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ABSTRACT OF THE DISSERTATION

Adipose Tissue and Translation Machinery

in Metabolic Regulation

by

Mirian Krystel De Siqueira
Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2024

Professor Claudio Javier Villanueva, Chair

Adipose tissue plays a pivotal role in energy homeostasis and metabolic regulation.
However, in obesity, the remarkable adaptability of adipose tissue becomes impaired. The
underlying mechanisms behind this limited adaptability remain poorly understood. Here, we
initially discuss on chapter one an overview about adipose tissue plasticity in health and disease.
Then, we investigate a novel layer of regulation involving translation in the adipose tissue,
examining its response to obesity and acute PPARYy agonist treatment with rosiglitazone. First,
using single-cell RNA sequencing, we establish a transcriptional profile atlas of stromal cellular
remodeling from obese to lean-like states in inguinal and epididymal adipose tissue following
rosiglitazone treatment. Notably, both stromal fractions exhibit a downregulation of inflammation-
related transcripts and an upregulation of lipid-related metabolism and ribosomal transcripts.
Adipocyte progenitor and preadipocyte populations display enhanced ex-vivo differentiation

potential and upregulation in ribosome and peptide chain elongation pathways. This ribosomal



remodeling is directly driven by PPARy binding to gene promoters of ribosomal factors.
Furthermore, we have characterized the translatome in the epididymal stromal fraction,
highlighting a buffering response and fat-exclusive preferential translation after rosiglitazone
treatment. Enhanced translation efficiency in rosiglitazone-elicited polysomes promotes the
translation of transcripts containing G-rich sequences in their 5’ untranslated regions. Our findings
shed light and provide a resource on how rosiglitazone remodels the adipose stromal vascular
fraction, both dependent and independent of PPARy. Importantly, we uncover translatome
remodeling as a major new mechanism for maintaining translation homeostasis and preserving
adipose tissue health in obesity.

Second, we focused on the mature adipocytes, and how rosiglitazone modulates their
translation machinery. Transcriptional analysis of brown and white adipose tissue after
thiazolidinedione treatment has shown translation as a highly upregulated process. Therefore, we
hypothesized that thiazolidinediones may have an uncharacterized mechanism of action by
enhancing translation efficiency in adipocytes. A mechanism that may be mediated by specific
induced proteins such as PIXL. Our laboratory has identified a largely uncharacterized PPARYy -
responsive, X-linked gene, PIXL that is primarily expressed in the cytoplasm. Notably, PIXL and
PPARYy expression is reduced in ob/ob mice and with high-fat feeding, results that are consistent
with impaired expansion of adipose tissue. Our in vivo studies demonstrated that PIXL loss-of-
function in mature adipocytes leads to a dysfunctional tissue characterized by adipocyte
hypertrophy, impaired glucose metabolism, inflammation, hypertriglyceridemia, enhanced cold
sensitivity, and decreased energy expenditure. Mechanistically, immunoprecipitation studies have
uncovered PIXL interactome, highlighting the close association with eukaryotic initiation factors,
ribonucleoprotein complexes, and 40S ribosomal proteins. Indeed, co-immunoprecipitation
studies have demonstrated that PIXL associated with the elF4E complex. Additionally, polysome

profiling have shown PIXL at protein levels associated with initiation factors and subunits of



ribosomes. Taken together, we propose that PPARy induces the expression of PIXL, which in
turn may be an important factor regulating translational control and directing the translation of
defined mRNA networks. Finally, we propose a novel layer of molecular regulation of
thiazolidinediones by targeting translation efficiency and adipocyte proteostasis - a process that

may be impaired during obesity and restored after treatment with rosiglitazone.
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INTRODUCTION




CHAPTER 1: OVERVIEW OF ADIPOSE TISSUE BIOLOGY

This article was published in Adipose-tissue plasticity in health and disease, Cell, Volume
185, Issue 3, 2022, Pages 419-446 (Sakers, De Siqueira et al. 2022). Granted permission to
reprint by Cell.

Adipose tissue is defined by the presence of specialized lipid handling cells called
adipocytes, which function as the body’s primary energy reservoir. Throughout much of our
evolution, access to food was sporadic and stores of adipose tissue were advantageous for
surviving extended periods of food insecurity. However, in current times, chronic over nutrition is
driving an epidemic of obesity and cardiometabolic disease (e.g., type 2 diabetes, coronary artery
disease and stroke) in large parts of the world. Furthermore, obesity increases the risk of
developing numerous cancers and predisposes to adverse outcomes in other diseases (Donohoe,
Lysaght et al. 2017). The increased mortality among obese patients in the COVID-19 pandemic
is a notable example. This expanding health crisis is reversing recent gains in life expectancy and
imposes an enormous strain on healthcare systems (Mehta, Abrams et al. 2020).

The association between excess adiposity and disease has been recognized since
antiquity, with notable thinkers like Hippocrates writing over 2,000 years ago “sudden death is
more common in those who are naturally fat than in the lean” (Haslam and Rigby 2010). Indeed,
obesity, especially central (abdominal) obesity, is associated with several metabolic pathologies,
including hyperglycemia, low HDL cholesterol, hypertriglyceridemia, and hypertension, which
together are often called “the metabolic syndrome” (Lanktree and Hegele 2017). Recent
discoveries have revealed a complex and nuanced relationship between adipose tissue and
health. Epidemiologic studies indicate that excess fat mass strongly correlate with a higher
incidence of metabolic disease (Di Angelantonio, Bhupathiraju et al. 2016, Padwal, Leslie et al.
2016). However, there is substantial inter-individual variation, with some obese people remaining

metabolically healthy and some thin people exhibiting metabolic disease. Furthermore, patients
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with lipodystrophy have low amounts of adipose tissue yet suffer many of the same ailments as
those with severe obesity.

The distribution of adipose tissue into multiple heterogeneous depots and their myriad
functions add to the challenges in deciphering the roles of adipose tissue in disease. Beyond its
critical role in energy storage, adipose tissue produces hormones that regulate many
physiological processes, serves as a hub for inflammatory responses, provides mechanical
cushioning and insulation, and participates in heat production for the regulation of body
temperature (Rosen and Spiegelman 2014, Zwick, Guerrero-Juarez et al. 2018). All these
processes may change in adaptive or maladaptive ways during weight loss or gain.

How then should we consider the relationship between adipose tissue and metabolic
health? Adipose tissue plays a central role in maintaining whole body insulin sensitivity and
energy levels. Adipose tissue regulates insulin action via the secretion of insulin-sensitizing
factors like Adiponectin and by sequestering lipids, which would otherwise accumulate in other
tissues and have deleterious effects. Indeed, adipose tissue insufficiency (as in lipodystrophy) or
dysfunction (as in obesity) leads to the excessive deposition of lipids in other organs like liver and
muscle, which is a hallmark of and major contributor to insulin resistance (Petersen and Shulman
2018). Insulin resistance and high insulin secretion define the pre-diabetic state, which often
progresses to type 2 diabetes and contributes to the pathogenesis of other disease processes.

This chapter discusses the function and regulation of adipose tissue, emphasizing its
ability to undergo profound metabolic, structural, and phenotypic remodeling in response to
physiologic cues (Figure 1). We further consider how the maintenance of adipose tissue plasticity
helps to preserve metabolic health.

Placental mammals have three main types of adipocytes — white, beige, and brown,

organized into discrete depots throughout the body (Figure 2). White adipocytes are specialized



for lipid storage and release, while beige and brown adipocytes are specialized thermogenic cells

able to expend nutritional energy in the form of heat.

White Adipose Tissue (WAT)

WAT is the most abundant form of adipose tissue, found in almost every area of the body
(Zwick, Guerrero-Juarez et al. 2018) (Figure 2). The major WAT depots are classified according
to their anatomic location as either subcutaneous or visceral. In humans, visceral fat is located in
the peritoneal cavity, corresponding to the omental and mesenteric depots (Chusyd, Wang et al.
2016). Subcutaneous fat is located beneath the skin and typically represents 80% or more of total
fat mass in humans, concentrated in the abdominal and gluteofemoral depots (Karastergiou and
Fried 2017). Mice and rats have somewhat analogous visceral (mesenteric, perirenal, and
gonadal) and subcutaneous (inguinal and axillary) depots (Figure 2). A notable difference is that
murine gonadal fat drains into the systemic circulation while human visceral fat drains into the
portal circulation (Rytka, Wueest et al. 2011). In addition to the major fat depots discussed above,
smaller deposits of adipocytes serve important mechanical and signaling roles in diverse
locations, such as the muscle, breast, bone marrow, orbits, face, joints, feet, and dermis (Zwick,

Guerrero-Juarez et al. 2018).
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Figure 1 Adipose tissue plasticity.

Adipose tissue engages in multiple adaptive processes to maintain homeostasis which can be classified into distinct categories
of plasticity. (A) Adipose tissue changes dynamically in response to cold and warm environments. Phenotypic: in response to
cold, individual adipocytes remodel their internal architecture to facilitate thermogenesis in a process called beiging or
browning. Beiging involves alterations to the structure of lipid droplets, robust mitochondrial biogenesis, and upregulation of a
transcriptional program that supports high levels of local fuel oxidation. These changes are reversible and regress with the
removal of cold stimulus through the reverse process called whitening. Metabolic: cold exposure promotes a metabolic switch
from energy storage to fuel utilization and uncoupled respiration. Thermogenesis is classically achieved by a futile cycle
involving Uncoupling Protein 1 (UCP1), although recent work has demonstrated that adipocytes employ several mechanisms
of futile cycling that promote thermogenesis, including calcium and creatine cycling. Adipocytes respond to several cues for
thermogenesis, including neuronal, immune, and metabolite derived signals, allowing tight and context specific control of heat
production. Structural: during the response to cold, the structure of adipose tissue remodels to facilitate thermogenesis. Cold
induces the production of new adipocytes from adipogenic progenitor cells via de novo differentiation. Additionally, cold
induces angiogenesis and sympathetic nerve-fiber branching, which regress upon removal of thermogenic stress. (B) White
adipose tissue plasticity. Phenotypic: in specific contexts, white adipocytes are capable of reversible
dedifferentiation in vivo and in vitro, most notably during lactation (dedifferentiation) and involution (redifferentiation), hair-
follicle cycling, and in “ceiling culture,” a specific technique for primary cell culture of isolated adipocytes. Metabolic: white
adipocytes switch between two opposing metabolic programs: nutrient storage and nutrient release. Nutrient storage involves
the uptake of glucose, amino acids, and fatty acids (TAG: triacylglycerol. FFA: free fatty acid). By the process of de
novo lipogenesis (DNL) excess nutrients are converted into fatty acids allowing for efficient storage in lipid droplets. During
periods of fasting or high energy demand (e.g., exercise, cold exposure), adipocytes release nutrients into the systemic
circulation by breaking down stored TAGs and releasing FFAs through lipolysis. Structural: adipose tissue has a remarkable
ability to expand and contract in response to over- and under nutrition, respectively. Expansion is mediated by a combination
of one of two mechanisms: hypertrophy (increases in individual adipocyte size) and hyperplasia (increases fat-cell number
mediated by de novo differentiation of adipocyte progenitor cells). The distribution of adipose tissue is variable and can be
modified toward a more metabolically favorable peripheral distribution (or a more metabolically maladaptive central distribution
by numerous factors including sex hormones, growth hormones, cortisol, and pharmaceuticals. The structure of adipose tissue
is in constant flux due to persistent low-level turnover and replacement of adipocytes at a rate of ~10% per year in humans.

White adipocytes generally possess a single large lipid droplet occupying most of the cell



and relatively few mitochondria. A major function of these cells is to store and release energy in
response to changes in systemic energy levels. These processes occur on multiple time scales,
with lipolysis (fatty acid release) versus lipogenesis (fatty acid uptake/synthesis) acting in the
acute setting, the balance of which drives tissue expansion and contraction over longer periods.

WAT is an essential endocrine organ, secreting numerous hormones and other factors,
collectively termed adipokines. Adipokines play major roles in regulating whole body metabolism,
including promoting insulin sensitivity (e.g. Adiponectin), insulin resistance (e.g. Resistin, RBP4,
Lipocalin), and inflammation (e.g. TNF, IL6, IL-1b, IL-8, IL-18, sFRPS5) (Funcke and Scherer
2019). Leptin is particularly well studied as it plays a major role in controlling energy homeostasis.
High levels of Leptin signal high levels of energy storage in adipose tissue. Leptin acts in the
hypothalamus and other brain regions to promote satiety and augment energy expenditure (Pan
and Myers 2018). Rare loss-of-function mutations in Leptin or the Leptin receptor cause severe
forms of monogenic obesity. In common forms of obesity, the brain becomes resistant to higher
levels of Leptin. An intriguing recent study shows that reducing leptin levels in obese mice
alleviates Leptin resistance, decreases obesity, and improves metabolic parameters (Zhao, Zhu

et al. 2019).

Brown and beige adipose tissue

Brown and beige adipocytes, while representing a small proportion of total adipose tissue,
can exert a sizable metabolic impact due to their capacity to engage in thermogenesis. When fully
active, BAT can increase whole body energy expenditure by over 100% in mice and by 40-80%
in humans (Ouellet, Labbe et al. 2012, Angueira, Shapira et al. 2020). Both cell types are
characterized by multilocular lipid droplets, high mitochondrial density, and expression of

Uncoupling Protein 1 (UCP1) (Figure 2). Upon activation, UCP1 separates nutrient catabolism



from ATP synthesis by dissipating the proton gradient in the inner mitochondrial membrane,
releasing potential energy in the form of heat (Cannon and Nedergaard 2004).

Brown adipocytes develop in dedicated deposits of brown adipose tissue (BAT) that are
specified prior to birth whereas beige adipocytes develop in WAT depots, predominantly in
response to cold exposure. The major murine BAT depot is located in the interscapular region,
with additional depots found in cervical, axillary, perivascular, and perirenal regions (Zhang, Hao
et al. 2018) (Figure 2). Human infants also possess an interscapular BAT depot, which later
regresses and is absent in adults (Lidell, Betz et al. 2013). Adult humans possess substantial,
though variable, amounts of BAT and beige fat tissue in the paravertebral junctions,
cervical/axillary region, along the trachea and blood vessels, and in perirenal/adrenal locations
(Ouellet, Routhier-Labadie et al. 2011). Several groups have isolated populations of thermogenic
adipocytes from adult humans: some report more transcriptional similarity to mouse beige
adipocytes, while others report more similarity to mouse brown adipocytes (Jespersen, Larsen et
al. 2013, Lidell, Betz et al. 2013). The results from these studies are probably influenced by the
biopsy site and history of cold exposure, so it is likely that humans have both brown and beige
adipocytes.

Thermogenic fat is critical for adaptation to environmental cold in mice and humans, but
current interest in these tissues focuses on their ability to act as a metabolic sink for excess
nutrients. Many studies have shown that mice with increased thermogenic fat activity are
protected against weight gain and metabolic dysfunction (Harms and Seale 2013). Moreover,
transplantation of brown or beige fat into obese mice enhances insulin sensitivity and decreases
fat mass (Liu, Wang et al. 2015, Min, Kady et al. 2016). Similarly, in humans, augmenting brown
fat activity is associated with beneficial metabolic effects (Chondronikola, Volpi et al. 2016). In
addition to suppressing weight gain by elevating energy expenditure, thermogenic adipocytes

improve systemic metabolism and insulin-action via clearing triglyceride-rich lipoproteins,



acylcarnitines, glucose and other potentially toxic metabolites such as branched chain amino
acids (BCAAs) that have been closely linked to metabolic dysfunction (Bartelt, Bruns et al. 2011,

Yoneshiro, Wang et al. 2019).

1.1 Metabolic plasticity of white adipocytes

WAT metabolism rapidly shifts to meet the energetic needs of the organism, which vary
greatly during times of fasting, feeding, cold, and exercise. WAT switches between two opposing
metabolic programs, one driving nutrient uptake and the other nutrient release, to ensure that
other organs always have an adequate, but not excessive, level of energy (Figure 3). The
metabolic plasticity of white adipocytes is controlled by hormonal and neuronal signals acting

through a cadre of effector proteins and transcriptional regulators.
Nutrient Uptake and Lipogenesis

During periods of positive-energy balance and after feeding, WAT takes up nutrients from
the bloodstream and stores them as lipids. This process is mediated by both fatty acid uptake and
through the conversion of other nutrients (e.g., glucose) into lipids via de novo lipogenesis. The
major signal for nutrient uptake into adipocytes is the hormone insulin, secreted by pancreatic 3-
cells in response to increased circulating levels of glucose and fatty acids (Petersen and Shulman
2018). Insulin drives lipid storage in adipocytes by: (1) stimulating glucose uptake, (2) promoting
de novo lipogenesis (DNL), and (3) suppressing lipolysis (Carpentier 2021). Insulin signaling is
also critical for the differentiation and maintenance of adipocytes; genetic deletion of the insulin
receptor or downstream effectors in adipocytes causes varying degrees of lipodystrophy along
with insulin resistance (Shearin, Monks et al. 2016, Vazirani, Verma et al. 2016, Sakaguchi,

Fujisaka et al. 2017).



Adipocytes contain specialized machinery to take up FFAs from circulating chylomicrons
and very low-density lipoprotein (VLDL) (Figure 3). A major constituent of this machinery is
lipoprotein lipase (LPL), an enzyme responsible for the hydrolysis of triacylglycerols (TAG) into
FFAs and monoacylglycerols. LPL, produced from adipocytes is transported to the apical
membrane of capillaries in adipose tissue via the action of the GPi anchored protein GpiHBP1
(Davies, Beigneux et al. 2010). After LPL releases FFAs, specialized FA binding and transport
proteins (FATPs), such as FATP1 and CD36, facilitate the uptake of fatty acids into adipocytes.
Insulin stimulates the translocation of FATP1 to the plasma membrane to promote FA uptake.
Once taken up by adipocytes, FAs are activated by acyl-CoA synthetase to generate acyl-CoAs,
which are the substrate for successive acylation reactions with glycerol through the Kennedy
pathway. The last step in triglyceride synthesis joins an acyl-CoA and diacylglycerol (DAG)
through diacylglycerol acyltransferase enzymes (DGAT1 and DGAT2) (Carpentier 2021).

Adipocytes also synthesize acyl chains through DNL. Adipose tissue and liver are the two
major sites for DNL, with adipose tissue accounting for more whole-body lipogenesis in humans
and the liver accounting for more in rodents (Song, Xiaoli et al. 2018). DNL is essential for
maintaining energy balance, since it converts excess energy from carbohydrates and protein into
fatty acids and ultimately triglycerides, for storage in lipid droplets. DNL initially involves the
breakdown of nutrients through the TCA cycle, followed by export of citrate to the cytoplasm which
is converted through a series of steps into Acetyl-CoA, Malonyl-CoA, and finally into FAs. DNL is
regulated at multiple levels, including: (1) the buildup of malonyl coA, which signals to suppress
FA oxidation, and (2) transcriptional activation of key enzymes in the DNL pathway. In particular,
carbohydrate response element binding protein (ChREBP), LXRa, and sterol response element
binding protein 1c (SREBP1c) stimulate the expression of key DNL, enzymes fatty acid synthase
(FAS) and acetyl-CoA carboxylase (ACC) (Herman, Peroni et al. 2012). ChREBP is a major

transcriptional regulator of DNL in adipocytes, and its expression is controlled by mammalian



rapamycin complex 2 (mTORC2), linking the regulation of de novo lipogenesis to growth factor

responses (Figure 3) (Tang, Wallace et al. 2016).
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Both mice (A) and humans (B) have thermogenic brown adipose tissue (interscapular, cervical, paravertebral). Epididymal adipose
tissue (eWAT) is comparable to visceral human adipose tissue (omental, mesenteric adipose tissue (MAT)), while murine inguinal
adipose tissue (iWAT) is comparable to human subcutaneous adipose tissue. Fat depots differ in their propensity for thermogenesis.
(C) The three axes of adipose tissue variance relevant to metabolic health: location (visceral vs subcutaneous); expansion mechanism
(hypertrophy vs hyperplasia), and metabolic phenotype (energy storing vs burning).

