cellular metabolism and adipogenesis defects by allowing direct comparisons
between sub-populations obtained from the same tissue source. More importantly, studying the
functional activity of the adipocytes obtained from adipogenic obese sub-populations would allow
for an improved understanding of the similarities between obese and healthy adipocytes in an in

vitro setting.

Further, identification and molecular analysis of different sub-populations within isolated
ADSCs would more provide a more definitive answer to another important question in the MSC
field, whether all cells have the same multilineage differentiation potential towards all three

lineages, namely, adipocytes, chondrocytes and osteocytes.

Moreover, I have developed and validated a primary drug screening strategy using obese
ADSCs along with a secondary assay for the identified “hits,” and the platform is ready for running
an actual high throughput drug screen using either FDA approved structurally diverse drug
libraries like PRESTWICK™, DiscoveryProbe™, ChemBridge™ or LOPAC™; or structure—

activity relationship (SAR)-based novel compound synthesis approaches.

212



Ph.D. Thesis — K. Singh

(A)
Aerobic Energetio@
P | Day 14
i &
w
&’ N ' Day 7
g &
S
.§ ' Day3
o
S -
2 ‘ Day 1
= S
Day0
Quiescent Glycolytic

Glycolysis _

(B)

ROS accumulat

McMaster University — Biochemistry

Fig. 1: Energy map of healthy human adipogenesis. (A) Healthy ADSCs show gradual

upregulation in glycolysis and mitochondrial respiration along the course of adipogenic

differentiation resulting in highly energetic mature adipocytes. (B) ROS have been shown to be

required for adipogenesis. The healthy differentiation exhibits dynamic changes in the ROS levels

where there is gradual increase in ROS generation and accumulation until day 7 followed by a

decline in ROS levels. This suggests that ROS are required for normal adipogenesis during early

stages and is not required for maturation of adipocytes.
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Fig. 4: Principle for developing drug screening platforms using obese ADSCs. Adipogenesis
is significantly reduced in obesity and the ADSCs isolated from morbid obese patients inherently
retain these alterations and hence provide an ideal model system for developing drug screening
platforms aimed at identifying compounds that could promote metabolic health and adipogenesis

in the context of obesity.
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APPENDICES

Preface

Besides working on the “Aberrant metabolic and signaling checkpoints underlie impaired
stem cell function in human obesity” project described in this thesis, I also led a collaborative

project that our lab had with an industry partner, Agilent Technologies Inc.

The collaborative project involved studying metabolic check points as cells undergo

differentiation from human iPSCs to sensory neurons.

Our lab developed a novel multistage differentiation protocol for induced pluripotent stem
cells (iPSCs) that produced a pure sensory neuron population, which exhibited the expression of
peripheral sensory neuron markers and was functionally active. Using this protocol, I performed
continuous cellular metabolic analyses during the neuronal differentiation timeline and observed
dynamic metabolic changes over the differentiation time course. The metabolic shifts were
validated by performing orthogonal assays such as qPCR and immunofluorescent stainings. Our
results indicated that dynamic cellular metabolic changes could serve as potential checkpoints for
tracing sensory neuronal differentiation and could provide indications of a successful
differentiation protocol at very early timepoints. We also observed that a simple substitution of
carbon source significantly improved the differentiation efficiency of NPCs from iPSCs, revealing

the impact that media components have in deciding stem cell fates.
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The results were divided into two application notes by Agilent Technologies:

Application Note 1: Metabolic Phenotyping to Identify Cellular Transitions During Early

Neuronal Differentiation from Neural Precursor Cells Using Seahorse XF Technology.

Application Note 2: Glycolytic Suppression — The Impact of Metabolic Modulation on Neural

Stem Cell Fate.

Both the application notes have been published by Agilent Technologies and are presented

in their original format.

For both of the application notes, I performed all experiments, which included: maintaining
and differentiating iPSCs into neural progenitor cells (NPCs) and subsequently, into peripheral
sensory neurons; performing cellular metabolic analyses (glycolysis and mitochondrial
respiration) along the course of differentiation; and validating observed metabolic changes by
performing orthogonal assays such as quantitative PCR and immunofluorescent staining for stage-
specific markers. Data analysis for all metabolism assays was performed by the Agilent scientist,
Dr. Yoonseok Kam. I wrote the application notes together with Dr. Yoonseok Kam and Ned
Jastromb. All reagents for the metabolism assays were provided by Agilent Technologies Inc. I
have also presented these results at a Nano symposium at the annual Society for Neuroscience

meeting (2018).
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Fig. 1: Summary of the collaborative project for studying metabolic checkpoints during

differentiation of iPSCs to sensory neurons.
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APPENDIX I