Adipocyte DNL maintains insulin sensitivity by converting excess nutrients into lipids for
sequestration in adipocytes. Additionally, DNL in adipocytes results in the production of several
lipid species with anti-inflammatory and insulin sensitizing effects (Yore, Syed et al. 2014, Yilmaz,

Claiborn et al. 2016). These lipids largely correspond to branched fatty acid esters of hydroxy fatty
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acids (FAHFA), of which there are many variants, based on the position of the branched ester
(Zhou, Santoro et al. 2019). Among these, palmitic acid esters of hydroxy stearic acid (PAHSA)
have been singled out for their insulin sensitizing properties. PAHSAs signal through GPR120 to
enhance insulin stimulated glucose uptake into adipocytes and also have direct and indirect
insulin sensitizing effects in the liver (Yang, Vijayakumar et al. 2018, Zhou, Santoro et al. 2019).
Finally, branched chain amino acids (BCAAs) are also used as substrate for DNL, thereby limiting
their buildup in (A) Fasted state. Adipocytes release free fatty acids (FFAs) and glycerol via
lipolysis in response to external stimulation (i.e., norepinephrine, glucagon). Binding of
norepinephrine to the adrenergic receptor (AR) on adipocytes drives the elevation of cAMP and
PKA activation. PKA stimulates the hydrolysis of triglycerides (TAG), diacylglycerol (DAG), and
subsequently monoacylglycerol (MAG) through activation of the endogenous lipases ATGL and
HSL. FFAs and glycerol are secreted into the systemic circulation to supply fuel to other tissues.
(B) Fed State. Adipocytes have access to multiple sources of circulating nutrients, including: 1)
Long Chain Fatty Acids (LCFA) from Very Low-Density Lipoprotein (VLDL) (LPL-mediated
hydrolysis of triacylglycerols from VLDL in capillaries to generate FFAs); 2) glucose; 3) branched-
chain amino acids (BCAA). De novo lipogenesis (DNL) uses Acetyl-CoA (AcCoA) as the primary
building block for fatty acid synthesis. Synthesized fatty acids are esterified into triglycerides
(TAG) and stored in lipid droplets. Expression of enzymes involved in DNL (i.e., fatty acid
synthase (FAS); acetyl-CoA carboxylase (ACC)) are positively regulated by hormones (i.e.,
insulin) and by transcription factors such as Carbohydrate response element binding protein
(ChREBP), Liver X receptor alpha (LXRa) and Sterol response element binding protein 1c
(SREBP1c). TAGs stored in the lipid droplet are released by lipolysis during periods of energy

demanded circulation, which has been linked to insulin resistance (Yoon 2016).

Energy Mobilization through Adipose Tissue Lipolysis
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Lipolysis is the process of hydrolyzing triacylglycerols into glycerol and free fatty acids
(FFAs) (Figure 3). Sympathetic nerve-derived catecholamines stimulate lipolysis, and this
process is repressed by insulin (Fruhbeck, Mendez-Gimenez et al. 2014). In particular,
epinephrine and norepinephrine release are induced by fasting or exercise and signal through the
adrenergic receptor-PKA pathway in adipocytes to increase lipolysis. Lipolysis depends on the
inhibitory phosphorylation of the lipid droplet membrane protein PLIN1 (Sztalryd and Brasaemle
2017). In a basal or anabolic state, PLIN1 is bound to comparative gene identification 58 (CGI-
58) (Chouchani and Kajimura 2019). Upon stimulation of lipolysis, PLIN1 is phosphorylated,
triggering the release of CG1-58 and subsequent activation of adipose triglyceride lipase (ATGL).
ATGL moves to the lipid droplet surface to hydrolyze triglycerides. PKA also phosphorylates HSL,
which binds to PLIN1 to favor the hydrolysis of diacylglycerol, and subsequently
monoacylglycerol. The final products, glycerol and FFAs are exported into the bloodstream
(Figure 3). While lipolysis is viewed as the main pathway for lipid release, a recent study
demonstrates that lipids are also exported from adipocytes in exosomes, providing an important
local signal for macrophage differentiation (Flaherty, Grijalva et al. 2019). Lipolysis is further
regulated by several endocrine factors. Leptin promotes lipolysis via stimulation of neuro-adipose
junctions (Zeng, Pirzgalska et al. 2015). Growth hormone (GH), adrenocorticotropic hormone,
cortisol, thyroid hormones, PTH, and glucagon also provide regulatory roles in lipolysis (Fruhbeck,
Mendez-Gimenez et al. 2014). By contrast, insulin signaling functions as the major anti-lipolytic
factor by blocking production of intracellular cAMP, leading to suppression of PKA-activity and

lipolysis.
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1.2 Thermogenic adaptation in adipose tissue

A striking example of adipose tissue plasticity is observed during environmental cold
exposure. Initially, animals shiver and activate pre-existing BAT to help defend their body
temperature. Longer exposure recruits additional thermogenic capacity, mediated by increases in

BAT mass and elevated expression of thermogenic genes (Cannon and Nedergaard 2004). In
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Figure 3 Metabolic Plasticity of White Adipose Tissue.

(A) Fasted state. Adipocytes release free fatty acids (FFAs) and glycerol via lipolysis in response to external stimulation (i.e.,
norepinephrine, glucagon). Binding of norepinephrine to the adrenergic receptor (AR) on adipocytes drives the elevation of cAMP and
PKA activation. PKA stimulates the hydrolysis of triglycerides (TAG), diacylglycerol (DAG), and subsequently monoacylglycerol (MAG)
through activation of the endogenous lipases ATGL and HSL. FFAs and glycerol are secreted into the systemic circulation to supply
fuel to other tissues. (B) Fed State. Adipocytes have access to multiple sources of circulating nutrients, including: 1) Long Chain Fatty
Acids (LCFA) from Very Low-Density Lipoprotein (VLDL) (LPL-mediated hydrolysis of triacylglycerols from VLDL in capillaries to
generate FFAs); 2) glucose; 3) branched-chain amino acids (BCAA). De novo lipogenesis (DNL) uses Acetyl-CoA (AcCoA) as the
primary building block for fatty acid synthesis. Synthesized fatty acids are esterified into triglycerides (TAG) and stored in lipid droplets.
Expression of enzymes involved in DNL (i.e., fatty acid synthase (FAS); acetyl-CoA carboxylase (ACC)) are positively regulated by
hormones (i.e., insulin) and by transcription factors such as Carbohydrate response element binding protein (ChREBP), Liver X
receptor alpha (LXRa) and Sterol response element binding protein 1c (SREBP1c). TAGs stored in the lipid droplet are released by
lipolysis during periods of energy demand.

WAT, especially in rodents, cold exposure induces the development of mitochondria-rich,
thermogenic beige adipocytes. The rapid induction of beige adipocytes is accompanied by
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remarkable changes in tissue structure, including increased nerve fiber arborization and
angiogenesis. Importantly, these cold-induced changes in BAT and WAT are reversible and
regress in the absence of cold, highlighting the flexibility of the tissue.

Beige adipocytes can be generated via three mechanisms: (1) the differentiation of
progenitor cells into new beige adipocytes (i.e. de novo beige adipogenesis), (2) the activation (or
re-activation) of the thermogenic program in mature adipocytes and (3) the proliferation of mature
beige adipocytes (Wang, Tao et al. 2013, Shao, Wang et al. 2019, Park, Shin et al. 2021).
Activation of the beige program in adipocytes involves upregulation of thermogenic genes such
as Ucp1, mitochondrial biogenesis and lipid droplet remodeling from a unilocular to multilocular
morphology (Kim, Park et al. 2019)

BAT undergoes an analogous thermogenic recruitment process during cold exposure.
Histological studies show that expression of UCP1 in brown adipocytes is not homogeneous,
suggesting a level of cellular heterogeneity in BAT (Cinti, Cancello et al. 2002). A recent study
identified two distinct populations of thermogenic cells in mouse BAT, classical brown adipocytes
and ‘low-thermogenic’ brown adipocytes exhibiting fewer mitochondria, lower levels of UCP1, and
larger lipid droplets (Song, Dai et al. 2020). Interestingly, cold exposure activated the ‘low-
thermogenic’ cells to become highly thermogenic. Another recent study identified a new subset
of ‘thermogenesis-inhibitory’ adipocytes in mouse and human BAT that restrain the thermogenic
capacity of brown adipocytes via local production of acetate (Sun, Dong et al. 2020). These
inhibitory adipocytes are enriched in BAT under thermoneutral (non-stimulated) conditions,
suggesting that BAT function is regulated by the coordinated activity of distinct adipocyte
subpopulations.

Adrenergic signaling is the major physiologic signal controlling both the formation and
thermogenic activity of brown and beige adipocytes. Adipose tissue, especially BAT, is densely

innervated by sympathetic neurons (Morrison 2016). Upon cold exposure, sympathetic neurons

14



release the neurotransmitter norepinephrine (NE), which activates the B-adrenergic receptor-
cAMP-PKA pathway in adipocytes. This signaling cascade induces lipolysis, thermogenesis and
stimulates brown fat-selective gene transcription in brown and beige adipocytes. UCP1 function
and thus thermogenic respiration is acutely activated by long-chain FAs and inhibited by purine
nucleotides (Fedorenko, Lishko et al. 2012, Bertholet and Kirichok 2017).

A key hub of the thermogenic transcriptional response is the coactivator protein PPARy
coactivator-1a (PGC1-a), which is upregulated by cold exposure (Puigserver, Wu et al. 1998).
PGC1-a is phosphorylated and activated by p38 mitogen-activated protein kinase (MAPK) in
response to B-adrenergic signaling (Cao, Daniel et al. 2004). PGC1-a co-activates several
transcription factors, including PPAR and ESRR family members, Thyroid Receptor and IRF4 to
increase the transcription of Ucp7 and other mitochondrial genes involved in thermogenesis
(Shapira and Seale 2019).

Adrenergic stimulation of adipocytes also activates the nutrient-sensing mTOR pathway,
a central integrator of cell and tissue metabolism that functions in two distinct complexes,
mTORC1 and mTORC2 (Ye, Liu et al. 2019). PKA phosphorylates Raptor and activates the
mTORC1 complex in B-adrenergic agonist-stimulated adipocytes (Liu, Bordicchia et al. 2016).
Mice with genetic loss or inhibition of Raptor display reduced WAT beiging and impaired brown
fat activity (Labbe, Mouchiroud et al. 2016, Liu, Bordicchia et al. 2016, Tran, Mukherjee et al.
2016). The mTORC2 complex, containing the Rictor subunit, is also required for glucose uptake
and glycolysis in brown fat tissue during cold exposure (Albert, Svensson et al. 2016).
Interestingly, inhibition of mMTORC2 in brown adipocytes reduces glucose uptake and lipid storage
while also leading to enhanced lipid catabolism, associated with protection against cold and
obesity (Jung, Hung et al. 2019). By contrast, loss of mMTORC2 in all adipocytes leads to systemic

insulin resistance, which can indirectly decrease BAT function (Tang, Wallace et al. 2016).
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A new study shows that cold and p-adrenergic signaling also activate expression of the
ligand-independent G-protein coupled receptor, GPR3 in brown adipocytes (Sveidahl Johansen,
Ma et al. 2021). GPR3 amplifies the p-adrenergic response to enable high levels of
thermogenesis. Forced expression of GPR3 in adipose tissues dramatically augments energy
expenditure and can reduce obesity in mice. Finally, numerous other extracellular signals,
hormones, and metabolites (e.g. FGF21, natriuretic peptides, acetylcholine, and Irisin) promote
WAT beiging and add an additional layer of regulation to the control of thermogenesis (Cohen

and Kajimura 2021).

Immune cells and beiging

Immune cells, including M2 macrophages, mast cells, eosinophils and ILC2s regulate
adipose tissue remodeling and thermogenesis during cold exposure. Type 2 cytokines, especially
IL-4, promote beige fat biogenesis and ameliorate obesity, although the involved mechanisms
remain uncertain (Qiu, Nguyen et al. 2014, Fischer, Ruiz et al. 2017, Henriques, Bedard et al.
2020). Innate lymphoid ILC2 cells, activated by IL-33, promote beiging through two proposed
pathways: (1) the production of methionine-enkephalin peptides, that act on adipocytes to
stimulate UCP1 expression (Brestoff, Kim et al. 2015); and (2) the induction of IL-4 and IL-13,
which act on adipocyte progenitor cells to promote beige adipocyte differentiation (Lee, Odegaard
et al. 2015). Recent work has identified stromal cells as a critical source of IL-33 in adipose tissue,
illustrating the crosstalk between mesenchymal cells and immune cells in regulating adipose
tissue phenotypes (Mahlakoiv, Flamar et al. 2019, Spallanzani, Zemmour et al. 2019, Shan, Shao
et al. 2021). The anti-inflammatory cytokine IL-10 suppresses thermogenic genes in adipocytes.
Deletion of the IL-10 receptor in adipocytes augments thermogenesis and reduces obesity
(Rajbhandari, Arneson et al. 2019). Additionally, recent studies demonstrate an important role for

v® T cells in regulating innervation, especially in BAT. Specifically, IL-17 secreted from yd T cells
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acts on brown adipocytes, leading to TGFB production and increased sympathetic innervation.
Deletion of the yd T cells or IL-17R on brown adipocytes reduces energy expenditure in mice and
exacerbates obesity (Hu, Jin et al. 2020).

Adipose tissue whitening

The thermogenic phenotype of fat cells, especially beige fat cells, is unstable, requiring
persistent stimulation. Elegant cell tracking studies revealed that UCP1+ beige fat cells become
unilocular white-appearing adipocytes following re-warming (Rosenwald, Perdikari et al. 2013,
Roh, Tsai et al. 2018). During this “whitening process”, fat cells lose UCP1 expression and
mitochondrial density, and remodel their lipid droplets from a multilocular to a unilocular
architecture over the course of ~4 weeks (Roh, Tsai et al. 2018). This process involves direct
conversion of beige adipocytes rather than proceeding through a progenitor cell state and
depends on mitochondrial clearance (Altshuler-Keylin, Shinoda et al. 2016). Decreased
adrenergic signaling in beige fat cells induces the recruitment of the E3 ubiquitin ligase complex,
Parkin, to mitochondria, triggering mitophagy. Impairing this process by deletion of autophagy
components, Atgd, Atg12, or Parkin prevents the “beige-to-white” phenotype transition (Lu,
Altshuler-Keylin et al. 2018). Mitophagy in adipocytes is also driven by the kinases STK3 and
STK4. STK3 and STK4 are highly expressed in ‘white-appearing’ (unstimulated) adipocytes and
downregulated during cold exposure. Genetic loss or inhibition of STK3/4 activity increases
mitochondrial content and uncoupled respiratory activity in beige and brown adipocytes via
reducing mitophagy (Cho, Son et al. 2021). Remarkably, inhibiting mitochondrial clearance in the
above mouse models ameliorates obesity and improves systemic metabolism, though this may
be expected to cause aberrant mitochondrial function over the long term. A similar whitening
process occurs in BAT with exposure to warmer temperatures and during aging. The gene
expression profile of ‘previously beige adipocytes’ is nearly indistinguishable from ‘white’
adipocytes (never beige) after rewarming (Roh, Tsai et al. 2018). However, ‘previously beige’
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cells rapidly reactivate the thermogenic program upon a second exposure to cold (Rosenwald,
Perdikari et al. 2013). Compared to white adipocytes, ‘previously beige’ adipocytes display
increased levels of H3K4me1, a chromatin mark associated with active or primed enhancers, at
certain thermogenic genes, indicating an epigenetic memory of cold exposure (Roh, Tsai et al.
2018). Because of the plasticity of mature adipocytes, the balance between new beige adipocyte
differentiation and re-activation of ‘previously beige’ adipocytes during beiging depends on the
environmental exposure history of the animal. For example, in mice that have recently undergone
cold exposure, reactivation of dormant beige cells predominates, whereas in cold naive animals,
de novo beige adipocyte differentiation from progenitor cells is favored (Shao, Wang et al. 2019).
Interestingly, UCP1+ cells, specifically in the central region of iIWAT (near the lymph nodes) exhibit
proliferative capacity and generate new beige adipocytes in response to 3-adrenergic stimulation

(Park, Shin et al. 2021).

Metabolic Programming for Thermogenesis

The thermogenic capacity of brown and beige adipocytes relies on burning FAs via
oxidative metabolism (Gonzalez-Hurtado, Lee et al. 2018). Classically, adipose tissue
thermogenesis is driven by sympathetic nerve-mediated adrenergic signaling, which stimulates
lipolysis (Figure 4). Free fatty acids (FFAs) serve as both a fuel for thermogenesis and as an
allosteric activator of UCP1 function. Surprisingly, lipolysis in UCP1+ adipocytes is dispensable
for thermogenesis. However, disrupting lipolysis in all adipocytes compromises thermogenesis in
the absence of food, demonstrating that white fat cells can supply the FFAs necessary to support
adipose tissue thermogenesis (Schreiber, Diwoky et al. 2017, Shin, Ma et al. 2017). Furthermore,
even lipid droplets in BAT are dispensable for thermogenesis. Deletion of core lipogenesis
components DGAT1 and DGAT2 in UCP1+ adipocytes produce lipid droplet-less adipocytes, that

remain competent for thermogenesis (Chitraju, Fischer et al. 2020).
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Figure 4 Metabolic Plasticity of Thermogenesis

(A) UCP-1 dependent: Cold exposure or adrenergic stimulation increases cAMP levels, driving activation of PKA/PKG signaling and
lipolysis. P38MAPK (p38) in turn promotes activation of transcriptional regulators that drive mitochondrial biogenesis and expression of
thermogenic genes (Ucp1, Cidea, Dio2). When activated, UCP1 drives proton leak in the mitochondria, leading to uncoupling of
mitochondrial respiration from ATP synthesis and driving greater consumption of fuels (e.g., glucose and free fatty acids (FFA)). FFA
secreted by WAT also drives hepatic production of acylcarnitines and ketones to help fuel thermogenesis. (B) UCP1-independent: beige
thermogenic cells use Ca?" futile cycling through the SERCA2b-RyR2 pathway in the endoplasmic reticulum (ER) to produce heat during
cold exposure. Creatine cycling in the mitochondria is an additional mechanism to produce heat independent of UCP1. UCP-1

independent pathways require glycolysis and mitochondrial ATP-synthesis to provide fuel for futile cycling.

Brown fat in mice and humans also oxidize branched-chain amino acids (BCAAs) during
cold exposure (Yoneshiro, Wang et al. 2019). This pathway likely contributes to the metabolic
benefits of BAT given the well-established link between elevated circulating BCAAs and insulin
resistance. Interestingly, recent studies show that brown fat cells take up and concentrate large

amounts of the TCA intermediate succinate, which promotes thermogenic respiration (Mills,

19




Pierce et al. 2018). Mechanistically, the oxidation of succinate generates reactive oxygen species
that promote UCP1-activity (Chouchani, Kazak et al. 2016).