Metabolic phenotyping to identify cellular transitions during early neuronal differentiation

from neural precursor cells using Seahorse XF technology

This application note uncovers the metabolic trajectory prompting neuronal differentiation
and details a metabolic analysis during the early differentiation of nociceptor sensory neurons from
committed neural precursor/stem cells (NPCs) to premature neurons. It includes cell preparation
protocols for XF analysis, Ara-C-mediated negative selection of highly proliferative cell types,

and data normalization by genomic DNA.
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Abstract

In vitro stem cell differentiation systems enable the examination of the essential
factors regulating cell differentiation and the generation of fully functional cells.
Generation of functional cells from pluripotent cells such as induced pluripotent
stem cells (iPSCs) involves dynamic changes in cellular metabolism. These
metabolic changes occur continuously from the initial steps of cell commitment to
differentiation and maturation, and thus time-dependent live cell analysis of cellular
metabolism through the process is desired. Agilent Seahorse XF technology can
provide a continuous and quantitative analysis platform to monitor the phenotypic
changes of cell metabolism. This Application Note details a metabolic analysis
during the early differentiation of nociceptor sensory neurons from committed
neural precursor/stem cells (NPCs) to premature NPCs. It includes cell preparation
protocols for XF analysis, Ara-C-mediated negative selection of highly proliferative
cell types, and data normalization by genomic DNA. The data produced revealed a
persistent downregulation of glycolysis in NPCs following the commitment stage in
contrast to mitochondrial respiration, which showed more dynamic changes. This
application model can be expanded for analysis over a prolonged differentiation
period, through maturation and to the terminally differentiated neurons. It can also
be adapted to studies on time-dependent metabolic changes of other stem cells,
and more particularly in assessing cellular dynamics like metabolic oscillation.
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Introduction

The development of reprogramming technologies that con-
vert somatic cells into iPSCs has led to the creation of patient
specific cell types and in vitro cell-based disease models.
However, a major challenge is the lack of directed differentia-
tion protocols for the generation of a pure population of the
cell type of interest from PSCs’. As such, the differentiated
cells that are produced are highly heterogeneous. This hetero-
geneity makes it difficult to evaluate the exact contribution of
a specific cell type to disease development or to qualitatively
analyze the molecular and metabolic trajectory of the differen-
tiated cell types. Previous studies have identified a functional
link between metabolism and stem cell development?3. For
example, a few recent studies have shown that NPCs have
different metabolic profiles than their mature central nervous
system (CNS) counterparts. This difference suggests that
metabolic pathways have a regulatory role in stem cell fate
decisions*®.

Numerous studies have used iPSCs to derive CNS neu-

rons® and the subtypes of these neurons that are central for
modeling neurodegenerative diseases, including Parkinson’s
disease and amyotrophic lateral sclerosis’™®. However, only a
few recent studies report methods to differentiate PSCs into
neurons of the peripheral nervous system (PNS)""'2. There-
fore, there are limited protocols describing the derivation of
pure populations of specific sensory neurons of the PNS and
their application for modeling neurodegenerative diseases.
Understanding the metabolic requirements during normal
peripheral neural development and the metabolic defects that
could drive aberrant neurogenesis would provide new meta-
bolic checkpoints during NPC differentiation and peripheral
nerve maturation. This understanding would also lead to the
development of targeted treatment strategies for neuropathy.

Cellular metabolic changes in live NPCs and differentiated
neurons can be studied using Seahorse XF technology. Mito-
chondrial function of those cells can be measured by using
the XF Cell Mito Stress Test in which mitochondrial respiration
activity is analyzed by monitoring real-time oxygen consump-
tion rate (OCR) with serial administrations of mitochondrial
complex inhibitors. Glycolytic activity of the cells can be as-
sessed by using the XF Glycolytic Rate Assay, which mea-
sures extracellular acidification rate (ECAR) and calculates
proton efflux rate (PER) out of it. More particularly, by applying
HEPES buffered assay conditions, PER solely dependent on
glycolysis can be assessed as glycolytic PER (glycoPER).
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Results

Measurements of mitochondrial respiration and glycoly-
sis in early differentiating NPCs

Initially, human iPSCs were differentiated towards an NPC
phenotype, which were then banked and expanded as
needed. The NPCs were then exposed to conditions that
induce peripheral neural differentiation, through treatment
with inhibitors and small molecules, such as CHIR, SU5402,
and DAPT for the first four days. The differentiating cells
were then dissociated and replated in the presence or
absence of Ara-C and growth factors NGF and GDNF (Figure
1A; see methods for specific details). Ara-C treatment was
performed to remove the proliferating cells, which tend to
overtake the differentiating neural cultures, thus promoting
a more homogeneous neural culture. Homogeneity in

the differentiating cultures is required for accurate and
representative measurement of molecular and functional
parameters.

As shown in Figure 1, the metabolism of NPCs from day 0 to
day 9 was compared after normalization. As differentiation
of the NPCs progressed, cells became less energetic with
the glycolytic rate, glycoPER decreasing more significantly
than mitochondrial respiration rate, OCR. This decrease
suggests that as stem/progenitor cells start differentiating
they undergo a metabolic switch where glycolysis is
downregulated.
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Figure 1. Sensory neuron differentiation timeline and cellular metabolism profile during early NPC differentiation. (A) Schematic showing the differentiation
protocol from iPSCs to functional sensory neurons: Differentiation of iPSCs to NPCs was performed using the embryoid body procedure as mentioned in the
materials and methods section. NPCs undergoing differentiation were dissociated at day 4 and replated on Matrigel coated cell culture dishes with and without
Ara-C. (B) Metabolic changes during early NPC differentiation: mitochondrial respiration and glycolysis were measured by the XF Cell Mito Stress Test and the XF
Glycolytic Rate Assay Kits respectively at specific time points during early NPC differentiation. Error bars reported as mean + standard deviation (n=26).
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Metabolic transition during the early differentiation
stages from NPCs

As differentiation progressed from day 0 to day 9, a
significant drop in basal and compensatory glycolysis was
observed. This drop suggests that the cells dependence

on glycolysis is downregulated within the first four days of
differentiation (Figure 2A). In addition, during these first four
days of NPC differentiation basal oxygen consumption rates
and spare respiratory capacity also decreased. However, by
day 9 of differentiation oxygen consumption levels and spare
respiratory capacity recovered to similar levels to those levels
observed for undifferentiated NPCs (Figure 2B). This recovery
may be indicative of metabolic oscillations during the early
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differentiation. It is important to note that in the presence

of Ara-C, which removes proliferating cells, the recovery of
mitochondrial respiration was slower. This slower recovery
was likely due to an effect of the Ara-C treatment on the cells
resulting in slower recovery.

To demonstrate that NPCs followed the expected differentiation
trajectory, gene expression of NPC markers (Nestin, Lin28B,
Hes1, and NCAMZ2), mature general neuronal markers (NotchT,
NeuN, NeuroD1), and peripheral neuronal markers (NF200)
were examined (Figure 2C and D). As differentiation progressed
over the nine-day timeline, the expression of NPC markers
significantly decreased (Figure 2C) and neuronal marker
expression gradually increased (Figure 2D).
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Figure 2. Cellular metabolism parameters correspond with neuronal gene expression during early NPC differentiation. (A) Glycolysis was measured at
specific time points using the XF Glycolytic Rate Assay Kit. Basal and compensatory glycolysis was calculated using the report generator (Agilent) and the data
was normalized to total cellular DNA content. (B) Mitochondrial respiration parameters, basal OCR, and spare respiratory capacity were calculated using the XF
Cell Mito Stress Test Kit at and the report generator (Agilent). (C) Gene expression for NPC markers: Nestin, Lin28B, Hes1, and NCAM2 were measured at different
time points during the NPC differentiation by gRT-PCR and fold change w.r.t. day 0 NPCs was calculated. (D) Gene expression data for neuronal markers: NF200,

Notch1, NeuN, and NeuroD1. (****p<0.00001)
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Figure 3. Phenotypic changes during early NPC differentiation. Representative 4X phase contrast images of the cells at specified time points during early NPC
differentiation in 12-well plates (A) and in XF96 Seahorse plates (B). Cells were also stained with an NPC marker, Nestin (C), and the neuronal markers BllI-tubulin
(D) and Peripherin (E). DAPI was used to stain the nuclei. (n=3)

The differentiation from NPCs to day 9 maturing neurons was [l tubulin (Figure 3D), and gain expression of the peripheral
evaluated by immunofluorescence analysis to demonstrate neuronal marker, Peripherin (Figure 3E).

the presence of the neuronal markers at the protein level Overall, comparison of mitochondrial respiration to mitochon-
(Figure 3). As differentiation progresses the NPCs change drial independent glycolysis demonstrates that as differentia-
morphology, beginning to form cell clumps by day 4 and tion progresses from day 0 to day 9 there is a clear shift in the
axonal projections by day 9 (Figure 3A and B). As NPCs metabolic dependence of the cells from glycolysis to mito-
differentiate they lose expression of the NPC marker, Nestin chondrial respiration (Figure 4).

(Figure 3C), show localization of the neuronal marker, beta-
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Discussion

Metabolic analysis and surrogate neuronal marker expression
were performed on different days (0, 4, 5, and 9) during the
initial peripheral neural differentiation timeline. It is critical that
cell number per well is optimized, and a robust normalization
method for the data points (i.e. protein or DNA content) is es-
tablished. There should also be rigorous consideration given
to the heterogeneity of the differentiating culture as numer-
ous cell types are emerging alongside the peripheral neurons.
At the early stage of neuronal differentiation, heterogeneity

of the cultures is evidenced by morphological differences

and well-to-well variation of the metabolic measurements.
Therefore, it is important to monitor the cellular morphology
of NPCs and differentiating cultures as an indicator of cellular
health to minimize resources spent on metabolic analysis.