Adipocytes can also carry out thermogenesis through an expanding array of UCP1-
independent mechanisms. The existence of such mechanisms were initially invoked when it was
observed that UCP1-null mice can adapt to the cold if ambient temperature is gradually decreased
(Ukropec, Anunciado et al. 2006). These alternative mechanisms have been extensively reviewed
elsewhere and include Ca*" futile cycling, creatine-dependent substrate cycling, and
triacylglycerol futile cycling (Kazak, Chouchani et al. 2015, |keda, Kang et al. 2017, Chouchani
and Kajimura 2019). Of note, the futile creatine cycle is required for high fat diet-induced energy
expenditure in adipocytes. Ablation of this pathway in mice sensitizes them to obesity and

metabolic complications (Kazak, Chouchani et al. 2017) (Figure 4).

Structural Remodeling to Optimize Thermogenesis

Sympathetic innervation is critical for brown and beige fat thermogenesis. BAT is more
densely innervated than WAT depots; however, a recent study shows that >90% of adipocytes in
inguinal WAT are closely opposed to sympathetic fibers, which likely relates to the high beiging
potential of this depot (Murano, Barbatelli et al. 2009, Jiang, Ding et al. 2017). Sympathetic
arborization increases (by over 3-fold) during cold exposure and is likely essential for sustaining
high levels of thermogenic activation (Cao, Wang et al. 2018). Indeed, ablation of nerve fiber
arborizations blunts the development of beige adipocytes in response to cold exposure (Jiang,
Ding et al. 2017, Cao, Jing et al. 2019). The expansion of neurites is reversible and neurite density
normalizes to baseline within approximately 4 weeks after removal of cold stimulus (Cao, Wang
et al. 2018). The growth and branching of sympathetic neurites during cold exposure is regulated
by adipocytes. For example, adipocyte-specific deletion of the brown fat transcription factor

PRDM16 impairs nerve fiber growth and branching in WAT following cold exposure (Chi, Wu et
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al. 2018). Adipose cells have been shown to produce a variety of neurotrophic factors, including
Nerve Growth Factor (NGF), Neuregulin-4 (NRG4), TGFB and S100b (Rosell, Kaforou et al. 2014,
Zeng, Ye et al. 2019, Hu, Jin et al. 2020).

Vascular density also increases in adipose tissue during cold exposure to support the
increase in metabolic activity (Xue, Petrovic et al. 2009). Vascular density doubles within just 5
days and is reversible upon warming (Cao, Wang et al. 2018). As with angiogenesis in other
organs, vascular endothelial growth factor (VEGF) is a critical regulator of this process in adipose
tissue. Knockout of VEGF in adipose cells leads to whitening of both brown and beige fat
(Shimizu, Aprahamian et al. 2014, During, Liu et al. 2015). Interestingly, overexpression of VEGF
stimulates browning of WAT and BAT, suggesting that VEGF and/or angiogenesis plays an
instructive role in beiging, in addition to supporting the increase in tissue metabolism (Sun,

Kusminski et al. 2014, During, Liu et al. 2015).

1.3 Phenotypic plasticity of adipose tissue

Intriguing work over the past few years shows that adipocytes are not necessarily
terminally differentiated. Under certain conditions adipocytes reversibly de-differentiate and re-
differentiate, cycling between a progenitor cell and adipocyte state.

The capacity for adipocytes to dedifferentiate ex vivo was noted in the 1980’s with the
development of the ceiling culture method to isolate adipogenic primary cell lines. In this method,
mature adipocytes are induced to adhere to the top surface of a flask, where they de-differentiate
into a fibroblastic pre-adipocyte state (Cote, Ostinelli et al. 2019). However, whether de-
differentiation of adipocytes occurs in vivo had been unclear until recently. Bi et al. demonstrated
that activation of Notch signaling induces the de-differentiation of adipocytes, leading to the
development of liposarcomas (Bi, Yue et al. 2016). In lactation, the posterior mammary fat pads

(inguinal fat) in mice remodel, with proliferation of mammary alveolar structures and a relative
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loss of adipocytes in the areas of high ductal density. During this process, mature adipocytes de-
differentiate into proliferative fibroblasts that retain their adipocyte differentiation capacity in vitro
and in vivo (Wang, Song et al. 2018). Similarly, adipocytes within the dermis undergo reversible
dedifferentiation during hair follicle cycling and wound healing (Zhang, Shao et al. 2019, Shook,
Wasko et al. 2020). In the dermis, mature adipocytes de-differentiate and give rise to
myofibroblasts, specialized contractile fibroblasts which secrete extracellular matrix for wound
repair. Adipocytes undergoing de-differentiation stimulate lipolysis and release of FFA, which also
plays a critical role in regulating the wound inflammatory response (Shook, Wasko et al. 2020). It
remains unknown if adipocyte de-differentiation occurs in the major WAT and BAT depots under
other physiological conditions, such as during fasting, weight loss, or wound healing outside of

the skin.

1.4 Adipose tissue expandability

Adipose tissue has an unparalleled ability to expand, and contract compared to other
organs. In humans, the proportion of body fat varies widely, ranging from normal levels of 10-20%
in men and 15-30% in women, to below 5% in bodybuilders and anorexic patients, and above
70% in severe obesity. These differences in fat mass are driven by long term calorie surplus or
deficit, and the structural changes are enabled by the coordinated action of several cell types,

including adipocytes, adipocyte progenitor cells, and immune cells.

The Structure of Adipose Tissue

Human subcutaneous WAT is organized by fibrous septa that define progressively smaller
tissue compartments at each scale. The highest-level division is formed by a collagen and elastin
rich sheet called the fascia superficialis, often referred to as Scarpa’s fascia in the abdominal wall

and a “membranous layer” in other body regions (Markman and Barton 1987). The fascia
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superficialis runs parallel to the plane of the skin and separates subcutaneous fat into a superficial
(sSAT) and a deep compartment (dSAT). At the next level, thinner fibrous septa, sometimes
referred to as retinacula cutis superficialis (in sSSAT) and profundus (in dSAT), define centimeter
scale compartments, and anchor the fascia superficialis to the dermis above and to the deep
fascia below. Together, the fascia superficialis, retinacula cutis, and compartments of sSSAT and
dSAT, are referred to as the superficial fascial system, and are identifiable in nearly all areas of
the body (Lockwood 1991). Finally, within the compartments of the superficial fascial system, 500
um-1000 um lobules of adipocyte rich stroma are encapsulated by fibrous septa, representing the
smallest structural unit of subcutaneous adipose tissue (Esteve, Boulet et al. 2019).

The distinctions between sSAT and dSAT are not purely anatomic. During obesity, both
the abdominal sSAT and dSAT expand, with males exhibiting a tendency to expand the abdominal
dSAT preferentially (Kim, Chung et al. 2016). Compared to abdominal sSAT, the dSAT is more
prone to inflammation, contains more saturated lipids, and adipocyte progenitor cells from this
layer are more resistant to differentiation (Cancello, Zulian et al. 2013). Accordingly, expansion of
the dSAT, especially in men, is associated with adverse metabolic outcomes (Kelley, Thaete et
al. 2000).

Mice have two main subcutaneous WAT depots, the posterior inguinal WAT (iWAT) and
anterior axillary WAT (axWAT). The inguinal WAT is heavily studied, due to its larger size, high
propensity for beiging, and ease of dissection. Both the iIWAT and axWAT lie directly beneath the
panniculus carnosus, a layer of striated muscle which separates the subcutaneous structures
from the overlying dermis, that some have speculated is an evolutionarily analogous structure to
the fascia superficialis (Fodor 1993). Both depots are encased on all sides by a thin fibrous
membrane containing mostly DPP4+ fibroblasts that can also serve as adipocyte progenitors
(Merrick, Sakers et al. 2019, Stefkovich, Traynor et al. 2021). At the next scale, the tissue can be

subdivided into lobular areas (the central areas within the tissue) and non-lobular areas
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(surrounding, at the periphery) (Barreau, Labit et al. 2016, Peurichard, Delebecque et al. 2017).
The lobular areas are delineated by fibrous septations, analogous to those found in humans that
create discrete compartments of adipocytes on the order of 300 um (Chi, Wu et al. 2018, Dichamp,
Barreau et al. 2019). Several studies have noted clear anatomic regionality within the iWAT, with
the more ventral regions and central lobular areas being more prone to cold-induced beiging, as
compared to the peripheral and posterior regions (Barreau, Labit et al. 2016, Chi, Wu et al. 2018).

The structure of visceral adipose tissue has been less well studied. A defining feature of
visceral fat is that, like other intraperitoneal organs, it is surrounded by a layer of mesothelium
(Chau, Bandiera et al. 2014). Thus, both visceral and subcutaneous fat are encased by a lining
of specialized cells (mesothelial cells for visceral fat, DPP4+ fibroblasts for subcutaneous fat),
although in contrast to subcutaneous fat, this lining does not appear to contribute to adipocyte
generation in visceral adipose tissue (Westcott, Emont et al. 2021). Furthermore, a recent report
demonstrates the presence of lobules in human visceral adipose tissue, analogous to those
present at the smallest scale in subcutaneous fat (Esteve, Boulet et al. 2019). By contrast, mouse

visceral fat depots do not have a readily apparent lobular structure.

Adipose Tissue Expansion

Adipose tissue expansion is intricately linked to metabolic health. While high fat mass
generally correlates with poor metabolic health, a high capacity for expansion protects against
metabolic disease. The apparent contradiction in this relationship can be understood by
considering the fate of excess nutrients. Once ingested and absorbed, excess nutrients must be
either burned or stored. WAT is uniquely capable of safely storing large quantities of excess
nutrients as lipids. In contrast, accumulation of excess lipids in other tissues drives insulin
resistance (Petersen and Shulman 2018). Therefore, the proper partitioning of excess nutrients

into WAT for storage or into BAT for heat generation promote metabolic health. Notably, the site
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of adipose tissue expansion (into visceral or subcutaneous depots) and the mechanism of
expansion, via increases in adipocyte number (hyperplasia) or size (hypertrophy), have profound

impacts on metabolic health.

Adipose Tissue Distribution: Metabolic Consequences

Fat tissue distribution is highly variable, driven by differences between sexes, genetics,
development, aging, and in response to hormones or drugs. The most common distinction
between types of adipose tissue distribution is whether fat is stored viscerally or subcutaneously,
and countless studies have examined the relative effects of visceral versus subcutaneous
adiposity on overall health. Almost universally, since the first descriptions of “android” (central) vs
“gynoid” (subcutaneous/peripheral) obesity by the French physician Jean Vague in the 1950’s,
studies have shown that increased visceral/central adiposity correlates with worse insulin
resistance and an increased risk of cardiometabolic disease, even in normal weight subjects
(Chait and den Hartigh 2020). By contrast, the preferential expansion of subcutaneous adipose
tissue, especially in the superficial region, is associated with a more favorable metabolic profile
(Kelley, Thaete et al. 2000). It should be noted that, despite its metabolic importance, visceral fat
represents only a small portion (~6-20%) of total fat mass, with this proportion generally higher in
males (Karastergiou and Fried 2017).

Differences in body fat distribution may also explain the existence of “metabolically
healthy obese” and “metabolically unhealthy normal-weight” individuals (Smith, Mittendorfer et al.
2019). Estimates from the United States suggest that 23.5% of normal weight adults are
metabolically unhealthy while 31.7% of obese are metabolically healthy (Wildman, Muntner et al.
2008). Metabolically healthy obese people have unexpectedly low levels of visceral adiposity for
their body weight while the situation is exactly reversed in those who are metabolically unhealthy

but normal weight.
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What makes visceral fat unhealthy and why do we have it? Visceral adipocytes are more
metabolically and lipolytically active, exhibiting higher levels of both basal and catecholamine-
induced lipolysis. Mechanistically, these differences may be due to increased expression of the
stimulatory B-AR, lower expression of the inhibitory a-AR and reduced insulin-mediated lipolysis
suppression in visceral adipocytes (ltem and Konrad 2012). Consistent with these observations,
fasting and weight loss in mice induce the preferential mobilization of visceral fat stores, with
visceral depots losing mass earlier and losing a greater proportion of their mass overall (Ding,
Zheng et al. 2016, Tang, Tang et al. 2017). Similarly, studies of weight loss in humans consistently
show that a greater proportion (but not total amount) of the visceral fat is lost compared to
subcutaneous fat (Merlotti, Ceriani et al. 2017). It is reasonable to speculate that a rapidly

mobilized source of energy for internal organs may be advantageous under certain conditions.

The high lipolytic activity of visceral fat also underlies the basis for the “portal hypothesis”,
which posits that visceral depots, since they drain into the portal circulation, expose the liver to
high levels of FFAs, which impair hepatic insulin action. However, this version of the portal
hypothesis has fallen out of favor because studies in humans show that, while the proportion of
portal vein and circulating FFAs from visceral fat increase in obesity (from 5 to 20% and from 6%
to 14% respectively), the visceral fat-derived FFAs still only represent a small proportion of the
total circulating pool (Nielsen, Guo et al. 2004).

Alternative versions of the portal hypothesis highlighting a central role for inflammation are
more compelling. Visceral adipose tissue is more prone to immune cell infiltration and
inflammatory cytokine production than subcutaneous adipose tissue, especially in obesity (Item
and Konrad 2012). Several factors that are preferentially produced by visceral fat and secreted
into the portal circulation have been linked to the development of insulin resistance, including IL-
6, IL-1b, and Retinol Binding Protein-4. For example, IL-6 levels are 50% higher and leptin levels

are 20% lower in the portal compared to systemic circulation of severely obese subjects (Fontana,

26



Eagon et al. 2007). Transplantation studies further support the idea that increased intraperitoneal
adipose tissue, whether from a visceral or subcutaneous source, is not harmful per se and may
even be protective. Instead, the portal delivery of inflammatory cytokines appears to drive the
detrimental effects of visceral fat. (Item and Konrad 2012). In transplant experiments, portal-
draining visceral fat transplants impair insulin sensitivity whereas systemic-draining visceral fat
transplants improve insulin sensitivity. Furthermore, portal-draining transplants from IL-6-deficient
mice did not reduce host insulin sensitivity (Rytka, Wueest et al. 2011).

The inflammatory properties of visceral adipose tissue may have been selected for during
evolution, by providing a defense against intra-peritoneal pathogens and helping to heal
abdominal injuries (West-Eberhard 2019). Consistent with this notion, the omentum has important
immunological functions and contains lymphoid cells organized into structures called milky spots,
which are key mediators of peritoneal immunity (Meza-Perez and Randall 2017). Moreover, the
omentum and mesenteric fat commonly adhere to sites of injury, including ruptured bowels,
ovaries, or surgical trauma (West-Eberhard 2019). These fat depots can even wall off foreign
bodies within the abdomen. A dramatic example of these properties is the phenomenon of
creeping fat in Crohn’s disease, in which mesenteric adipose tissue adheres to sites of gut barrier
dysfunction, walling of the diseased areas and preventing dissemination of bacteria (Ha, Martin
et al. 2020). Overall, the metabolic and immunological properties of visceral fat, which serve

important protective roles, also trigger metabolic dysfunction in the setting of obesity.

Distributional Plasticity

Body fat distribution is not fixed and can be modified by hormones. Redistribution of
adipose tissue is accomplished by varying the rates of nutrient uptake and lipolysis until a new
steady state distribution is achieved. A famous example occurs during Cushing’s syndrome, which

results from excess secretion or administration of glucocorticoids. In addition to promoting weight
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gain via effects on the CNS, glucocorticoids induce a redistribution of lipids to visceral adipose
tissue, while causing wasting of adipose tissue from the extremities (Lee, Pramyothin et al. 2014).

Androgens and estrogens also produce characteristic effects on adipose tissue leading to
the “android” and “gynoid” adipose tissue distributions in men and women, respectively
(Karastergiou and Fried 2017). The plasticity of this distribution is most apparent in studies of
gender transition, in which estrogen or androgen treatment produce characteristic shifts toward a
gynoid distribution in transwomen and an android distribution in transmen, respectively (Klaver,
de Blok et al. 2018). Prior to puberty there are discernable but small differences in the fat
distribution of male and female children which become much more pronounced as sex hormone
levels rise (Shen, Punyanitya et al. 2009). Likewise, during the transition to menopause, as
estrogen levels fall, women begin to accumulate adipose tissue in a more android pattern, with
an increase in the amount of centrally stored adipose tissue; these effects are reversed by
estrogen replacement therapy (Reubinoff, Wurtman et al. 1995, Lovejoy, Champagne et al. 2008).
Reciprocally, androgens tend to promote preferential visceral fat accumulation in women, as
observed in polycystic ovarian syndrome (Dumesic, Akopians et al. 2016).

Finally, several drugs produce stereotyped effects on adipose tissue distribution. For
example, certain HIV medications promote peripheral subcutaneous fat wasting (lipoatrophy) and
central fat accumulation (Koethe, Lagathu et al. 2020). Conversely, TZDs, which promote insulin
sensitivity, induce the preferential expansion of subcutaneous adipose tissue (Miyazaki,

Mahankali et al. 2002).

Adipocyte hypertrophy and hyperplasia
Adipose tissue expands through adipocyte hypertrophy (increases in fat cell size) and/or
hyperplasia (increases in fat cell number). Hypertrophic growth is linked with higher levels of

adipose tissue inflammation, fibrosis, and hypoxia, along with poor metabolic health (Vishvanath
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and Gupta 2019). In contrast, hyperplastic growth does not provoke these pathologic changes
and is generally more metabolically favorable.

Association studies in humans provide evidence for the divergent consequences of
hypertrophic versus hyperplastic expansion. First, obese subjects, have both more adipocytes
and larger, more hypertrophic, adipocytes than normal weight controls (Salans, Cushman et al.
1973). Adipocyte size increases up to the point of moderate obesity, after which subsequent
increases in fat mass are characterized by increases in adipocyte number (Hirsch and Batchelor
1976). Notably, there is substantial inter-individual variation; at any given fat mass, people can
exhibit a more hypertrophic or more hyperplastic adipose tissue phenotype. Second, these
studies showed that hypertrophic adipose tissue is associated with poor metabolic health,
including increased fasting insulin, decreased insulin sensitivity, and elevated blood glucose
levels (Bjorntorp 1971). Importantly, a body of recent work continues to support these conclusions
(McLaughlin, Craig et al. 2016). Third, longitudinal and cross sectional studies suggest that the
total number of adipocytes increases throughout childhood before stabilizing in adulthood
(Spalding, Arner et al. 2008). Normal weight children experience two developmental periods (from
age 0-2 and from age 13-18 years) characterized by rapid increases in adipocyte number; in
contrast, obese children produce significantly more adipocytes than lean children and show ever
increasing adipocyte numbers from age 0-18 (Knittle, Timmers et al. 1979). By the time they reach
adulthood, those who were obese as children have about twice as many fat cells as their normal
weight counterparts. The apparent stabilization of adipocyte numbers in adulthood has led to
considerable confusion, with many erroneously believing that people have a “fixed” number of
adipocytes.

While many obese children become obese adults, most obese adults were not obese as
children. When do obese adults make their extra adipocytes? Adults produce new adipocytes

during the normal process of adipose tissue turnover (Spalding, Arner et al. 2008). Therefore, it
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seems likely that independent of the age of onset, adipocyte numbers increase during the
development of obesity. To prove this, a longitudinal study quantifying adipocyte numbers in the
transition from leanness to obesity during adulthood would be needed. The converse experiment,
tracking adipocyte numbers during weight loss, has been performed. Weight loss induced by
dietary changes or bariatric surgery leads to a reduction in subcutaneous adipocyte size but a
maintenance of adipocyte number (Bjorntorp, Carlgren et al. 1975, Andersson, Eriksson Hogling
et al. 2014). These results suggest that adipocyte number might function as a one-way ratchet,
expanding in obesity, but not declining after weight loss. This may have evolved to allow the quick

expansion of adipose tissue to accommodate calories during cycles of feast and famine.

Hypertrophic adipose tissue is dysfunctional

Hypertrophic expansion of adipose tissue is a risk factor, independent of body mass index,
for the development of the metabolic syndrome (Weyer, Foley et al. 2000). Interestingly, the WAT
of non-obese patients with insulin resistance or diabetes is characterized by large hypertrophic
adipocytes further indicating a link between adipocyte hypertrophy (rather than total fat mass) and
metabolic dysfunction (Acosta, Douagi et al. 2016). Molecular and functional analyses of large
versus small adipocytes from the same individual provide some insights for why this is the case.
In particular, large adipocytes undergo higher rates of lipolysis, and produce higher levels of
inflammatory cytokines (Laurencikiene, Skurk et al. 2011, Xiao, Yang et al. 2016). Additionally,
small adipocytes may secrete higher levels of the insulin sensitizing hormone adiponectin (Meyer,
Ciaraldi et al. 2013). Consistent with this, WAT from insulin resistant patients features larger
adipocytes, more fibrosis, hypoxia, and inflammation (Hepler and Gupta 2017). At a tissue level,
this dysfunctional fat produces lower levels of insulin sensitizing adipokines such as adiponectin

(Henninger, Eliasson et al. 2014, Kloting and Bluher 2014).
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Pharmacologic and Genetic Manipulation of Tissue Expandability

Genetic and pharmacological studies suggest that it is not hypertrophic adipocytes per se
that drive systemic metabolic dysfunction, but rather a failure of adipose tissue “expandability”. In
this model, hypertrophic adipocytes are a symptom more than a cause of dysfunctional adipose
tissue. Once adipose tissue becomes “full” and can no longer take up excess nutrients, ectopic
lipid begins to accumulate in peripheral organs leading to metabolic decline.

The first line of evidence for this concept comes from two genetic models of healthy
obesity, one characterized by extreme adipose tissue hyperplasia and the other by extreme
hypertrophy. Leptin deficient (ob/ob) mice, a model of severe obesity, exhibit glucose intolerance,
hyperphagia, and adipose tissue replete with large hypertrophic adipocytes and inflammatory
macrophages. Strikingly, the metabolic dysfunction of ob/ob mice is ameliorated by concomitant
overexpression of the insulin sensitizing hormone adiponectin (AdiponectinTG) or by knockout of
collagen 6 (Col6 KO) (Kim, van de Wall et al. 2007, Khan, Muise et al. 2009). Both models are
characterized by massively increased adipose tissue mass which normalizes insulin sensitivity,
presumably by preventing ectopic lipid deposition in other tissues. The adipose tissue of ob/ob
AdiponectinTG mice exhibits extreme hyperplasia and contains many small adipocytes.
Interestingly, the adipose of ob/ob Col6 KO mice contains enormous, highly hypertrophic
adipocytes.

If hypertrophic adipocytes are truly harmful, why do ob/ob Col6 KO mice have less severe
metabolic disease than control ob/ob mice? Collagen 6 is selectively produced by adipocytes
compared to other cell types (Divoux, Tordjman et al. 2010). It surrounds fat cells and is
responsible for the pericellular fibrosis that restrains adipocytes from expanding past a certain
size. Mice lacking collagen 6 therefore have a more permissive extracellular matrix, allowing for
unrestricted expansion. Importantly, other genetic models which increase adipose ECM flexibility

(ex. MMP14 overexpression) produce similar results to Col6 KO (Li, Zhao et al. 2020). Thus, it
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appears that hypertrophic adipocytes are not deleterious because they are large, but rather
because they are prevented by the ECM from getting even larger.

Further evidence comes from experiments with thiazolidinediones (TZDs) which
demonstrate that augmenting the expansion capacity of adipose tissue is beneficial in metabolic
disease. TZDs are pharmacological ligands for PPARYy, the master regulator of adipogenesis
(Tontonoz 1994). Activation of PPARY leads to enhanced adipocyte differentiation (hyperplasia)
and, in some depots, to enhanced expansion capacity (hypertrophy) (Tang, Zeve et al. 2011).
Although PPARYy is expressed in other cell types, notably macrophages, endothelium, muscle,
and liver, the utility of TZDs as anti-diabetic drugs is believed to come, in large part, from their
ability to promote healthy adipose tissue expansion (Yki-Jarvinen 2004).

Elegant mouse genetic studies further show that enhancing de novo adipocyte
differentiation by overexpression of PPARYy in a subset of progenitor cells in visceral adipose
tissue improves insulin sensitivity in mice fed a high fat diet (HFD), without affecting body weight.
Reciprocally, deletion of PPARY in these cells provokes adipose tissue fibrosis and inflammation,
along with worsened insulin resistance (Shao, Vishvanath et al. 2018). Similarly, loss of function
mutations in humans and adipocyte specific deletion in mice of phosphate and tensin homologue
(PTEN), a negative regulator of adipogenesis, increase nutrient partitioning into adipose tissue
and enhance insulin sensitivity despite obesity (Pal, Barber et al. 2012, Morley, Xia et al. 2015).
Other studies have described consistent results, with genetic models characterized by enhanced
lipid sequestration into adipocytes and insulin sensitive obesity (Kusminski, Holland et al. 2012).
Genome wide association studies in humans have also begun to link genetic variants associated
with reduced subcutaneous adipocyte storage capacity to increased risk for insulin resistance

(Majithia, Flannick et al. 2014, Chu, Deng et al. 2017, Gulati, Day et al. 2017).

Adipose Tissue Turnover
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Adipose tissue is in a constant state of low-level turnover, with mature adipocytes dying
and being replaced by new adipocytes. Several studies have attempted to estimate the rate of
this turnover in mice and humans. The most widely cited study employed '*C measurements of
adipocytes, taking advantage of the spike in atmospheric "C that occurred due to nuclear tests
in the 1960’s (Spalding, Arner et al. 2008). This group found that about 10% of adipocytes turn
over per year in both lean and obese subjects. They note that obese people have similar rates of
turnover when normalizing to the number of adipocytes, but higher absolute levels of turnover
due to their increased number of adipocytes. Follow up work using *C measurements to track
long term lipid flux in adipose tissue further indicated that there is no long-term lipid pool in fat;
i.e. all lipid in the tissue (and thus presumably every adipocyte) is subject to turnover (Arner,
Bernard et al. 2019). Other studies tracking the proliferation of cells and turnover of substrates in
slow turnover tissues using ?H,0 long term labeling suggested more rapid turnover, of 0.16-0.29%
of adipocytes and 4.5% of stromal-vascular cells per day (Neese, Misell et al. 2002).

In mice, the rates of adipocyte turnover are higher than in humans. Several studies
employing distinct methods largely agree that ~5% of cells in the stromal vascular fraction are
replicating at any time and that 1-5% of adipocytes are replaced each day (Neese, Misell et al.
2002, Rigamonti, Brennand et al. 2011). As in humans, obese mice exhibit higher rates of
proliferation and adipocyte turnover (Rigamonti, Brennand et al. 2011). Notably, *N thymidine
labeling studies in mice indicate that the renewal and differentiation of adipocyte progenitors are
uncoupled (Kim, Lun et al. 2014). The biological basis of this phenomenon is likely accounted for
by specialization of adipocyte progenitor cells into discrete cell types, some of which are more
proliferative and others which are more primed for differentiation (see below) (Merrick, Sakers et
al. 2019). Therefore, assessments of turnover which rely on assessing proliferation may
understate the true rate of de novo adipogenesis, as committed preadipocytes may differentiate

without first dividing.
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The turnover of adipose tissue requires the coordinated action of multiple cell types. Dying
adipocytes must be cleared away in an orderly manner to avoid the harmful effects of releasing
lipids into the tissue. This clearing process is dependent upon adipose tissue macrophages, which
engulf dying adipocytes and are detected within the tissue as crown-like structures. Interestingly,
there is evidence that macrophages recruit adipocyte progenitor cells to sites of dying adipocytes
via a CD44-Osteopontin axis, thereby linking the process of adipocyte death to adipogenesis

(Lee, Petkova et al. 2013).

1.5 Adipose progenitor cells

The activity of APCs is a key mechanism by which adipose tissue achieves its plasticity.
The major adaptive processes in adipose tissue, including expansion, beiging, and maintenance
of adipocyte number, all involve de novo adipogenesis and therefore rely on the proper functioning
of APCs. Could imbalances between the rate of adipocyte loss vs. replacement lead to
metabolically maladaptive adipose tissue remodeling during aging? Likewise, since APCs must
differentiate regularly, could we modulate their cell fate decisions, to encourage the formation of
thermogenic adipose tissue instead of white adipose? Finally, do APCs make maladaptive cell
fate decisions, for example by differentiating into pro-fibrogenic cell types, and can these
decisions be intervened upon?

It has been known for decades that the stromal-vascular fraction (SVF) of adipose tissue
contains cells capable of differentiating into adipocytes. The SVF is a heterogeneous mixture
containing all the non-adipocyte cells which pellet after tissue digestion, and therefore the identity
of the adipogenic cells was unclear. A groundbreaking study in 2008 utilized candidate cell
surface markers to prospectively isolate and characterize APCs in WAT (Rodeheffer, Birsoy et al.
2008). In this study, APCs were defined based on their lack of expression of hematopoietic and

endothelial cell markers (CD45 and CD31, hereafter celled Lin-) and their selective expression of

34



CD29, CD34, LY6A/Sca1, and CD24. This refined cell population produced adipocytes in vitro
and in vivo following cell transplantation (Rodeheffer, Birsoy et al. 2008).

Another landmark study from Graff and colleagues identified a population of Ppary-
expressing APCs residing alongside blood vessels in WAT. In addition to Ppary, these cells
express the mural (vessel wall cell) marker Pdgfr (Tang, Zeve et al. 2008). Genetic lineage
tracing studies in mice show that Pdgfrp-expressing cells develop into Ppary + mural cells and
white adipocytes. Further lineage tracing experiments show that Pdgfr-expressing cells generate
new adipocytes in the epididymal WAT upon high fat diet feeding, contributing to 10-30% of the
total adipocytes in this depot after several weeks (Vishvanath, MacPherson et al. 2016, Gao,
Daquinag et al. 2018). Together, these findings led to the conclusion that (at least a subset of)
APCs occupy a peri-vascular niche and are identifiable as a population of PDGFRB+ cells, often
termed mural cells, which are distinct from smooth muscle cells. Many papers in the field have
taken this view. However, a parallel body of work suggests that use of the marker PDGFR to
identify APCs results in the inclusion of numerous, non-perivascular cell types. Indeed, PDGFRf
is also expressed by adventitial fibroblasts that co-express PDGFRa and potentially represent a
major source of APCs (Hong, Bae et al. 2015, Vishvanath, MacPherson et al. 2016, Cattaneo,
Mukherjee et al. 2020).

PDGFRa was first identified as a marker of adipogenic cells in regenerating muscle (Joe,
Yi et al. 2010, Uezumi, Fukada et al. 2010). Lineage tracing studies indicate that PDGFRa is a
common marker of APCs in WAT and BAT depots (Lee and Granneman 2012, Lee, Petkova et
al. 2012, Berry and Rodeheffer 2013). These PDGFRa+ cells are characterized as adventitial
fibroblasts with multiple elongated processes touching components of the ECM and vasculature.
Numerous confirmatory studies have been done, by separate groups employing different Pdgfro-

Cre lineage reporters, which consistently demonstrate tracing of Pdgfra+ cells to adipocytes in
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both visceral and subcutaneous fat (Berry, Jeffery et al. 2014, Cattaneo, Mukherjee et al. 2020,
Sun, Sakashita et al. 2020, Han, Zhang et al. 2021).

An elegant recent study utilized intersectional lineage tracing with Cre/Lox and Dre/Rox
reporters, showing that Pdgfra+/Pdgfrp+ and Pdgfra+/Pdgfr- progenitors, but not Pdgfra-
/Pdgfrp+ cells, generated adipocytes during basal turnover and cold-induced adipogenesis in
subcutaneous WAT and during wound healing-induced adipogenesis in dermal WAT (Han, Zhang
et al. 2021). Consistent with this, another recent lineage tracing study revealed that Pdgfra+ cells
but not Thx18+ pericytes contribute to adipocyte formation (Cattaneo, Mukherjee et al. 2020).
Taken together, these results suggest that Pdgfra+ (£Pdgfrf5) adventitial fibroblasts rather than

mural cells are the primary source of new adipocytes in WAT (Figure 5).

An APC hierarchy?

Recent single cell transcriptomic-based studies have enabled an unbiased analysis and
further refinement of APC populations, suggestion specialization of APCs for different functions
(Ferrero, Rainer et al. 2020). One source of APC specialization relates to their degree of adipocyte
lineage commitment. This concept was originally introduced by Rodeheffer et al., who
demonstrated that Lin-/CD29+/CD34+ cells could be subdivided into more and less committed
cell populations based on CD24 expression. Compared CD24+ cells, CD24- cells are less
proliferative and show higher expression of adipocyte identity genes such as Ppary, Lpl, AdipoQ,
and Fabp4 (Berry and Rodeheffer 2013). Moreover, transplantation studies indicate that CD24+
cells produce CD24- cells during adipogenesis (Jeffery, Church et al. 2015, Jeffery, Wing et al.
2016).

Recent single cell transcriptomic studies have further refined this concept, identifying
distinct cell types on the basis of unique gene expression signatures. Studies in mouse adipose

tissue consistently identify a continuum of adipogenic cells which subdivides into two broad

36



categories, namely progenitor cells (also called adipocyte stem cells (ASC) or interstitial
progenitors) and preadipocytes (Burl, Ramseyer et al. 2018, Hepler, Shan et al. 2018, Schwalie,
Dong et al. 2018, Cho, Lee et al. 2019, Merrick, Sakers et al. 2019, Ferrero, Rainer et al. 2020,
Han, Zhang et al. 2021, Nguyen, Lin et al. 2021, Sarvari, Van Hauwaert et al. 2021, Shao, Hepler
et al. 2021). Likewise, studies of human subcutaneous adipose tissue have identified a similar
continuum of APCs (Raajendiran, Ooi et al. 2019, Vijay, Gauthier et al. 2020, Hildreth, Ma et al.
2021).

Progenitor cells are the most “stem-like” cells found in the tissue and are characterized by
expression of Pdgfra, as well as Dpp4, Pi16, Cd55, Ly6a, and numerous Wnt pathway genes.
Interestingly, fibroblasts with this gene expression signature are present in nearly every tissue of
the body (Buechler, Pradhan et al. 2021). Preadipocytes are characterized by the expression of
adipocyte-related genes, including Ppary, Fabp4, Lpl, and Cd36, suggesting commitment to the
adipocyte lineage. Interestingly, preadipocytes express similar levels of Pdgfra but higher levels
of Pdgfr than progenitors, suggesting that earlier studies using these markers were in fact
isolating distinct APC subtypes (Han, Zhang et al. 2021, Sarvari, Van Hauwaert et al. 2021).

Computational lineage prediction suggest that the APCs are arranged into a lineage
hierarchy, with progenitors producing committed preadipocytes, before finally generating
adipocytes (Burl, Ramseyer et al. 2018, Merrick, Sakers et al. 2019). This work implies that APCs
likely exist in a continuum, from least to most committed to the adipocyte lineage, rather than
occupying discrete states. Consistent with this, transplantation and lineage tracing studies show
that DPP4+ progenitors, mainly localized in the layer of fibrous tissue which envelopes adipose
tissue depots and subdivides it into lobes, produce preadipocytes and adipocytes in vivo (Figure

5) (Merrick, Sakers et al. 2019, Stefkovich, Traynor et al. 2021).
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Figure 5 Adipocyte Progenitors and their Contribution to Adipose Tissue Homeostasis.

(A) Adipocyte progenitors are specialized according to their degree of commitment to the adipocyte lineage. A consensus has
emerged that the major contributors to the adipocyte lineage are adventitial fibroblasts sharing a common set of fibroblastic markers
including Pdgfra and Cd34. These fibroblasts can produce both white and beige adipocytes (which can interconvert in response to
environmental temperature). (B) Adipocyte progenitor cells make critical cell fate decisions including whether to differentiate or adopt
a more pro-fibrogenic state. Several lines of evidence suggest that, at a tissue level, there is competition between fibrosis and
adipogenesis, with key mediators acting on adipocyte progenitors to alter their cell fate decisions.

Adipogenesis-inhibitory cells

Several recent studies have identified fibroblast populations that are capable of inhibiting
adipogenesis, including: fibro-Inflammatory-Progenitors (FIPs) in visceral fat, CD142"¢" AREGs
(adipogenesis-regulatory cells) in visceral and subcutaneous fat and aging-dependent regulatory
cells (ARCs) in aged subcutaneous WAT (Hepler, Shan et al. 2018, Schwalie, Dong et al. 2018,
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Nguyen, Lin et al. 2021). Their anti-adipogenic effects are presumed to come from secretion of
inflammatory mediators (ARCs and FIPs) or other secreted factors (AREGs). Of note, the anti-
adipogenic properties of AREGs have been called into question, since other groups report robust
adipogenesis from this population (Merrick, Sakers et al. 2019, Nguyen, Lin et al. 2021). Overall,
the concept that stromal cells modulate the adipogenic commitment and differentiation of APCs

is compelling and suggests an added layer of regulation to adipogenesis.

Depot and Development Specific Progenitors

Several groups have investigated the embryonic origin and development of adipocytes,
and this work has been reviewed in recent articles (Sanchez-Gurmaches, Hung et al. 2016, Sebo
and Rodeheffer 2019). To summarize, selective marker genes have been identified for adipocyte
lineage cells that give rise to the broad categories of adipose tissue depots. For example, Paired
related homeobox 1 (Prx1) is a selective marker of the subcutaneous adipocyte lineage
(Sanchez-Gurmaches, Hsiao et al. 2015). Wilms Tumor 1 (WT1), a transcription factor with key
roles in heart and kidney development, is a selective marker gene for visceral (versus
subcutaneous) APCs (Chau, Bandiera et al. 2014). Notably, since mesothelial cells express WT1,
lineage tracing from WT1+ cells into visceral adipocytes initially suggested that mesothelial cells
contribute to adipogenesis. However, recent work demonstrates that bona fide mesothelial cells
are not adipogenic; instead, a population of fibroblastic PDGFRa+/WT1+ accounts for this result
(Westcott, Emont et al. 2021). Lineage tracing studies show that fat depots in the dorsal anterior
aspect of the mouse, including interscapular BAT and WAT, develop from somitic mesodermal
cells expressing Myf5, Engrailed1 and Pax7 which also give rise to dermal fibroblasts and skeletal
muscle cells (Sebo and Rodeheffer 2019).

Elegant studies using a Ppary lineage tracing system showed that distinct populations of

APCs are responsible for adipose tissue development and maintenance (Jiang, Berry et al. 2014).
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Ppary + cells are detectable in the region which develops into inguinal WAT as early as E10.5.
Interestingly, deletion of Ppary in these embryonic Ppary+ cells at E10.5 does not affect adipose
tissue formation but causes progressive lipodystrophy during ageing. These results indicate that
the adult progenitor cells responsible for adipocyte renewal are specified early in development
and do not mediate the initial development of adipose tissue (organogenesis). The specification
of adipocyte progenitors in embryogenesis suggests that in utero exposures may modulate the

future differentiation potential or fate of these cells.