If the cells are unhealthy, the metabolic profiles will reflect
this by showing minimal OCR and glycoPER with substantial
fluctuations between readings.

Another aspect of metabolic profiling that should be consid-
ered is the possibility that OCR and glycoPER measurements
will oscillate during the differentiation timeline. The OCR
showed oscillations between day 0 to day 9, which were simi-
lar to those oscillations observed in the numerous differentia-
tion protocols examining gene expression profiles through the
differentiation timeline. Thus, there may be multiple metabolic
switches as the cells mature into peripheral neurons, which
would be missed if metabolic parameters were only analyzed
at the initial and final stage of differentiation. Establishing

a robust protocol that improves purity of the differentiat-

ing neurons is also critical for the reliable and reproducible
measurement of metabolic transitions during differentiation.
A homogeneous population of neurons would also avoid the
presence of other cell types masking any metabolic changes.

Conclusion

Metabolic profiling using the XF Cell Mito Stress Test and the
XF Glycolytic Rate Assay to measure mitochondrial respira-
tion and glycolysis in differentiating neurons demonstrated
that this technology can be used to identify metabolic transi-
tions that mirror cellular transitions during the neuronal dif-
ferentiation timeline. These assays therefore provide a robust
measurement, which is a step towards predicting the differen-
tiation trajectory of peripheral neurons.
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Materials and methods

NPCs culture and differentiation into peripheral sensory
neurons

Human iPSC derived NPCs were cultured on Matrigel (Corn-
ing, 354234) coated cell culture dishes in DMEM/F12 media
(Corning, 10-090-CV) supplemented with TX N2 (Thermo,
17502048), 1X B27 (Thermo, 17504044), 10 ng/mL bFGF
(PeproTech, 100-18B), and 50 ng/mL EGF (PeproTech, AF-
100-15). For differentiation, cells were dissociated with Ac-
cutase (Corning, 25-058-Cl), counted, and plated at a density
of 5.6 x 106 cells/cm?2 on cell culture plates coated twice
with 1:15 Matrigel. The following day, neuronal differentiation
was induced on a confluent NPCs monolayer with a Neuro-
basal media (Thermo, A3582901) containing 1X N2 (Thermo,
17502048), 1X B27 Plus (Thermo, A3582801), 10 uM DAPT
(Abcam, Ab120633), 10 uM SU5402 (Cayman Chemicals,
13182), and 3 uM CHIR 99021 (Stem Cell Technologies,
72054). Differentiation was continued for five days with daily
complete media changes using fresh differentiation media.
At day 5 post induction, cells were dissociated with Accutase
and replated on cell culture dishes coated twice with 1:15
Matrigel in Neurobasal media supplemented with TX N2, 1X
B27 Plus (Thermo, A3582801), 25 ng/mL NGF (PeproTech,
450-01), and 10 ng/mL GDNF (PeproTech, 450-10) with and
without 10 uM Ara-C (Sigma, C1768) for 24 hours. Media was
replaced next day and every second day thereafter.
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Figure 4. Glycolysis to mitochondrial respiration shift during early NPC
differentiation. Ratios of mitochondrial OCR (mitoOCR) to glycolytic PER
(glycoPER) were calculated from the XF Glycolytic Rate Assay data at

the specific time points using the GRA assay report generator. Error bars
reported as mean + standard deviation (n=26; ****p<0.000071; *** p<0.0001;
**p<0.001).
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RNA isolation, cDNA synthesis, and quantitative real
time PCR

NPCs were plated in 6-well plates and differentiated as de-
scribed. RNA isolation was performed at specified time points
along the differentiation course by Norgen RNA Isolation Plus
kit (Norgen Biotek, 48400) following manufacturer’s protocol.
For each reverse transcription reaction, 1 ug of RNA was
used, with the Bioline SensiFast cDNA synthesis kit (Bioline,
BI0O-65054) as per the kit protocol. 1 uL of cDNA was used as
template for each gRT-PCR reaction using gene-specific prim-
ers for tracking downregulation of NPC markers and upregu-
lation of neuronal markers along the differentiation timeline.