White vs. Beige adipogenesis

Beige and white fat-specific progenitor cell populations can be isolated and cloned from
subcutaneous WAT, suggesting that beige and white fat cells represent distinct cell types/lineages
(Wu, Bostrom et al. 2012). In this regard, PDGFRp+ cells expressing Cd871 have been reported
to possess enhanced beige adipogenic potential, though this marker gene appears to be quite
broadly expressed in many/most fibroblasts (Oguri, Shinoda et al. 2020). Additionally, smooth
muscle-related cells expressing certain SMC marker genes (i.e. Myh11, Acta2, Trpv1) contribute
to beige adipocyte development (Long, Svensson et al. 2014, Berry, Jiang et al. 2016, Shamsi,
Piper et al. 2021). Remarkably, in the absence of B-adrenergic receptor signaling, a completely
different progenitor cell population expressing skeletal muscle genes, including Myod, are
recruited to generate a distinct type of beige fat exhibiting high levels of glycolysis (Chen, lkeda
et al. 2019). These results show that there are multiple paths for beige adipocyte development,
though the inter-relationships between these different cell types and their differentiation

trajectories are uncertain.

APC Regulation and Adipogenesis
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APCs differentiate into adipocytes via the process of adipogenesis. The molecular
regulation of this process has been extensively studied using in vitro cell model systems.
Adipogenesis is governed by two main waves of transcription factor activation (Lefterova,
Haakonsson et al. 2014). At the onset of differentiation, C/EBP and C/EBP& bind to “semi-
closed” chromatin at adipogenic target genes. At later time points, these regions become
transcription factor ‘hotspots’ that are bound and regulated by multiple transcription factors,
including Glucocorticoid receptor (GR), retinoid X receptor (RXR), and STAT5a. Amongst the
second wave of factors, the master adipogenic factor PPARYy plays a dominant role in activating
the expression of adipocyte-selective genes to confer the mature fat cell phenotype (Steger, Grant
et al. 2010, Siersbaek, Nielsen et al. 2012).

An additional layer of transcriptional regulation in adipocytes is provided by numerous
factors that determine the energy-storing white vs. energy-burning brown phenotype. The
transcriptional co-activator PGC-1a along with IRF4, ERR factors, c/EBPb, CREB and ZFP516
are key regulators of the B-adrenergic-stimulated thermogenic gene program in adipocytes
(Shapira and Seale 2019). Several other transcriptional factors play pivotal roles in specifying
thermogenic adipocyte identity, including EBF2, NFIA, Zc3h10 and PRDM16 (Shapira and Seale
2019). Conversely, ZFP423 enforces white fat cell identity, acting through suppression of EBF2
activity. Adipocyte-specific deletion of ZFP423 or activation of EBF2 in mice enhances beige fat
formation and improves metabolic health (Shao, Ishibashi et al. 2016, Stine, Shapira et al. 2016,
Shao, Zhang et al. 2021). TLE3 also represses the thermogenic program of adipocytes both by
impeding the function of pro-thermogenic factors PRDM16 and EBF2 and by increasing the
expression of white-selective genes. Activation of TLE3 in BAT impairs lipid oxidation and
thermogenesis, while deletion of TLE3 in WAT promotes thermogenesis and energy expenditure

(Villanueva, Vergnes et al. 2013, Pearson, Loft et al. 2019).
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A full understanding of adipocyte lineage commitment (i.e., progenitor-to-preadipocyte
transition) in adult tissues has been hampered by the lack of molecular markers that define these
cell types. However, as discussed above, recent studies have identified distinct cell types/states
which appear to be positioned at different stages along the adipogenic trajectory. The adipogenic
commitment process likely involves the integration of several pro- and anti- adipogenic growth
factor signals. Anti-adipogenic signals include: canonical and noncanonical WNT pathways
(especially WNT5, WNT6, WNT10a, and WNT10b), TGF, platelet derived growth factor (PDGF),
and hedgehog signaling (Ghaben and Scherer 2019). Pro-adipogenic signals include: Insulin,
Bone Morphogenic Protein (BMP) signaling (especially BMP2 and BMP4), and extracellular
matrix composition (Ghaben and Scherer 2019). For example, BMP2 and BMP4 induce activation
of SMAD4 and its heterodimeric partners, which subsequently stimulates the transcription of
PPARYy, driving adipogenic commitment (Huang, Song et al. 2009). Of note, ZFP423, a regulator
of adipogenic commitment and PPARYy expression, sensitizes cells to the pro-adipogenic effects
of BMP signaling (Gupta, Arany et al. 2010).

While many pathways and factors have been shown to regulate adipocyte differentiation
in cell culture models, the physiologic mechanisms that control adipocyte differentiation in vivo
remain poorly defined. There is substantial literature implicating a role for fatty acids in promoting
adipocyte differentiation, suggesting that lipolysis or lipid accumulation in fat tissue provides a
signal for adipogenesis. In this regard, certain fatty acids can serve as activating ligands for PPAR
proteins, providing an attractive mechanistic link between diet, lipid levels and adipocyte
differentiation. However, a high affinity natural ligand for PPARYy has yet to be identified. A notable
recent study showed that omega-3 fatty acids stimulate preadipocytes to undergo differentiation
via the FFAR4 G-protein coupled receptor, located specifically in cilia (Hilgendorf, Johnson et al.

2019).
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A number of pathways have been proposed to inhibit adipocyte differentiation, though in
many cases in vivo evidence is lacking. The presence of committed preadipocyte cells expressing
detectable levels of PPARY suggest that the adipocyte differentiation program is actively inhibited
in these cells under basal conditions. A widespread problem in the field relates to the
misinterpretation of mouse models exhibiting changes in adipose tissue mass. Such effects are
often attributed to primary changes in APC activity and adipogenesis. However, adipose tissue
size is highly sensitive and responsive to changes in systemic energy levels. Many papers
presenting an obesity-resistant mouse model with a metabolically healthy phenotype will attribute
the phenotype to a defect in adipogenesis. However, impaired adipogenesis is expected to cause
lipodystrophy, resulting in ectopic lipid accumulation in muscle and liver along with insulin

resistance.

1.6 Limitations to plasticity

The functional decline of adipose tissue during obesity and aging is associated with a loss
of plasticity. A prevailing model posits that maladaptive adipose tissue remodeling, characterized
by fibrosis and inflammation, is triggered by a failure of angiogenesis which leads to tissue hypoxia
as well as the accumulation of senescent cells (Crewe, An et al. 2017, Hepler and Gupta 2017).
In this model, adipose tissue expansion outstrips vascular supply, causing local hypoxia, which
inhibits adipogenesis and induces hypertrophic adipocytes to secrete inflammatory cytokines, die
via necrosis and spill lipid in an uncontrolled manner. Consequently, adipose tissue becomes
insulin resistant, inflamed, and fibrotic, further compromising its function. All of these processes
are continuous and mutually reinforcing, making it difficult to disentangle cause and effect (Figure

6).

Reduced APC function in aging?
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The capacity for hyperplastic adipose tissue expansion declines during aging (Caso,
McNurlan et al. 2013, Kim, Lun et al. 2014). Aging-induced defects in APCs include decreased
expression of sirtuins, reduced expression of pro-adipogenic transcription factors, and impaired
proliferative capacity (Caso, McNurlan et al. 2013, Khanh, Zulkifli et al. 2018). Moreover, the
adipose tissue of aged mice and humans accumulate senescent APCs (Baker, Childs et al. 2016,
Tabula Muris 2020). Clearance of senescent cells from the adipose tissue of old mice improves
adipogenesis and systemic metabolism (Xu, Palmer et al. 2015). Similarly, suppression of the
SASP in human preadipocytes enhances adipogenic differentiation (Gustafson, Nerstedt et al.
2019). Interestingly, aging in mice also leads to the accumulation of a distinct population of anti-
adipogenic cells, specifically in subcutaneous fat, called “aging-dependent regulatory cells”
(ARCs). ARCs, which express inflammatory markers, inhibit both the proliferation and adipogenic

capacity of APCs (Nguyen, Lin et al. 2021).

Adipose tissue fibrosis

In healthy adipose tissue, adipocytes are embedded in a loose mesh of ECM, composed
of multiple collagens (especially I, lll, and V1), fibrillins, and proteoglycans, that provides structural
support and modulates the activity of growth factors and signaling molecules (Marcelin, Silveira
et al. 2019). In contrast, fibrosis is a hallmark of dysfunctional fat, characterized by the excessive
accumulation of extracellular matrix (ECM) and tissue stiffening. As with fibrosis in other organs,
adipose tissue fibrosis is both a symptom of and contributor to the functional decline of the tissue.

Obesity in mice and humans is generally associated with increased adipose tissue fibrosis,
especially in visceral depots, with higher levels of fibrosis correlating with more metabolic
complications (Sun, Tordjman et al. 2013). Fibrosis appears to cause tissue dysfunction through
several mechanisms. First, adipocytes themselves are mechanosensitive and thus dysregulated

ECM can alter mechanical cues and impair adipocyte function. Indeed, mechanical compression
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of adipocytes impairs lipolysis, decreases the expression of adipokines like leptin and adiponectin,
and increases the expression of ECM genes and proinflammatory cytokines (Pellegrinelli,
Heuvingh et al. 2014). Second, the ECM serves as a reservoir of growth factors and fibrotic ECM
can alter tissue function by disrupting the signaling milieu (Marcelin, Silveira et al. 2019). Third,
fibrotic ECM increases the rigidity of the tissue, physically impeding adipose tissue expansion by
adipocyte hypertrophy (Khan, Muise et al. 2009). Fourth, dysregulated ECM impairs the function
of APCs, which must remodel the local ECM to undergo adipocyte differentiation (Chun, Hotary
et al. 2006). Finally, APCs are mechanosensitive and exhibit decreased adipogenic capacity on
stiffer substrates (Young, Choi et al. 2013).

The signaling pathways, gene regulatory networks, and cellular mediators responsible for
adipose tissue fibrosis have been extensively reviewed elsewhere (Crewe, An et al. 2017).
Transforming growth factor beta (TGFB) especially, as well as many other factors, including
Activin A, Connective Tissue Growth Factor (CTGF), Platelet Derived Growth Factor (PDGFa),
and inflammatory cytokines have been implicated in the development of adipose tissue fibrosis
(Zaragosi, Wdziekonski et al. 2010, lwayama, Steele et al. 2015, Yoshino, Patterson et al. 2019).
Additionally, during obesity, hypoxia-induced signaling through HIF1a exerts potent pro-fibrotic
rather than angiogenic effects in adipose tissue, further driving adipose tissue dysfunction
(Halberg, Khan et al. 2009, Sun, Halberg et al. 2013).

The role of APCs in adipose tissue fibrosis has received significant attention. While other
cell types in adipose tissue, such as macrophages and adipocytes, produce collagens and secrete
pro-fibrotic factors, fibroblasts express the highest levels of collagens and fibrosis genes
(Marcelin, Ferreira et al. 2017). Several studies suggest that APCs may have the capacity to
adopt either an adipogenic or pro-fibrogenic fate, depending on the signaling context. In this
regard, fibrosis would be pathogenic not only because of direct effects on the ECM but also

because of aberrant cell fate choices by APCs, compromising their capacity for adipogenesis
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(Figure 6). Genetic mouse models provide additional evidence that the pro-fibrotic and
adipogenic activities of APCs are opposed. As an example, expression of constitutively active
PDGFRa in APCs results in lipodystrophy and profoundly fibrotic tissue, while deletion of
PDGFRa has opposite effects (Marcelin, Ferreira et al. 2017, Sun, Berry et al. 2017, Sun,
Sakashita et al. 2020). Additionally, HIF1a inhibits APC differentiation through inhibitory
phosphorylation of PPARy and targeting this pathway augments adipogenesis and ameliorates
metabolic dysfunction (Shao, Hepler et al. 2021).

Several studies have defined subsets of APCs in WAT that exhibit high fibrotic and low
adipogenic potential. For example, CD9"9"/PDGFRoa+ cells, which increase during obesity in
visceral fat, exhibit a pro-fibrotic phenotype and are less adipogenic (Marcelin, Ferreira et al.
2017). Hepler et al. identified a related population of PDGFRB+/LY6a+/CD9+ cells in visceral
WAT, which they termed fibro inflammatory progenitors (FIPs) (Hepler, Shan et al. 2018). FIPs
are transcriptionally similar to (DPP4+) progenitor cells in subcutaneous WAT, suggesting that
the division between pro-fibrotic and pro-adipogenic adipocyte progenitor cell subtypes is
conserved across depots (Burl, Ramseyer et al. 2018, Merrick, Sakers et al. 2019, Ferrero, Rainer
et al. 2020).

Finally, a fibrosis vs. adipogenesis (or lipid storage) fibroblast fate axis exists in other
tissues. A well-studied example occurs in the skin, in which conversion of myofibroblasts into
adipocytes and vice-versa occurs during wound healing (Marangoni, Korman et al. 2015, Plikus,
Guerrero-Juarez et al. 2017, Shook, Wasko et al. 2020). In skeletal muscle, PDGFRa+ fibroblastic
cells also give rise to both adipocytes and pro-fibrogenic cells (Uezumi, Ito et al. 2011).
Furthermore, in models of idiopathic pulmonary fibrosis (IPF), treatment with PPARy agonists
alleviates fibrosis by promoting differentiation of lung fibroblasts into lipid storing and less

fibrogenic lipofibroblasts (El Agha, Moiseenko et al. 2017).
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Adipose tissue inflammation

Immune cells play many critical roles in regulating adipose tissue phenotypes in response
to physiological and pathological stimuli (Lu, Zhao et al. 2019). Evidence that obesity results in
chronic inflammation emerged in the 1990s, through the study of Hotamisligil et al., showing
increased concentrations of the inflammatory cytokine TNFa in the adipose tissue of obese rats
(Hotamisligil, Shargill et al. 1993). Neutralization of TNFa signaling improves insulin sensitivity,
establishing a link between immune responses and metabolism. Following these early studies,
an extensive amount of research has demonstrated that chronic inflammation is a hallmark of
adipose tissue dysfunction and systemic metabolic dysregulation.

Obesity in mice and humans dramatically increases the number of adipose tissue
macrophages, linked to the activation of several inflammatory pathways (Weisberg, McCann et
al. 2003, Patsouris, Li et al. 2008, Amano, Cohen et al. 2014). Seminal work showed that obesity
induces a phenotypic switch in adipose tissue macrophages from an anti-inflammatory “type 2”
profile to a pro-inflammatory “type 1” state (Lumeng, Bodzin et al. 2007, Nguyen, Favelyukis et
al. 2007, Lumeng, DelProposto et al. 2008). These “type 1”7 macrophages represent a major
source of pro-inflammatory cytokines and can be found surrounding dead or dying adipocytes in
adipose tissue, forming characteristic crown-like structures. Ablation of pro-inflammatory
macrophages in obese mice decreases adipose tissue inflammation and enhances insulin
sensitivity (Patsouris, Li et al. 2008). Similarly, reducing macrophage recruitment into adipose
tissue ameliorates metabolic complications in high fat fed mice (Kanda, Tateya et al. 2006,
Weisberg, Hunter et al. 2006).

T cells also increase during obesity and play prominent roles in adipose tissue
inflammation (Wu, Ghosh et al. 2007, Nishimura, Manabe et al. 2009). CD8+ effector T cells
infiltrate adipose tissue at early stages of obesity development, stimulating macrophage

recruitment and inflammation (Rausch, Weisberg et al. 2008, Nishimura, Manabe et al. 2009). Of
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note, high fat feeding in mice led to an accumulation of a particular subset of T cells exhibiting a
senescent phenotype and expressing high levels of the pro-inflammatory factor Osteopontin
(Spp1) in visceral adipose tissue (Shirakawa, Yan et al. 2016). Conversely, regulatory T (Treg)
cells play a critical role in suppressing adipose tissue inflammation in the visceral depot (Feuerer,
Herrero et al. 2009, llan, Maron et al. 2010). Adipose tissue Treg cells are abundant in the lean
state and decrease in obesity. Ablation of these cells in fat tissue increases inflammation and
insulin resistance, whereas adoptive transfer of Treg cells blunts inflammatory response and
improves metabolic parameters.

Another important immune cell type in adipose tissue is innate lymphoid type 2 cells
(ILC2). ILC2 cells express IL-5 and IL-13, which regulate the maintenance of alternatively
activated macrophages and eosinophils to limit inflammation and promote the development of
thermogenic adipocytes (Hams, Locksley et al. 2013, Molofsky, Nussbaum et al. 2013). Like Treg
cells, adipose tissue ILC2 decrease in the setting of obesity. ILC2 cells also decrease in
abundance and lose their identity in the visceral adipose tissue of mice during aging (Goldberg,
Shchukina et al. 2021).

The mechanisms responsible for triggering and sustaining adipose tissue inflammation
have been intensively studied over the past decade. Obesity-induced alterations in the gut
microbiome, along with increased gut permeability promote the translocation of endotoxins like
LPS, driving inflammation in many tissues including adipose tissue. Within adipose tissue, fatty
acids released from fat cells (or insufficiently sequestered by fat cells) have been proposed to
elicit inflammatory responses, though these effects have not been observed consistently across
studies (Tilg, Zmora et al. 2020). Additionally, the chronic uptake and increased storage of fatty
acids as lipid droplets in macrophages may cause lipotoxicity, leading to pro-inflammatory
changes within macrophages. In support of this idea, lipid-storing macrophages, resembling foam

cells, accumulate in obese adipose tissue (Lumeng, Deyoung et al. 2007). More recently, single
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cell transcriptomic studies defined a population of lipid-laden macrophages in adipose tissue of
obese animals marked by the expression of CD9. These CD9+ macrophages are sufficient to
induce pathologic programing of adipose tissue when transferred into lean mice (Hill, Lim et al.
2018). Interestingly, the capacity for macrophages to take up and store lipid exerts beneficial,
metabolically protective effects, suggesting that lipid-storage per se is adaptive and that other
signals are necessary to provoke inflammatory changes (Aouadi, Vangala et al. 2014). Further
studies show that the lipid receptor TREM2 is a key functional regulator and marker of lipid-storing
macrophages in rodent and human fat tissue (Jaitin, Adlung et al. 2019). Notably, a recent study
shows that adipocytes, in addition to releasing fatty acids via lipolysis, transfer lipids to
macrophages via exosomes (Flaherty, Grijalva et al. 2019). This exosomal lipid transfer pathway
is increased in obesity and promotes macrophage differentiation.

Adipocytes modulate inflammation through the production of adipokines. In particular,
Leptin, which increases during obesity, exerts pro-inflammatory effects through direct actions on
many types of immune cells (Francisco, Pino et al. 2018). By contrast, adiponectin promotes an
anti-inflammatory profile in macrophages (Ohashi, Parker et al. 2010). An emerging concept in
the field demonstrates important functions for various types of fibroblasts in modulating adipose
tissue immune responses. For example, the Gupta lab has defined a subset of fibroblasts, called
fibro-inflammatory progenitors that stimulate macrophage accrual in adipose tissue during obesity
development (Shan, Shao et al. 2020). Additionally, certain subpopulations of mesenchymal cells
in adipose tissue are a major source of IL-33, which regulates the activity of Treg and ILC2 cells
(Spallanzani, Zemmour et al. 2019). Unfortunately, despite a huge body of literature implicating
inflammation as a driver of obesity-related metabolic disease, anti-inflammatory therapies have,
thus far, not been successful. Given the pleiotropic effects of immune cells in adipose tissue, it

will likely be necessary to identify approaches that selectively block the maladaptive effects of

49



inflammation, without compromising the critical functions of immune cells that support adipose

tissue health and plasticity.
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Figure 6 The Hallmarks of Adipose Tissue Dysfunction

Several interconnected and mutually reinforcing processes contribute to adipose tissue dysfunction during the pathogenesis of
metabolic disease. Excessive expansion of adipose tissue and insufficient angiogenesis drives hypoxia, which triggers an
inflammatory response and promotes fibrosis. The inflammatory milieu drives the secretion of cytokines that maintain adipose
inflammation, promote fibrosis, and impair metabolic flexibility by interfering with both nutrient uptake and nutrient release. Diminished
progenitor cell differentiation capacity, due to progenitor autonomous defects, inflammation, or fibrotic ECM, limits expansion via
hyperplasia, favoring adipocyte hypertrophy. Thermogenesis, which is highly dependent on the metabolic flexibility of adipose tissue
is blunted, diminishing energy expenditure. These processes are continuous and synergistic, leading to a vicious cycle that culminates
in adipose tissue dysfunction.

Limitations to Metabolic Plasticity

Healthy WAT exhibits extensive metabolic flexibility, responding to anabolic and catabolic
signals (via lipogenesis and lipolysis respectively) to preserve whole organism energy
homeostasis. However, in the setting of chronic positive energy balance, WAT develops metabolic
inflexibility, characterized by a decreased amplitude of response to signals regulating both the
storage and mobilization of nutrients.

In the fed-state, adipose tissue metabolic inflexibility manifests as insulin resistance,

resulting in decreased post-prandial glucose and lipid sequestration, unrestrained lipolysis, and
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elevated circulating FFA levels (Gastaldelli, Gaggini et al. 2017, Petersen and Shulman 2018).
The molecular pathogenesis of adipose tissue insulin resistance is complex and incompletely
understood, but inflammation, hypoxia, fibrosis, and impaired expandability appear to be key
contributors; comprehensive reviews offering integrated perspectives on whole body and adipose
tissue specific insulin resistance have been recently published elsewhere (Czech 2020).

In the fasted-state, adipose tissue metabolic inflexibility manifests as diminished
catecholamine-stimulated lipolysis in subcutaneous WAT, despite elevations in basal lipolysis in
all fat depots (Arner 2005). This lipolysis impairment is due to alterations in the catecholamine-
stimulated signaling cascade, including reduced B.-adrenergic receptor expression, increased
anti-lipolytic az-receptor activity, and decreased HSL stimulation by cAMP; these phenomena
have been extensively reviewed elsewhere (Morigny, Houssier et al. 2016). These changes are
likely exacerbated by obesity-induced decreases in sympathetic nerve fiber density (Jiang, Ding
et al. 2017, Cao, Wang et al. 2018).

Chronic inflammation is believed to be a major contributor to the impairment in the
metabolic plasticity of fat (Zatterale, Longo et al. 2019). As an example, secretion of the
proinflammatory cytokines TNFa and MCP1 by adipocytes and infiltrating macrophages activates
JNK signaling, which phosphorylates the insulin receptor and reduces its activity (Hirosumi,
Tuncman et al. 2002). Similarly, chronic inflammation diminishes catecholamine responsiveness.
For example, TNFa-induced expression of the kinases IKKe and TBK1 activates the
phosphodiesterase PDE3B, which directly reduces the levels of cAMP. This reduction in cAMP
signaling reduces HSL phosphorylation and UCP1 expression thereby diminishing both lipolysis
and thermogenesis (Mowers, Uhm et al. 2013, Li, Wang et al. 2019).

Hypoxia is another key driver of adipose tissue dysfunction and metabolic inflexibility
during aging and obesity. Hypoxia is believed to develop due to (1) the presence of hypertrophic

adipocytes (reaching 200+ ym in diameter), which exceed the diffusion limit of O, (typically 100-
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200 um in tissues) and (2) defects in post-prandial blood flow and vascular density (Trayhurn
2013). In obesity, rather than stimulating angiogenesis, HIF1a, the master regulator of the hypoxia
response, promotes the expression of pro-inflammatory and pro-fibrotic genes (Halberg, Khan et
al. 2009, Lee, Kim et al. 2014). Interestingly, expression levels of an anti-angiogenic form of VEGF
(VEGFA+gsb) are elevated in obesity and likely contribute to impaired angiogenesis in adipose
tissue (Ngo, Farb et al. 2014). Obese humans exhibit diminished adipose tissue blood flow and a
notable failure to augment blood flow in response to feeding, prolonged fasting, and exercise
(Frayn and Karpe 2014). Consistent with this finding, obese mice show precipitous declines in
adipose tissue capillary density (Cao, Wang et al. 2018). Together these results suggest that
targeting adipose tissue angiogenesis to promote healthy vascular growth and avoid hypoxia may

be a promoting future therapeutic avenue.

Thermogenesis

Obesity and aging are associated with reductions in the abundance and activity of
thermogenic adipose tissue in both mice and humans (Wang, Ishibashi et al. 2019, Becher,
Palanisamy et al. 2021). Interestingly, distinct mechanisms may underlie age- and obesity-linked
declines in thermogenic fat activity. For example, Song et al. observed that the conversion of low-
thermogenic cells to high-thermogenic cells in BAT is impaired in aging but not in diet-induced
obesity (Song, Dai et al. 2020). Likewise, Nguyen et al. showed that aging but not obesity causes
the emergence of pro-inflammatory precursor (ARC) cells in subcutaneous adipose tissue, which
impede adipocyte differentiation (Nguyen, Lin et al. 2021). Targeting BAT to increase longevity

has been the aim of several studies and is reviewed elsewhere (Darcy and Tseng 2019).
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1.7 Translational regulation of adipose tissue

As discussed earlier on this chapter, the adipose tissue has an incredible ability to adapt
and remodel its structure and function in response to the host needs. Even though transcription
regulation has been largely studied as an import process regulating adipose tissue plasticity,
translational control is the final level of regulation to make a functional gene product: a protein.

Interestingly, there is little known about the interplay of metabolism, adipose tissue, and
translational control. In the early 80’s, the ability of insulin to regulate fat cells ribosomes activity
and protein synthesis rates was reported. Insulin induced a shift in the polysome profile by
increasing the size of the polysomes pool and decreasing monosomes abundancy (Vydelingum,
Drake et al. 1983). A few papers since then have demonstrated how hormones and growth factors
directly impact the translation machinery. For example, activation mTOR/PI3K and MAPK
pathways, drives the downstream activation of kinases S6K and RSK that phosphorylate
eukaryotic initiation factor 4B (elF4B) (Shahbazian, Roux et al. 2006). elF4B phosphorylation at
Ser422 increases the ability of this initiation factor to interact with initiation factor complex 3,
therefore increasing rates of translation initiation. However, how these pathways and translation
rate respond to pathologies such as obesity is still under investigation.

Evidence of a finely tuned regulation has been demonstrated by the studies with global
heterozygous mice for negative regulators of the cap-binding protein elF4E (4E-BP1 and 4E-
BP2), eukaryotic initiation factor 4E (elF4E) and eukaryotic initiation factor 6 (elF6). Le Bacquer
and collaborators (Le Bacquer, Petroulakis et al. 2007) demonstrated that ablation of negative
regulators 4E-BP1 and 4E-BP2 promoted an increased sensitivity to diet induced obesity and
insulin resistance. A mechanism driven by increased adipogenesis, and reduced energy
expenditure/lipolysis(Tsukiyama-Kohara, Poulin et al. 2001). Consistent with these findings, a
more recent study, demonstrated that hemizygous mice for elF4E are resistant to diet-induced

obesity (Conn, Yang et al. 2021). Specifically, elF4E in liver selects for mMRNAs involved in lipid
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storage and lipid metabolic processing - a process that is disrupted in the elF4E+/- mice resulting
in increased fatty acid oxidation and consequently enhancement in energy expenditure. These
two seminal papers together demonstrate that in the absence of translational break (4E-BP1 and
4E-BP2), elF4E is free to drive initiation of translation, and as a consequence drives more
adipogenesis, and increase in fat mass. However, if you reduce elF4E dose (elF4E+/- mice), that
drives a lean phenotype, with increase in beta-oxidation and decrease in lipid storage. Finally,
elF6 heterozygous mice have shown a decrease in body mass, and triglyceride content in liver
and increased insulin sensitivity (Brina, Miluzio et al. 2015). Mechanistically, elF6 promotes the
translation of a specific set of mMRNAs (e.g. Fasn), involved in de novo lipogenesis increasing lipid
storage as a consequence. Therefore, modulating the expression and activation of essential
initiation factors seems crucial to regulate metabolism and energy homeostasis.

In conclusion, given the interconnected roles of translation and metabolism, shaping
physiological outcomes and metabolic diseases (e.g. obesity, diabetes, fatty liver), a continued
and comprehensive exploration of their intricate interrelationships is indispensable for advancing

our mechanistic understanding about obesity in health and disease.

1.8 Conclusions

There is an urgent need to develop new therapies to combat the expanding dual epidemics
of obesity and cardiometabolic disease. Adipose tissue lies at the center of these health problems,
representing a major contributor to disease pathogenesis and a promising target for therapies. As
highlighted in this chapter, adipose tissue possesses extraordinary plasticity, including its: (1)
rapid titration of metabolic programs to maintain systemic energy levels in the face of fluctuating
changes in nutrient supply and demand; (2) unparalleled capacity to expand and contract to

accommodate long term trends in energy balance; (3) remarkable structural and metabolic
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transformation during cold exposure to engage in heat production; (4) capacity for de-
differentiation to regulate lactation and wound healing.

Obesity often leads to a decline in adipose tissue plasticity, which is associated with
fibrosis, inflammation, progenitor cell senescence, and catecholamine resistance. Ultimately,
these pathological changes impair the critical nutrient-buffering function of adipose tissue, leading
to insulin resistance and metabolic disease. The central role of adipose tissue dysfunction in
disease and the incredible plasticity of fat tissue supports the promise of modulating fat tissue
phenotypes for therapeutic purposes. The viability of this approach has already been
demonstrated with the success of thiazolidinediones, which promote healthy adipose tissue
expansion and enhance insulin sensitivity. Unfortunately, unfavorable side effects of some
thiazolidinediones have caused this class of drugs to fall out of favor.

New insights into the identity and regulation of APCs, adipocytes, immune cells, and other
diverse cell types in adipose tissue promise to reveal novel drug targets to promote metabolically
beneficial tissue remodeling. For example, it may be possible to promote favorable APC-fate
decisions, encouraging adipogenesis at the expense of adipocyte hypertrophy, fibrosis, and
inflammation. Additionally, increasing the abundance and activity of thermogenic adipose tissue
is a promising strategy to enhance energy expenditure to combat both metabolic disease and
obesity. Many questions and opportunities for future discovery remain, which will yield new

insights into adipose tissue biology and hopefully lead to improved therapies for human disease.
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CHAPTER 2: PPARY-DEPENDENT REMODELING OF TRANSLATIONAL MACHINERY IN

ADIPOSE PROGENITORS IS IMPAIRED IN OBESITY

2.1 Introduction: Overview of rosiglitazone-induced response in adipose tissue

Obesity is a complex and multifactorial condition that results from an imbalance between
energy intake and energy expenditure. This leads to an excessive accumulation of body fat, which
in some cases can negatively impact an individual's physical, psychological, and social well-
being, as well as increases the risk of developing several chronic diseases, such as
cardiovascular disease, type 2 diabetes, and certain cancers, among others. This complex
interplay of adipose tissue adaptation and expansion during obesity can ultimately lead to
maladaptive changes in its structure and function (CDC 2023, WHO 2023).

While the maladaptation of the adipose tissue during obesity has been studied extensively
(Sakers, De Siqueira et al. 2022), it is not clear how distinct cell types within adipose tissue are
impacted. Furthermore, the role of adipose progenitor cells (APCs) and their response to different
stimuli is still not fully understood. Recent single-cell and single-nuclei RNA sequencing studies
started uncovering the tremendous heterogeneity and plasticity of these cells in mice and humans
(Hepler, Shan et al. 2018, Merrick, Sakers et al. 2019, Min, Desai et al. 2019, Rajbhandari,
Arneson et al. 2019, Spallanzani, Zemmour et al. 2019, Henriques, Bedard et al. 2020, Oguri,
Shinoda et al. 2020, Ramirez, Dankel et al. 2020, Song, Dai et al. 2020, Vijay, Gauthier et al.
2020, Angueira, Sakers et al. 2021, Hildreth, Ma et al. 2021, Sarvari, Van Hauwaert et al. 2021,
Maniyadath, Zhang et al. 2023). External factors such as B-adrenergic stimulation drive dynamic
remodeling of APCs, both in brown adipose tissue and inguinal white adipose tissue (Oguri,
Shinoda et al. 2020, Song, Dai et al. 2020), while obesity is characterized by a decline in the

number of APCs and a shift towards a fibroinflammatory and less lipogenic profile (Merrick,
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Sakers et al. 2019, Sarvari, Van Hauwaert et al. 2021). Whether the stromal vascular fraction and
specifically the APCs contribute to whole-body metabolic homeostasis and how they can be
potentially targeted is still not fully characterized.

Evidence of such a crucial function was first reported using an inducible adipocyte-specific
PPARy knockout system, where after mice were treated with thiazolidinediones (TZDs - PPARYy
agonists) several pathways were modulated in the white adipose tissue in the absence of PPARYy.
This remodeling suggests that there are either indirect effects of TZDs or PPARy-independent
targets in the adipose tissue (Wang, Zhang et al. 2018). TZDs have been studied for a long time
and specifically, rosiglitazone has been shown to improve insulin sensitivity in adipocytes directly
through the activation of PPARYy receptors which promotes lipogenesis and secretion of
adiponectin, reduces inflammation in adipose tissue, and decreases hepatic and peripheral
triglycerides levels (Chao, Marcus-Samuels et al. 2000, Tontonoz and Spiegelman 2008, Kang,
Park et al. 2010, Cariou, Charbonnel et al. 2012, Soccio, Li et al. 2017, Lebovitz 2019). At the
molecular level, the occupancy of PPARYy in the promoter regions of multiple adipose genes is
indeed significantly decreased in adipocytes following a high-fat diet. Consequently, these cells
exhibit an increased expression of myofibroblast genes triggered by the TGFB1 effector protein
SMAD. Notably, rosiglitazone does revert the molecular and cellular phenotype in fat cells from
obese animals highlighting a crucial role of PPARYy in remodeling the transcriptional architecture
(Roh, Kumari et al. 2020). Even though the transcriptional landscape reconfiguration by
rosiglitazone in the adipose tissue is well described, the translational regulation of these
messenger RNA networks is not fully understood.

Indirect evidence has shown that after rosiglitazone treatment, there is an increase in the
mammalian target of rapamycin complex 1 (mMTORC1) activity and that deficiency of mTORCA1
blocks the rosiglitazone effect on transcriptional remodeling in the adipose tissue (Blanchard,

Festuccia et al. 2012, Andrade, Gilio et al. 2021). One of the downstream effector functions of
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mTORC1 activation is the phosphorylation and consequently, dissociation of eukaryotic
translation initiation factor 4E-binding protein 1 (elF-4EBP1) from the major cap-dependent
eukaryotic translation initiation factor 4E (elF4E) (Pause, Belsham et al. 1994, von Manteuffel,
Gingras et al. 1996, Burnett, Barrow et al. 1998, Gingras, Gygi et al. 1999, Roux and Topisirovic
2012). As a consequence, elF4E can then be recruited to the translation initiation complex elF4F.
In addition, mTORC1 is known to phosphorylate S6K, which in turn phosphorylates several
components of the translation machinery (e.g., S6, elF4B) (Valvezan and Manning 2019).
However, it's not clear how rosiglitazone directly impacts the translation machinery in the adipose
tissue to promote adipocyte differentiation.

Here we investigated the impact of an acute PPARy agonist treatment in obese mice at
single cell level in both inguinal and epidydimal adipose stromal vascular fraction. We
demonstrated that rosiglitazone profoundly remodels the molecular landscape in both depots and
restores the obese transcriptional profile to what we observed in lean mice. In addition to
developing a single-cell transcriptome atlas of leptin deficient mice (ob/ob), and their response to
rosiglitazone in each cell type, we identified a novel role of PPARy agonists in regulating
translation. We have shown that rosiglitazone increased the expression of ribosomal genes in the
APCs and that this remodeling is induced by PPARYy directly binding to enhancers in close
proximity to these genes. Moreover, heavily translating ribosomes (polysomes) were not only
occupied by fat-specific PPARy targets but also by a distinct selection of transcripts containing
specific G-rich motifs in their 5’ untranslated region (5’UTR) after rosiglitazone treatment. In
conclusion, we propose that this remodeling drives a translation selectivity in the polysomes of
the stromal vascular fraction characterizing a specialized adipose tissue translation response to

rosiglitazone to drive adipogenesis and maintain adipose homeostasis.
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2.2 Results
2.2.1 Acute Rosiglitazone Treatment Confers Improvement in Glucose Tolerance and
Remodeling in the Adipose Tissue

To evaluate the impact of an acute PPARy agonist treatment on host physiology, we
treated wild-type (WT) C57BL/6 lean mice and obese Lep®/Lep® (ob/ob) mice with either
Rosiglitazone (Rosi) or vehicle (Veh) by oral gavage for three days (Fig7A). Lean mice treated
either with vehicle (WT-Veh) or Rosi (WT-Rosi) did not present changes in total body weight, nor
improvement in glucose clearance (Fig7B-C). ob/ob mice treated with vehicle (ob/ob-Veh) or
rosiglitazone (ob/ob-Rosi) also did not show changes in body weight (Fig7B), however, ob/ob-
Rosi mice presented a remarkable improvement in glucose tolerance, comparable to lean mice
(Fig7C). Thus, Rosi leads to the normalization of glucose excursion curves within 3 days of acute
treatment in the absence of changes in body weight.

To assess whether acute treatment with Rosi leads to morphological changes in adipose
tissue, we analyzed histological sections from liver and adipose tissue. WT-Rosi mice presented
no hepatic histological changes but a minor increase in total mass (FigS1A-B). In contrast, the
liver of ob/ob-Rosi mice exhibited a decrease in lipid accumulation (FigS1A) characterized by a
reduction in lipid droplet numbers and size (FigS1C). Next, we examined whether Rosi impacted
the weight and histology of the main fat depots: brown adipose tissue (BAT), epididymal white
adipose tissue (eWAT), and inguinal adipose tissue (iIWAT). We found that BAT mass increased
with Rosi treatment in both lean and obese mice (Fig7D), while the weight of eWAT and iWAT
were similar when compared between vehicle and Rosi (Fig7E-F). Notably, ob/ob mice treated
with Rosi had decreased crown-like structures in the eWAT with no major alterations in the iWAT
and BAT in both obese and lean conditions (Fig7G).