Cellular metabolic profiling

NPCs were plated and differentiated in XF96 microplates as
described earlier. For day 0, XF Cell Mito Stress Test and XF
Glycolytic Rate Assay, NPCs were plated at a density of 6 x
10 cells/well on Matrigel coated XF96 seahorse plates on
day 1. In previous cell number optimization experiments, 6 x
10% cells/well was found to be the optimal cell density for the
XF Cell Mito Stress Test and the XF Glycolytic Rate Assay. For
day 4 measurements, NPCs were plated at 6 x 10* cells/well
on day 1 and differentiated for four days as mentioned previ-
ously. For day 9 measurements, NPCs were plated at 4.8 x 108
cells/well on Matrigel coated 6-well plates and differentiated
for five days as mentioned previously. On day 5, the cells were
dissociated with Accutase and replated on Matrigel-coated
XF96 seahorse plates, with and without Ara-C, and main-
tained until day 9 as mentioned previously. At specific time
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points, cells were rinsed twice with the complete XF assay
media and XF Cell Mito Stress Test and the XF Glycolytic Rate
Assay were performed as per the instructions provided with
the respective kits. XF assay media for the XF Cell Mito Stress
Test was XF DMEM base media without phenol red (Agilent,
103335-100) supplemented with 2.5 mM L-Glutamine, T mM
sodium pyruvate, and 17.5 mM glucose. For the XF Glycolytic
Rate Assay, the same media was further supplemented with 5
MM HEPES, pH 7.4 (Agilent, 103337-100). The pH of all media
was adjusted to 7.4 at 37 °C. An optimized FCCP concentra-
tion (0.5 uM) was used for the XF Cell Mito Stress Test. OCR
and glycoPER readouts were normalized to cellular DNA
content after XF assays. Cellular DNA content was measured
using CyQuant Cell Proliferation assay kit (Thermo, C7026)
following the manufacturer’s protocol.

Immunofluorescence staining

NPCs were plated in 12-well plates and differentiated as
described. Cells were fixed at specified time points using BD
Cytofix/CytoPerm kit (BD Bioscience, 554714). Upon fixation,
cells were blocked in 10 % normal donkey serum for 1 hour
at room temperature followed by overnight incubation with
primary unconjugated antibodies against Nestin (Abcam,
Ab22035), NF200 (Abcam, Ab78078), and Peripherin (Abcam,
Ab123576) at 4 °C. The next day, cells were washed three
times and stained with Alexa Fluor-488 conjugated secondary
antibodies (Thermo, A11008, A11001) at room temperature
for 1 hour. Cells were washed three times, stained with DAPI
(Thermo, D3571), and then imaged.
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APPENDIX 11

Glycolytic suppression — the impact of metabolic modulation on neural stem cell fate.

This application note illustrates the significance of glycolytic shutdown during early neural
differentiation from induced pluripotent stem cells. It also highlights the affect that carbon source
modification has on deriving neural cell lineages from stem cells, and particularly describes the
effect of switching carbon source in the differentiation media from glucose to galactose on the
neural differentiation efficiency and the neural precursor cell yield as the stem cells exit

pluripotency.
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Glycolytic Suppression - The Impact
of Metabolic Modulation on Neural
Stem Cell Fate

Abstract

Cellular metabolism is emerging as a critical factor in stem cell research with
recent reports suggesting that both metabolic status and cell culture conditions
can significantly alter the differentiation trajectory of stem cells. In vitro metabolic
profiling provides information to identify key metabolic changes associated

with stem cell differentiation. Agilent Seahorse XF technology enables real-time
measurement of glycolytic and mitochondrial function along the cell differentiation
axis. By changing the metabolic environment in the design of differentiation
experiments, metabolic profiling can be incorporated to probe cell function, and
more importantly, to guide improved differentiation outcomes. Here, an assay
design is introduced for sequential metabolic profiling during induced pluripotent
stem cell (iPSC) differentiation toward neural progenitor cells (NPCs) using human
skin fibroblast-derived iPSCs, singularized and cultured in vitro. Results suggest
that metabolic modulation during stem cell differentiation can affect stem cell
specification, as well as the final differentiated cell yield and quality. This design can
be applied to better understand the interrelationship between metabolic poise and
differentiation, thus enabling the development of improved differentiation protocols.

Introduction

Human induced pluripotent stem cells (iPSCs) provide an ideal platform for patient-spe-
cific disease modeling and regenerative therapies. These cells offer an unlimited patient-
specific stem cell source with the potential for differentiation into unique cell types within
the body’. Neuronal lineages are extensively explored for both disease modeling and
regenerative therapeutics purposes?®. A critical and transitionary step in the process of
neuronal lineage formation is derivation of NPCs which have the capacity to proliferate
and differentiate into most neuronal cell types within the human body. Current studies
have started to decipher the molecular and metabolic checkpoints that occur during
iPSC differentiation into neurons’’®, yet, protocols to induce iPSC differentiation towards
an NPC phenotype can be inefficient and yield low numbers of cells™5,
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Recently, the use of alternative carbon sources to drive specific
metabolic pathways that initiate lineage specification has been
investigated'®8. For example, switching glucose to galactose as
an alternative carbon source in the culture media results in the
promotion of oxidative phosphorylation and hence, differenti-
ation-specific pathways which ultimately direct cell fate deci-
sions'. Here, the metabolic drivers for specification by use of
alternative carbon sources are evaluated for the neuronal lineage
by measuring both mitochondrial and glycolytic function with
the Agilent Seahorse XF Cell Mito Stress Test and the Agilent
Seahorse XF Glycolytic Rate Assay, respectively. Results indicate
that altering the carbon source from glucose to galactose pro-
motes switching from a glycolytic to an oxidative phosphoryla-
tion phenotype that is correlated to improved NPC differentiation
from human iPSCs.

Results

Experimental design of metabolic rate measurements
using singularized iPSCs in vitro

iPSCs derived from human skin fibroblasts were singularized
to facilitate tracking of the changes in metabolic phenotype,
as well as the expression of molecular markers for iPSCs and
NPCs. As briefly summarized in Figure 1 and detailed in the
Materials and Methods section, iPSCs were singularized and
transferred to Agilent Seahorse XF96 Cell Culture Microplates
and differentiated for 10 days towards NPC phenotype by
sequential media changes within the XF96 plates and on con-
ventional 12-well plates, for XF analysis and immunostaining,

Cell Differentiation Phenotype Analysis

+ Singularized Day 0
+ Grown to confluency in MEF-CM
10 Day Differentiation
+ In SRM media® + 100nM LDN + 10uM SB Day2
+ with gradual exposure to NPC media
| Day4
’ ; Day7
+ Glucose + Galactose
l Day 10
Replated and passaged in conventional NPCs

NPC media® and cultured for 10 to 14 days

@DMEM + 15% KOSR + L-glutamine + NEAA + Pyruvate
®DMEM/F12 + N2 + B27 + bFGF + EGF

Figure 1. Schematic of the iPSC differentiation to NPC workflow, protocol,
and phenotypic measurement time points. The metabolic profile and
differentiation status were monitored at the indicated time points using
Agilent Seahorse XF analysis and immunofluorescence staining during the
differentiation process.

2
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respectively. The singularized and monolayer-cultured iPSCs
showed stable expression of the stem cell markers Oct4 and
Nanog, similar to the parental colonies (Figure 2).

Figure 2. iPSCs in 2D culture express pluripotency markers. Representative
images show expression of pluripotency markers, Oct4 and Nanog in
parental iPSC colonies (A) and singularized iPSCs (B). Scale bar = 100 ym.

Replacement of glucose with galactose promotes iPSC
differentiation to an NPC phenotype

It has been well established that when the major carbon
source of glucose is replaced with galactose, glycolytic ener-
gy metabolism is suppressed while mitochondrial respiration
remains intact’®. Interestingly, the NPC population obtained
after performance of the complete iPCS differentiation to NPC
workflow/protocol (Figure 1) showed different metabolic ac-
tivities depending on the carbon source supplemented during
differentiation. As shown in Figures 3A-D, NPCs obtained from
galactose differentiation conditions showed overall lower
metabolic function when compared to Day 0 iPSCs. Metabolic
parameters of basal OCR, spare respiratory capacity (SRC),
basal PER and compensatory glycolysis all decreased in the
presence of galactose when compared to the NPC cells ob-
tained with glucose, which maintained a metabolic phenotype
similar to the original iPSCs. Further, galactose containing me-
dia increased the Nestin-positive cells in the NPC population
obtained after differentiation, indicating increased efficiency
of the differentiation process (Figure 3E). In summary, this
suggests that while galactose reduces metabolic activity as
measured by OCR and PER, it causes an increased reliance
on aerobic metabolism, and promotes faster, more efficient
differentiation, as measured by Nestin expression.

Modulation of iPSC culture conditions influences iPSC
differentiation quality

The improvement of differentiation quality when substitut-
ing the iPSC media with galactose was evident several days
after the induction, and could be detected earlier than NPC
marker expression. In the presence of galactose, the NPC
differentiation appeared to be more homogeneous, with a
gradual appearance of Nestin (+) cells (Figure 4A). A sig-
nificant majority of the iPSCs appeared to be differentiated
into Nestin (+) cells by day 10, whereas in the presence of
glucose, the differentiation was heterogeneous and less
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Figure 3. Metabolic function and NPC marker expression are altered by the change in carbon source. Mitochondrial and glycolytic function of iPSCs (Day 0)
and resulting NPCs in the presence of glucose or galactose (Figure 1) were compared by using the Seahorse XF Cell Mito Stress Test (A, C) and Glycolytic Rate
Assay (B, D). Error bars reported as mean + S.E.M. (n = 60 for iPSCs and 20 for NPCs). (E) NPC differentiation was confirmed by immunofluorescence staining of
the NPC marker, Nestin. Scale bar = 100 ym.
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Figure 4. Carbon source change affects metabolic reprograming and the quality of differentiation from iPSCs to NPCs. Representative immunofluorescence
images stained for the pluripotency marker, Oct4 and the NPC marker, Nestin at the indicated time points during differentiation in either glucose- or galactose-
containing media (A). Scale bar = 100 pm. Mitochondrial respiration (B) and glycolysis (C) were traced from day 0 to day 10 of the iPCS differentiation to NPC
workflow as described in Figure 1 and Materials and Methods. Error bars reported as mean + S.E.M. (n=24 from Day 2 to Day 10 and n=60 for iPSCs).