In order to evaluate the distribution of glucose with Rosi treatment, we adapted the

conventional glucose tolerance test by mixing a bolus of glucose with 18F fluorodeoxyglucose
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(['®F]-FDG). After one hour of conscious glucose uptake, mice were subjected to PET/CT scans
(FigS1D). ob/ob-Rosi mice presented an increase in glucose uptake in the brain, heart, liver,
muscle, and adipose tissue (axillary) and a trend in the BAT compared to ob/ob-Veh mice
(FigS1E-F). To better visualize the glucose uptake in the fat depots, we excluded regions of high

18F-FDG uptake (e.g., heart, and bladder) using the software ORS Dragonfly. Remarkably,
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Figure 7 Adipose tissue remodeling after acute rosiglitazone treatment.
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A) Schematic experimental design: lean (WT) and obese (ob/ob) mice were orally gavage with either vehicle or rosiglitazone 30mg/Kg
for 3 days. (B) Total mice body weight. (C) Glucose tolerance test 1g/Kg. (D-F) Adipose tissue weight: brown adipose tissue (BAT),
epididymal adipose tissue (eWAT), and inguinal adipose tissue (iWAT). (G) Histological analysis of BAT, eWAT, and iWAT
(hematoxylin and eosin stain). (H) Visualization of adipose tissue ['®F]-FDG (100uCi) accumulation after one-hour conscious uptake.
Data represent mean + SEM (n = 8 mice per group). GP pvalue style: *p= 0.0332; **p < 0.0021; ***p < 0.0002 by one-way ANOVA,
multiple comparisons followed by Tukey post hoc test, (C) two-way ANOVA followed by Bonferroni post hoc test.

ob/ob-Rosi mice had a much greater glucose uptake in the adipose tissues compared to ob/ob-

Veh mice (Fig7H).
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(A) Histological analysis of the liver after acute rosiglitazone treatment (30mg/Kg). (B) Liver weight. (C) Lipid droplet area quantification
of ob/ob mice treated with either vehicle or rosiglitazone. (D) Schematic overview of conscious glucose uptake in vivo using a bolus
of glucose (1g/Kg) and ['®F]-FDG (100uCi). (E) PET/CTs at coronal and sagittal view of ob/ob mice treated either vehicle or
rosiglitazone. (F) Quantification of percent injected dose per cubic centimeter in tissue (%ID/cc) ID, injected dose. Data represent
mean + SEM (n = 6-8 mice per group). GP pvalue style: *p= 0.0332; **p < 0.0021; ***p < 0.0002 by (B) one-way ANOVA, multiple
comparisons followed by Tukey post hoc test, (C) two-tailed Student’s t-test, and (F) multiple comparisons two-tailed Student’s t-test.

Overall, acute Rosi treatment presented a major remodeling in the obese host physiology,

specifically decreasing hepatic lipid accumulation, reducing cellular infiltration in eWAT,
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increasing BAT mass, improving glucose tolerance, and increasing glucose uptake in adipose

depots and other major tissues with high metabolism rate.

2.2.2 Single-Cell RNA Sequencing Uncovers Stromal Vascular Cell Remodeling after PPARy
agonist treatment

Although TZDs exhibit a clearly defined role in modulating adipocyte functions, the
influence and remodeling effects on the adipose stromal vascular fraction remain unclear.
Therefore, we set out to understand how Rosi treatment affects the stromal vascular fraction in
the adipose tissue by using single-cell RNA sequencing (scRNASeq) in both eWAT and iWAT.

Since the major Rosi responses were observed in obese mice, we treated ob/ob mice with
either vehicle or Rosi for 3 days. Additionally, we included a WT-Veh group to compare the
baseline of lean mice (Fig8A). Briefly, datasets from both eWAT and iWAT were separately
processed through the 10X Genomics Cell Ranger version 3.0.2 single-cell software to perform
sample demultiplexing, sequence alignment to mouse genome mm10, quality control
assessment, and filtering unique molecular identifiers (UMIs) counting to generate gene count
matrices. Single cells were identified from background noise with a default setting in Cell Ranger.
The filtered matrix was further selected with the proportion of mitochondrial reads < 25%, the
number of UMI ranging from 700-22,000, and the number of detected genes ranging from 200-

6,000 (FigS2A-B).
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Figure 8 PPARy-driven adipose tissue heterogeneity.

(A) Schematic overview of sScRNA-Seq: lean (WT) and obese (ob/ob) mice were treated with either vehicle or rosiglitazone for 3 days
(30 mg/Kg). Single-cell RNA Sequencing was conducted on the stromal vascular fraction extracted from epididymal white adipose
tissue (eWAT) and inguinal white adipose tissue (i\WAT) separately. (B-C) Uniform Manifold Approximation and Projection (UMAP)
plot illustrates the cell clusters among 61,343 eWAT cells and 65,556 iWAT cells. The right three panels separately represent cells
from WT-Veh, ob/ob-Veh, and ob/ob-Rosi. Each colored dot signifies a cell, with distinct colors indicating various cell types. The
Louvain algorithm was utilized to determine cell clusters. (D-E) Cluster-specific expression of known cell markers: Adipocyte Precursor
Cells (APC): Pdgfra; B Lymphocytes (BC): Cd79a; Dendric Cells (DC): FIt3; Endothelial cells (EC): Jam2; Lipid-Associated
Macrophages (LAM): Trem2 and Adgre1; Neutrophils (Neu): S700a8, Natural Killer T cells (NKT): Kirb1c and Cd3e; Non-Perivascular-
like Macrophages (NPVM): Ear2 and Adgre1, Proliferating-LAM (P-LAM): Kif11, Trem2 and Adgre1, Perivascular Macrophages
(PVM): Lyve1 and Adgre1, Smooth Muscle Cells (SMC): Msin. Data shown a single scRNA-Seq experiment (n=2 per group).
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(A-B) Violin plots display the distribution of the number of Unique Molecular Identifiers (UMI) (nCount_RNA), the number of detected
genes (nFeature_RNA), and the proportion of mitochondrial reads (Percent_mitochondria) across each sample in eWAT (A) and iWAT
(B). Cells were selected based on the number of UMIs (with a threshold range of 700-22,000), the number of detected genes (with a
threshold range of 200-6,000), and the proportion of mitochondrial reads (with a threshold of less than 25%). (C-D) UMAP plot
illustrates the cell clusters among 61,343 eWAT cells (C) and 65,556 iWAT cells (D) by each sample. The three panels separately

represent cells from WT-Veh, ob/ob-Veh, and ob/ob-Rosi groups. Each colored dot signifies a cell. Data shown a single scRNA-Seq
experiment (n=2 per group).

We were able to identify the major cell types described to be present in the adipose tissue:
Smooth Muscle Cells (SMC), Neutrophils (Neu), B Lymphocytes (BC), Endothelial cells (EC),

Adipocyte Progenitor Cells (APC), Natural Killer T cells (NKT), Dendritic Cells (DC), Perivascular
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Macrophages (PVM), Lipid-Associated Macrophages (LAM), Non-Perivascular-like Macrophages
(NPVM), and Proliferating-Lipid Associated Macrophages (PLAM) (Fig8B-E). Visualization of the
cell clusters using t-SNE plots of the individual mice showed high reproducibility within groups
(FigS2C-D). Interestingly, tissue-specific differences between eWAT and iWAT were evident,
such as the presence of SMCs and PLAMs in the eWAT and DCs in the iWAT (Fig8B-C).
Remarkably, ob/ob-Rosi samples from both eWAT and iWAT presented a huge shift in the cell
clusters away from those in the ob/ob group to resemble the microenvironment in the lean WT-

Veh mice (Fig8B-C).

2.2.3 Rosiglitazone Treatment Leads to Major Shifts in Macrophages Subpopulations

Despite the presence of crown-like structures in the histology of the ob/ob-Veh mice
(Fig7G), we did not observe the presence of a large population of Lipid-Associated Macrophages
(LAM) by scRNASeq in the ob/ob-Veh samples (iWAT and eWAT) (Fig8B-C). We, therefore,
hypothesized that due to the high lipid content of those cells, and a gentle dissociation (see
Methods), LAM may have floated away with the mature adipocyte fraction. To test this, we
collected the top floating layer after IWAT/eWAT enzymatic digestion, plated cells overnight, and
then performed confocal imaging. We found numerous F4/80 positive cells within the mature
adipocyte fraction in both eWAT and iWAT of ob/ob-Veh mice (FigS3A). A few of these
macrophages were in the process of phagocytosing apoptotic adipocytes, which also showed
Plin1 staining, a lipid droplet marker found in adipocytes. By contrast, ob/ob-Rosi samples showed
a decrease in the number of macrophages, as well as drastic morphological differences in
macrophages, likely reflecting a different state of activation, with less classically activated cells
(FigS3A). The effect of Rosi on macrophages switching from an inflammatory to an anti-
inflammatory profile has been previously described (Tontonoz, Nagy et al. 1998, Odegaard,

Ricardo-Gonzalez et al. 2007, Szanto, Balint et al. 2010), and PPARy activation directs an
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alternative-activation profile by the IL4-PPARy-STAT6 pathway. To better understand the
changes in macrophage composition in response to Rosi, we performed flow cytometry to quantify
Macrophages (Macs), Inflammatory Macrophages (IM), Lipid-laden Macrophages (LAM), and
Perivascular Macrophages (PVM) (FigS3B). We confirmed that Rosi treatment decreased the

number of inflammatory and lipid-associated macrophages in both eWAT and iWAT, with a

F4/80

" v : "

stronger response in the eWAT (FigS3C-F).
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SFigure 3 Adipose-specific macrophage profile remodeling after PPARy agonist treatment.

(A) Confocal images of macrophages (F4/80+) cultured overnight from mature-adipocyte fraction from either ob/ob-Veh or ob/ob-Rosi:
DAPI (nuclei- blue), LipidTox (neutral lipids-green), F4/80 (macrophages-red), Plin1 (adipocyte-specific perilipin - white). (B) Flow
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cytometry gate strategy for macrophages: Tim4+: perivascular macrophages (PVM), Cd11c+: inflammatory macrophages (IM), Tim4-
, Cd11c-: lipid-laden macrophages (LAM). (C-F) Frequency and absolute number of Macrophages (Mac), IM, LAM, and PVM from
epididymal and inguinal adipose tissue. Data represent mean + SEM (n = 6 mice per group). GP pvalue style: *p= 0.0332; **p <
0.0021; ***p < 0.0002 by two-tailed Student’s t-test.

2.2.4 Response of Adipocyte Progenitors Cells after PPARy Agonist Treatment

Further evaluation of adipose histological sections of both eWAT (Fig9) and iWAT (FigS4)
showed the presence of small multi-locular cells that could be indicative of newly forming
adipocytes in ob/ob-Rosi mice (Fig9A, FigS4A - arrowheads). To evaluate whether acute Rosi
treatment could impact the adipocyte progenitor populations that give rise to adipocytes, we
focused on the cluster of Adipocyte Progenitor Cells (APC) that were then subclustered into
progenitors and preadipocytes (Fig9B and FigS4B). Interestingly, the Rosi treatment remodeled
the clusters of progenitors and preadipocytes to states that are transcriptionally similar to those
observed in lean mice (Fig9B and FigS4B). To confirm the progenitors and preadipocyte
identities, we checked the expression of classical markers of progenitors (Pi16 and Dpp4), and
preadipocytes (Icam1 and Cd36) [4]. eWAT presented a very clear and distinguishing expression
of progenitor markers and a more diffused expression of preadipocyte markers potentially
exemplifying a gradient of commitment to the adipogenic lineage (Fig9C). In contrast, the iWAT

had a very clear separation between the progenitors and preadipocytes (FigS4C).
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Figure 9 Remodeling of epididymal adipocyte precursor cells in response to PPARy agonist.

(A) Histological analysis of epididymal adipose tissue (hematoxylin and eosin stain) from either ob/ob-Veh or ob/ob-Rosi mice. (B) t-
distributed stochastic neighbor embedding (t-SNE) plot illustrates two subclusters of adipocyte precursor cells in the eWAT:
progenitors and preadipocytes. The right three panels separately represent cells from WT-Veh, ob/ob-Veh, and ob/ob-Rosi. Each
color-coded dot represents a cell, with progenitors being represented by red and preadipocytes by cyan. The Louvain algorithm was
utilized to determine cell clusters. (C) Individual gene t-SNE ploys showing the expression and distribution of representative marker
genes: Pi16 and Dpp4 for progenitors, Icam1 and Cd36 for preadipocytes. (D) Gate strategy to characterize progenitor cells: Lineage
negative (CD45-, CD31-), PDGFRa+, DPP4+ (progenitors), and ICAM1+/CD36+ (preadipocytes). (E) Absolute number of progenitor
and preadipocytes from ob/ob-Veh and ob/ob-Rosi mice. (F-G) Confocal of sorted lineage negative (CD45-, CD31-), PDGFRa+,
DPP4+, and DPP4- cells differentiated for 4 days on DMI (dexamethasone, IBMX, and insulin) media, DAPI (nuclei- blue), LipidTox
(neutral lipids- green). Data represent mean + SEM (n = 6 mice per group). Confocal images: 4 wells per condition, 2 representative
images per well were acquired. GP pvalue style: *p= 0.0332; **p < 0.0021; ***p < 0.0002 by two-tailed Student’s t-test.

We made several comparisons to understand how our APC annotations compare with
previously published single-cell analyses to validate our progenitors and preadipocyte populations
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(FigS5A-B). First, we compared our data set with Burl and collaborators (Burl, Ramseyer et al.
2018). They have identified two populations in the eWAT and iWAT at steady state and in
response to B3-adrenergic receptor agonist: adipocyte stem cells 1 and 2 (ASC1 and ASC2). In
agreement with their data, our progenitor population matched with their ASC2 population, and our
preadipocytes matched with their ASC1 population in both tissues (FigS5A-B). Second, we
evaluated Sarvari et al (Sarvari, Van Hauwaert et al. 2021). They focused specifically on the
context of diet-induced obesity and tackled the adipose progenitor's heterogeneity using single
nuclei RNA sequencing. They characterized four fibro-adipogenic progenitor subpopulations in
the eWAT: FAP1, FAP2, FAP3, and FAP4. Our data set presented a gradient between progenitors
and preadipocyte gene expression in populations FAP2 and FAP3 potentially showing a spectrum
of differentiation. FAP1 and FAP4 however, did match with our preadipocytes and progenitors,
respectively. Finally, we compared and contrasted our dataset with Schwalie et al (Schwalie,
Dong et al. 2018). They described three populations in the iIWAT after depletion of lineage
negative or Lin- (CD31-, CD45-, TER119-), and CD29+, CD34+, SCA1+: P1, P2, and P3
(adipogenesis regulator: Aregs). Our scRNASeq data showed that our progenitor cells and
preadipocytes had similar expression as P1 and P2 respectively. Interestingly, their Aregs (P3)
cells had a similar but lower expression matching with our preadipocytes, potentially exemplifying
the existence of such cells in the genetic model of obesity Lep®/ Lep® as well.

To determine whether Rosi impacts the total number of ob/ob progenitor and
preadipocytes in WAT, we performed flow cytometry (Fig9D, FigS4D). Since both eWAT and
iIWAT showed high expression of Pdgfra (FigS5C-D), we defined our gating strategy as follows:
lineage exclusion or Lin- (CD31-, CD45-), PDGFRa+, followed by the isolation of progenitors
(DPP4+) and preadipocytes (ICAM1+ and ICAM1+/CD36+) (FigS5E). In both tissues, we

observed a reduction in both frequency and absolute numbers of the less committed populations
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SFigure 4 Rosiglitazone-driven enhancement of adipocyte differentiation in inguinal adipose tissue.

(A) Histological analysis of inguinal adipose tissue (hematoxylin and eosin stain) from either ob/ob-Veh or ob/ob-Rosi mice. (B) t-
distributed stochastic neighbor embedding (t-SNE) plot illustrates two sub-clusters of Adipocyte Precursor Cells (APC) in iWAT:
Progenitors and preadipocytes. The right three panels separately represent cells from WT-Veh, ob/ob-Veh, and ob/ob-Rosi. Each
color-coded dot represents a cell, with progenitors being represented by red and preadipocytes by cyan. The Louvain algorithm was
utilized to determine cell clusters. (C) Individual gene t-SNE ploys showing the expression and distribution of representative marker
genes: Pi16 and Dpp4 for progenitors, Icam1 and Cd36 for preadipocytes. (D) Gate strategy to characterize progenitor cells: Lineage
negative (CD45-, CD31-), PDGFRa+, DPP4+ (progenitors), and ICAM1+/CD36+ (preadipocytes). (E) Absolute number of progenitor
and preadipocytes from ob/ob-Veh and ob/ob-Rosi mice. (F-G) Confocal of sorted lineage negative (CD45-, CD31-), PDGFRa+,
DPP4+, and DPP4- cells differentiated for 4 days on insulin-containing media, DAPI (nuclei-blue), LipidTox (neutral lipids-green). Data
represent mean + SEM (n = 3 mice per group). Confocal images: 4 wells per condition, 2 representative images per well were acquired.
GP pvalue style: *p=0.0332; **p < 0.0021; ***p < 0.0002 by two-tailed Student’s t-test.
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(PDGFRa+ and DPP4+) in the ob/ob-Rosi mice compared to ob/ob-Veh (Fig9E, FigS4E, FigS5F-
G). Interestingly, we also observed a reduction in the preadipocytes ICAM1+ cells in the eWAT
at frequency level (FigS5F) and in iWAT at both absolute number and frequency levels in ob/ob-
Rosi mice (FigS4E, FigS5G). We then hypothesized that such reduction could reflect more
differentiation of those progenitors/preadipocytes into fully mature fat cells. We subsequently
gated those preadipocytes with CD36+ as a marker of a more differentiated preadipocyte. Even
though the eWAT ICAM1+ cells did not show a significant change in the expression of CD36+
after Rosi treatment, we did observe an induction of expression in the iWAT cells (Fig9E, FigS4E).
Such stronger response in the iIWAT agrees with the previous literature showing a more robust
response to rosiglitazone in this tissue (Soccio, Li et al. 2017).

To fully test the differentiation potential of those cells after the Rosi treatment we sorted
the cells from mice acutely treated for three days with vehicle or Rosi into a culture plate. We
hypothesized that those progenitor/preadipocyte cells would have an ex-vivo imprint towards a
more committed adipogenic lineage. In order to have enough primary cells we used a simpler
gating strategy: Lin-, PDGFRa+, DPP4+ (progenitors), and DPP4- (preadipocytes) to increase
the number of cells sorted since those are very rare populations in obese mice (Fig9E, FigS4E).
eWAT DPP4+ and DPP4- cells from ob/ob-Rosi mice both showed an increased adipocyte
differentiation after 4 days in the complete differentiation media (dexamethasone, IBMX, and
insulin - DMI) without any PPARy agonist compared to ob/ob-Veh samples, reflecting an ex-vivo
imprint in those cells towards the adipogenic lineage (Fig9F-G). iWAT DPP4+ and DPP4- cells
from ob/ob-Rosi mice, however, showed a very high adipogenic capacity in the same media
making it hard to precisely quantify lipid droplet number and size (FigS6A-B). Even though both
populations of iWAT DPP4+ and DPP4- presented a trend towards more differentiation and
smaller lipid droplets in the ob/ob-Rosi samples compared to ob/ob-Veh mice, we decided to

replicate the same experiment in two additional conditions: (1) dexamethasone and insulin media
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(DI), and (2) minimal media with insulin. In a similar way, iWAT DPP4+ and DPP4- cells from
ob/ob-Rosi mice treated with DI media presented a trend towards more adipogenic differentiation
compared to ob/ob-Veh cells (FigS6C-D). However, when we challenged iWAT DPP4+ and
DPP4- cells from ob/ob-Rosi mice with a minimal media containing only insulin we observed a
significant increase in adipocyte differentiation in both populations compared to DPP4+ and

DPP4- cells from ob/ob-Veh mice (FigS4F-G).
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SFigure 5 Validation of progenitor and preadipocyte populations.