4
261



Ph.D. Thesis — K. Singh

efficient, as a significant proportion of Oct4(+) and Oct4(-)/
Nestin(-) cells were still present at day 10 in the differentia-
tion timeline (Figure 4A). Differences were also identified in
metabolic functional changes (Figures 4B-C and Figure 5). In
the presence of galactose, cells showed more sustained mi-
tochondrial basal respiration and higher SRC throughout the
differentiation process when compared to cells differentiated
in the presence of glucose (Figure 4B and 5A-B). In contrast,
mitochondrial respiration was significantly decreased in the
presence of glucose, especially SRC and further, the cells
showed higher basal glycolytic rates, with similar or slightly
increased compensatory glycolysis (Figure 4C and 5C-D).
These substantially different outcomes of the differentiation
process in the presence of glucose or galactose as the main
carbon source are summarized in Table 1, illustrating more
rapid and efficient differentiation of iPSCs.
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Figure 5. Differentiation-associated early metabolic phenotype
transition is altered by a change in carbon source. Mitochondrial
functional parameters (A, B) and glycolytic functional parameters (C,
D) are compared. Significant differences were detected from day 4-10
between groups differentiated in the presence of glucose or galactose.
Error bars reported as mean + S.E.M. (n > 14).

Carbon Source Glucose Galactose
Cell yield Total (x10° cells) 8.44+0.21 5.55+0.21
on Day 10 of )
differentiation Viable (x10° cells) 2.37+0.29 375+0.22
Viability (%) 28.0+2.8 670135
NPC yield Total (x10° cells) 3451014 16.47 +1.01
at the first ) B
@
passage Viable (x10° cells) 318+0.18 15.30+1.27
Viability (%) 92.0+0.7 92.0+2.1
Time to the 1st NPC passage 18 days 4 days®
NPC Differentiation Efficiency + ++++

(a) 4.8 fold increase in live NPC cell numbers obtained under Galactose condition vs. Glucose
(b) 4.5 fold increase in proliferation capacity of Day 10 populations when replated in NPC media

Table 1. The efficiency of iPSC to NPC differentiation was improved by
differentiation media conditions that included galactose as a replacement
for glucose as a carbon source.
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Discussion

Metabolic analysis, surrogate pluripotency and early neural
stem/progenitor cell marker expression were examined dur-
ing the timeline of human iPSC differentiation towards an
NPC. Analysis of glycolytic activity and mitochondrial respi-
ration over the time course of differentiation demonstrated
that under glucose conditions, basal respiration rates and
spare respiratory capacity are significantly decreased. Further,
glycolytic activity is significantly higher than that observed for
galactose conditions. Conversely, under galactose conditions,
basal respiration and spare respiratory capacity are main-
tained (albeit at decreasing rates) throughout the differentia-
tion timeline, with a concomitant decrease in glycolytic func-
tion. The results in Table 1 illustrate that by replacing glucose
with galactose during the early stage of differentiation (i.e. exit
from pluripotency) the differentiation timeline was accelerat-
ed (4 vs. 18 days to first NPC passage) and the yield of NPCs
improved approximately 5 fold, as measured by decreasing
Oct4 expression and increasing Nestin expression.

With respect to metabolic function under galactose condi-
tions, the decrease in glycolysis with maintenance of mi-
tochondrial respiration during the differentiation process
suggests that these forced metabolic conditions. Therefore,
establishing NPC differentiation protocols that drive a meta-
bolic transition from glycolysis to oxidative phosphorylation
may enhance the formation of stable and more homoge-
neous NPC populations. These results underscore the power
of real-time functional metabolic analysis, in conjunction with
orthogonal data, to enable a better understanding of the role
of metabolism during cellular differentiation, with the goal of
developing more efficient and robust differentiation methods.

Conclusion

Metabolic profiling using the Seahorse XF Cell Mito Stress
Test and Glycolytic Rate Assay to measure mitochondrial
respiration and glycolysis can be used to analyze and pin-
point metabolic switches and mechanisms that affect iPSC
differentiation with respect to speed and efficiency. Here,
decreases in glycolysis and maintenance of mitochondrial
respiration appear to be correlated with increased NPC dif-
ferentiation efficiency from iPSCs. In general, these types of
assays provide a robust means towards understanding the
metabolic drivers of cell differentiation and thus predicting
and programing cell fate specification toward an NPC (or
other) terminal phenotype.
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Materials and Methods

Cell culture

Human skin fibroblast-derived iPSCs derived were cultured in
Mouse Embryonic Fibroblasts-Conditioned Media (MEF-CM)
supplemented with 8 ng/mL bFGF (PeproTech, 100-18B) on
culture dishes coated with Matrigel (Corning, 354234). NPCs
derived from iPSCs were cultured on Matrigel-coated cell
culture dishes in 10 mM glucose-supplemented NPC media;
glucose-free DMEM (Thermo, 11966025), 1X N2 (Thermo,
17502048), 1X B27 (Thermo, 17504044), 10 ng/mL bFGF, and
50 ng/mL EGF (PeproTech, AF-100-15).

Differentiation of iPSCs into NPCs

For differentiation of iPSCs into NPCs, iPSCs were dissoci-
ated with Accutase (Corning, 25-058-Cl) and filtered through a
0.45 um filter to remove any remaining cell clumps. They were
then resuspended in MEF-CM, supplemented with 10 uM
Y-27632 (Abcam, ab144494) and 8 ng/mL bFGF, and plated
on gelatin-coated cell culture dishes at 37 °C for 30 minutes
to remove fibroblasts. Nonadherent cells were collected,
counted, and plated at a density of 5.0 x 10* cells/cm? in MEF-
CM supplemented with 10 uM Y-27632 and 8 ng/mL bFGF on
Matrigel-coated cell culture plates with daily media changes
until the cells reached confluency. Upon confluency, the neural
differentiation was induced (day 0) in either 10 mM glucose
(Sigma, G7021) or 10mM galactose (Sigma, G5388) supple-
mented differentiation media. This differentiation media
composition is glucose-free DMEM with 15% KOSR (Knock-
Out Serum Replacement; Thermo, 10828028), 1X NEAA (Non-
essential amino acids; Thermo, 11140050), T mM sodium
pyruvate (Thermo, 171360070), 100 nM LDN-193189 (Cayman
Chemicals, 11802), and 10 uM SB-431542 (Cayman Chemi-
cals, 13031). The media was refreshed daily until day 2. On
day 4, media was replaced with the respective differentiation
media mix with glucose- or galactose-containing NPC media
at 3:1 ratio. The media mix rate was changed to 1:1 on day 6
and to 1:3 on day 8. On day 10, the cells were dissociated with
Accutase and replated on Matrigel-coated cell culture dishes
in 10 mM glucose-containing NPC media until cells reached
confluency with media changes every other day.
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Cellular metabolic profiling

Singularized iPSCs were plated and differentiated in Seahorse
XF96 V3 PS Cell Culture Microplates (Agilent, 101085-004)
plates as described previously. The metabolic data were
measured on the days indicated in Figure 1 using both the
Seahorse XF Cell Mito Stress Test Kit and the Seahorse XF
Glycolytic Rate Assay. Both assays were performed in Sea-
horse XF DMEM without phenol red, pH 7.4 (Agilent 103575-
100) supplemented with 2.5 mM L-Glutamine (Agilent,
103579-100), 1 mM sodium pyruvate (Agilent, 103578-100),
and 10 mM glucose (Agilent, 103577-100). The optimal FCCP
concentration (0.5 uM) was used for the XF Cell Mito Stress
Test kit. Once iPSCs reached confluency, the mitochondrial
and glycolytic metabolic profiles were measured before the
induction of differentiation (day 0) data, this was followed by
a series of assays on days after the onset of differentiation
on the Seahorse XF96 plates as indicated in Figure 1 to track
the metabolic changes during differentiation. To obtain the
metabolic profiles of NPCs, cells were cultured for an ad-
ditional 10-14 days in NPC culturing conditions after seeding
at a density of 6 x 10 cells/well on Matrigel-coated Seahorse
XF96 plates. XF Cell Mito Stress Test and XF Glycolytic Rate
Assay measurements were performed on these cell using the
Agilent Seahorse XFe96 Analyzer, and were normalized to cel-
lular DNA content using the CyQuant Cell Proliferation assay
kit (Thermo, C7026). All functional parameters were calculat-
ed using the XF Cell Mito Stress Test and XF Glycolytic Rate
Assay report generators.

Immunofluorescence staining

iPSCs were plated in 12-well plates and differentiated as
described previously. After 10 days of differentiation, cells
were replated on Matrigel-coated 12-well plates in NPC media
and grown until 70—-80% confluency. iPSC colonies, NPCs,
and the differentiating cells at specified time points during
NPC differentiation were fixed using BD Cytofix/CytoPerm kit
(BD Bioscience, 554714). Upon fixation, cells were blocked

in 10% normal donkey serum (Millipore Sigma, S30-100ML)
for 1 hour at room temperature. This was then followed by
overnight incubation with primary unconjugated antibodies
against Oct4 (Cell Signaling Technology, 2890S) and Nestin
(Abcam, Ab22035) at 4 °C. The next day, cells were washed
three times and stained with Alexa Fluor-488 (Thermo,
A11029) and Alexa Fluor-647 (Thermo, A21245) conjugated
secondary antibodies at room temperature for 1 hour. Cells
were washed three times, stained with DAPI (Thermo, D3571),
and then imaged.
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