(A-B) Heatmap illustrates gene module scores within eWAT (A) and iWAT (B) cells by APC subtype identities. The gene module
scores feature the top 50 significant markers from each reference cell type, as delineated in the research findings of Burl et al., Sarvari
et al., and Schwalie et al. (C-D) t-SNE visualization visualizes the expression of Pdgfra in eWAT and iWAT cells respectively. (E)
Flow cytometry gate strategy for progenitors and preadipocytes: Lin- (CD45-, CD31-), PDGFRa+, DPP4+ (progenitors), and ICAM1+
and/or ICAM1+/CD36+ (preadipocytes). (F-G) Frequency of progenitors and preadipocytes from epididymal and inguinal adipose
tissue. Data represent mean + SEM (n = 6 mice per group). GP pvalue style: *p= 0.0332; **p < 0.0021; ***p < 0.0002 by two-tailed
Student’s t-test.
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These data highlight the impressive capacity of Rosi to initiate a restructuring of the
transcriptional network within progenitor/preadipocyte cells in vivo, as well as their ability to retain

this enhancement in adipogenic commitment when cultured in vitro.

2.2.5 Rosiglitazone-dependent Remodeling of Specific Gene Networks in Adipocyte Progenitor
Cells

To investigate how rosiglitazone promotes adipogenic capacity in progenitor/preadipocyte cells in
eWAT and iWAT, we analyzed the obesity-associated gene sets being reversed after the
treatment in the ob/ob mice (Fig10). First, we defined the obesity-associated gene sets as either
downregulated or upregulated in obesity by comparing ob/ob-Veh versus WT-Veh mice. Next, we
evaluated sets of genes as follows: (a) downregulated by Rosi (upregulated in ob/ob-Veh mice
and now reversed in ob/ob-Rosi mice, blue outer circle), (b) upregulated by Rosi (downregulated
in ob/ob-Veh mice and now reversed in ob/ob-Rosi mice, red outer circle), (c) sets of genes
upregulated in both ob/ob-Veh and ob/ob Rosi groups, (d) sets of genes downregulated in both
ob/ob-Veh and ob/ob Rosi groups, and (e) unique sets of genes that are regulated exclusively in
each group but are not being reversed by the Rosi treatment (dark brown columns) (Fig10A-D,

FigS7- S8).
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SFigure 6 Inguinal adipose tissue progenitors differentiation potential after rosiglitazone treatment.

(A-D) Confocal of sorted lineage negative (CD45-, CD31-), PDGFRa+, DPP4+, and DPP4- cells differentiated for 4 days on DMI
(dexamethasone, IBMX, and insulin) media, DAPI (nuclei- blue), LipidTox (neutral lipids- green) (A-B). 4 days on DI (dexamethasone,
and insulin) media, DAPI (nuclei- blue), LipidTox (neutral lipids- green) (C-D). Right panels: quantification of lipid droplet number. Data
represent mean + SEM (n = 3-6 mice per group). Confocal images: 4 wells per condition, 2 representative images per well were
acquired. GP pvalue style: *p= 0.0332; **p < 0.0021; ***p < 0.0002 by two-tailed Student’s t-test.

In general, Rosi treatment mainly decreased the upregulated obesity-associated genes in
the eWAT progenitor/preadipocyte cells (Fig10A-B). In addition to that, e WAT progenitor and
preadipocyte subclusters presented a very distinguishing profile. eWAT preadipocytes showed a
bigger intersection size of reverted genes upregulated and downregulated by Rosi than the
progenitor cells (Fig10A-B). These reversed pathways which were upregulated in obesity but
downregulated by Rosi were enriched for inflammatory response processes such as the NFkB

pathway (Fig10E).
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Figure 10 Comparison of differently expressed and enriched pathways in response to obesity and rosiglitazone treatment in
the eWAT and iWAT.

(A-D) UpSet plot illustrates intersections of differentially expressed genes (DEGs) in 4 categories for the e WAT progenitors (A), eWAT
preadipocytes (B), iWAT progenitors (C), and iWAT preadipocytes (D) all at a Bonferroni-adjusted p-value < 0.05. The 4 categories
include upregulated DEGs in obese mice compared to lean mice (ob/ob_UP), downregulated DEGs in obese mice compared to lean
mice (ob/ob_DOWN), up-regulated DEGs in response to Rosiglitazone treatment compared to ob/ob-Veh (Rosi_UP), and
downregulated DEGs in response to Rosiglitazone treatment compared to ob/ob-Veh (Rosi_ DOWN). Horizontal bars (set size)
indicate total DEGs for each cluster in each plot. In the UpSet plots, dots point to the specific clusters for which the vertical bars for
DEG counts are shown, and vertical lines between dots represent the intersections between two or more clusters. The blue circle

76



signifies the set of DEGs that are upregulated in obese mice and downregulated in response to rosiglitazone treatment. The red circle
represents the DEGs that are downregulated in obese mice and upregulated following rosiglitazone treatment. (E-H) Dot plot illustrates
the top enriched pathways in response to rosiglitazone treatment, which acts to reverse the effects of obesity. All pathways displayed
meet the cut-off for statistical significance at Bonferroni corrected p values < 0.05. The size of each dot corresponds to the enrichment
score for each pathway, reflecting the ratio of overlapping genes to total genes within the cell type-specific gene set, adjusted by a
scale factor of 20,000, and then divided by the total number of genes within the pathway. Color of the left side of each dot represents
the log2(fold-change), calculated based on the average fold change across all overlapping DEGs within a pathway in obese mice than
in lean mice. Color of the right side of each dot represents the log2 (fold-change), calculated based on the average fold change across
all overlapping DEGs within a pathway in response to rosiglitazone treatment. (E) Represented pathways enriched from DEGs that
are downregulated in eWAT obese mice and upregulated following rosiglitazone treatment. (F) Represented pathways enriched from
DEGs that are upregulated in e WAT obese mice and downregulated following rosiglitazone treatment. (G) Represented pathways
enriched from DEGs that are downregulated in iWAT obese mice and upregulated following rosiglitazone treatment. (H) Represented
pathways enriched from DEGs that are upregulated in iWAT obese mice and downregulated following rosiglitazone treatment.

Interestingly, eWAT progenitor cells had very unique downregulated pathways such as
TGFB signaling, conceivably reflecting a decrease in the progenitor fibro-inflammatory profile
(Fig10E) (Sarvari, Van Hauwaert et al. 2021). In contrast, the reversed pathways that were
downregulated in obesity but upregulated by Rosi were related to expected pathways such as
PPAR signaling and adipogenesis pathways (Fig10F). Surprisingly, we also observed an
increase in ribosome and peptide chain elongation pathways in the preadipocytes, potentially
highlighting an enhancement in the translation machinery in those cells (Fig10F).

Unlike the eWAT, the iIWAT progenitor/preadipocyte cells showed a different pattern in
response to Rosi (Fig10C-D). In the iWAT progenitors, Rosi reversed similar numbers of up- and
down-regulated obesity-associated genes. However, in the iIWAT preadipocytes, Rosi mainly
increased the down-regulated obesity-associated genes, which is opposite to the trend in e WAT
preadipocytes where Rosi primarily inhibited the upregulated genes in obesity (Fig 10A-D). These
data highlight a depot-dependent response to Rosi treatment in the progenitor and preadipocyte
populations. At pathway level, similar to eWAT, iWAT progenitor/preadipocyte cells also showed
a major decrease in inflammation in the reserved set of genes that were downregulated by Rosi,
such as activation of complement and TNFa signaling via NF«B (Fig10G). Among the upregulated
pathways by Rosi, we observed an increase in adipogenesis and fatty acid metabolism in both
iIWAT APC populations (Fig10H). In contrast to the eWAT cells, however, in the iIWAT we
observed more shared pathways between progenitors and preadipocytes both in the
downregulated and upregulated sets (Fig10E-H). Interestingly, we again observed an
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upregulation in the ribosome, peptide chain elongation, and now with the addition of the eukaryotic
initiation factors (elF) pathway in both iIWAT progenitors and preadipocytes. Moreover, upstream
regulators of translation such as metabolism of amino acids and mTOR signaling (Valvezan and
Manning 2019) were also upregulated in the progenitor cells (Fig10H).

These results emphasized a potential uncharacterized role of PPARy agonists in
remodeling not only the transcription landscape in APCs but also the translation machinery to

enhance translation efficiency.

2.2.6. Rosiglitazone-dependent Remodeling of the Transcriptional Landscape in Other Cell
Populations in the Adipose Stromal Vascular Fraction

To fully access the effects of Rosi in the entire stromal vascular fraction of the eWAT and
iIWAT we analyzed all the cell populations identified in sScRNASeq and examined all gene sets
reversed in both upregulated and downregulated directions (FigS7, FigS8). For the e WAT cells
(FigS7), we were able to assess all the nine populations: Macrophages (LAM, PLAM, NPVM,
PVM), NKT cells, B lymphocyte Cells (BC), Neutrophils (NEU), Endothelial Cells (EC), and
Smooth Muscle Cells (SMC). Overall, every single cell type had a unique profile of regulation,
with cells described as potentially expressing PPARy, such as macrophages, NKT, EC, and SMC
having a very robust response to Rosi (Nagy, Tontonoz et al. 1998, Faveeuw, Fougeray et al.
2000, Gosset, Charbonnier et al. 2001, Padilla, Leung et al. 2002, Yang, Kim et al. 2013,
Kotlinowski and Jozkowicz 2016) (FigS7A-E, FigS7H-I). The only exceptions were the BCs and
NEUSs that had a very small gene intersection between genes altered in obesity and those being
modulated by Rosi (FigS7F, FigS7G). In a similar manner to the eWAT
progenitors/preadipocytes, the rest of the stromal vascular fraction also had a more robust Rosi
response towards the downregulation of genes previously upregulated in the ob/ob-Veh mice

(FigS7A-l). Collectively, the downregulated pathways involved several inflammatory and fibrosis
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pathways, with pathways such as IL-7 being reversed uniquely in the NKT cells (FigS7J). These
results emphasized a shift towards a less inflammatory microenvironment in the eWAT after Rosi
treatment. The upregulated pathways by Rosi again included the ribosome pathway as shown in
the progenitors/preadipocytes, highlighting a remodeling in the translation machinery in the entire
stromal vascular fraction. In addition, Rosi treatment upregulated pathways such as cholesterol
metabolism and respiratory electron chain transport (ECT) in the macrophages (PLAM, NPVM,
PVM) and NKT cells, and also uniquely upregulated glycolysis and peroxisomes pathways in the
PLAM cells (FigS7K).

Similar to the iWAT progenitors/preadipocytes, iWAT stromal cells had a strong
upregulation by Rosi of genes downregulated in obesity, which is opposite to the eWAT cells in
general (FigS7-8). We were able to analyze seven populations: Macrophages (LAM, NPVM,
PVM), NKT cells, B lymphocyte Cells (BC), Dendritic Cells (DC), and Endothelial Cells (EC). The
only population we were not able to assess the Rosi response was the neutrophils due to a low
number of genes being reversed by Rosi (FigS8A-G). The upregulated pathways by Rosi
included anabolic pathways such as the ribosome, peptide chain elongation, and synthesis of
DNA, as well as the ECT pathway, fatty acid metabolism, and cholesterol homeostasis across
cell types. Cell-type specific pathways were also observed, such as increased lysosomes and
glycolysis in LAM macrophages (FigS8l). There were fewer downregulated pathways by Rosi as
expected since fewer upregulated genes in obesity were downregulated by Rosi. These included
inflammation, extracellular matrix organization, and hypoxia pathways and were shared by
multiple cell types such as macrophages (NPVM, PVM), NKT cells, and EC (FigS8H).

In summary, Rosi treatment remodeled the transcriptome of the entire stromal vascular

fraction in a depot-specific specific manner.
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SFigure 7 Effects of rosiglitazone treatment in the stromal vascular fraction of epididymal adipose tissue.

(A-1) UpSet plot illustrates intersections of DEGs for the cell types in eWAT. (J-K) Dot plot illustrates the top enriched pathways in
response to rosiglitazone treatment in each cell type, which acts to reverse the effects of obesity. (J) represent pathways enriched
from DEGs that are downregulated in obese mice and upregulated following rosiglitazone treatment. (K) represent pathways enriched
from DEGs that are upregulated in obese mice and downregulated following rosiglitazone treatment.
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SFigure 8 Effects of rosiglitazone treatment in the stromal vascular fraction of inguinal adipose tissue.

(A-G) UpSet plot illustrates intersections of DEGs for the cell types in iWAT. (H-I) Dot plot illustrates the top enriched pathways in
response to rosiglitazone treatment in each cell type, which act to reverse the effects of obesity. (H) represent pathways enriched
from DEGs that are downregulated in obese mice and upregulated following rosiglitazone treatment. Conversely, (I) represents
pathways enriched from DEGs that are upregulated in obese mice and downregulated following rosiglitazone treatment.

2.2.7. Induction of Ribosomal Transcriptional Signature with PPARy Agonist Treatment in

Adipocyte Progenitor Cells
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Since we observed a potential uncharacterized role of PPARy agonists in remodeling not
only the transcription landscape in the adipose cells, but also the translation machinery, we further
mechanistically characterized the progenitors/preadipocyte cells to understand how Rosi was
changing the ribosomal transcriptional signature. Among the genes related to ribosome
homeostasis that were modulated by Rosi (Fig11A), iWAT progenitors and preadipocyte cells
from ob/ob-Rosi mice had a robust upregulation of several small ribosomal (Rps) and large
ribosomal (Rpl) transcripts (lanes 4 and 8) compared to ob/ob-Veh mice (Fig11A). In contrast,
the eWAT ob/ob-Rosi samples had a major upregulation of ribosome genes mainly in the
preadipocyte population compared to eWAT ob/ob-Veh mice (lanes 2 and 6) (Fig11A), likely
reflecting the increase in protein synthesis necessary for final adipocyte differentiation.

The induction of ribosomal gene expression suggested that some of these genes have
binding sites for PPARy. Therefore, we accessed and re-analyzed a publicly available PPARy
ChIP-Seq dataset with a similar study design to ours (Siersbeek, Loft et al. 2012) to evaluate
PPARYy binding sites near those targets. This ChlP-Seq study isolated stromal vascular fraction
from BAT, eWAT, and iWAT, and differentiated the cells in vitro for nine days using insulin and
Rosi. Re-analysis of this dataset revealed a total of 41 PPARYy binding sites in the eWAT and 24
PPARYy binding sites in the iWAT that are located either at proximal sites to certain ribosome
genes such as on Rp/23a and Rps3a1 or at more distant sites of select ribosome genes such as
Rpl11, Rpl19, Rps14, and Rps27a (Fig11B). These results emphasize a potential novel role of

PPARYy in the direct regulation of ribosomal targets and potentially translation.
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Figure 11 PPARy-driven enhancement in the transcriptional network of ribosomal genes.

(A) Dot plot showing differentially expressed ribosomal genes influenced by the ob/ob effect or Rosi effect in eWAT and iWAT
progenitors or preadipocytes all at a Bonferroni- adjusted p-value < 0.05. The size of the dots reflects the -log10(FDR) of the DEGs
and the color of the dots reflects the fold change of the DEGs. (B) Visualization of peaks of PPARy binding sites in ribosomal genes:

Rpl11, Rpl19, Rpl23a, Rps3a1, Rps14, and Rps27a in eWAT, iWAT and BAT.

2.2.8. Adipocyte-Specific Translational Selectivity Induced by Rosiglitazone
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Plasticity is one of the main hallmarks of the adipose tissue. Fat depots can be remodeled
to attend to the needs of the host by increasing storage or catabolic process, differentiating or de-
differentiating to accommodate different biological and environmental stressors among other
processes (Sakers, De Siqueira et al. 2022). Adipogenesis, for instance, is one of these
processes, and it involves the commitment of progenitor cells to the fat cell lineage and
subsequent transcription and translation of adipocyte-specific mMRNA networks (Siersbeek,
Nielsen et al. 2012). The major organelle orchestrating this process are the ribosomes. They are
central organelles in translation, very dynamic, heterogenic, and with a fast turnover in eukaryotes
(Guo 2018). Recent studies have shown significant heterogeneity of ribosomes (Shi, Fuijii et al.
2017), ribosome-mediated specificity (Li, Huo et al. 2022), 5° UTRs functional structures directing
translation (Leppek, Das et al. 2018), and post-translational modifications (Spitale, Flynn et al.
2015, Lin, Choe et al. 2016). However, how this process is regulated in the context of obesity or
type 2 diabetes is poorly understood. Based on our scRNASeq and ChlP-Seq analysis results we
hypothesized that PPARy drives not only the expression of fat-specific genes but also the
expression of several ribosomal genes to build up the machinery necessary for cellular
specialization.

To understand the role of PPARYy agonists on translation, we first measured in vivo protein
synthesis in the adipose tissue using the Surface-Sensing of Translation (SUnNSET) assay
(Fig12A). Briefly, mice received an injection of puromycin, which is a structural analog of tyrosyl-
tRNA. Consequently, newly produced proteins would bear a peptide tagged with puromycin. After
one hour of conscious labeling, protein synthesis efficiency was evaluated by immunoblot using
an antibody that detects puromycin. eWAT and iWAT puromycilation showed an increase in
protein synthesis in the ob/ob-Rosi treated mice when compared to ob/ob-Veh treated mice

(Fig12B).
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Nex, to characterized if the remodeling in the ribosome-related pathways had an impact
in translation and to understand which mRNA networks were differentially translated in response
to Rosi, we carried out polysome profiling followed by sequencing. Briefly, primary SVF from ob/ob
mice was differentiated with either DMI-Veh or DMI-Rosi for four days in vitro (to mimic the in vivo
Rosi treatment). Polysomes from eWAT SVF of ob/ob-Veh and ob/ob-Rosi at day 4 of
differentiation were found to be similar in both eWAT (Fig12C) and iWAT (FigS9A).
Subsequently, we conducted polysome sequencing on eWAT SVF to profile highly translated
mRNAs. This choice was driven by eWAT’s (a) robust tissue environment remodeling after Rosi
treatment (Fig7G-8B); (b) substantial difference in ex-vivo adipogenesis between Veh and Rosi;
coupled with (c) its comparatively less understood response to Rosi relative to iWAT. Briefly, input
total RNA (control samples) and mRNA from polysome fractions containing more than 3
ribosomes, were extracted and sequenced (Fig12D). To reflect transcriptional alterations in

response to Rosi treatment, we first performed differential gene expression analysis on the
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Figure 12 PPARYy-driven translation selectivity.

(A) Surface Sensing of Translation (SUnSET) scheme. Puromycin is used as a tyrosyl-tRNA analog therefore being incorporated in
the newly synthesized proteins during translation (puromycin-tagged peptide). (B) Immunoblots of eWAT and iWAT. Left panel: total
protein in stain-free gel. Right-panel: immunoblot anti-puromycin. (C) Polysome profile of primary stromal vascular fraction (SVF) of
eWAT after four days of adipocyte differentiation. (D) Experimental design for the polysome sequencing: fractions containing more
than 3 ribosomes were pooled together for RNA extraction and sequencing. Control samples: input total RNA before samples were
submitted to polysome fractionation. (E) Venn Diagram illustrates the intersection of DEGs derived from total RNA sequencing and
polysome sequencing. Both sets of DEGs satisfy the criteria of an adjusted p-value less than 0.05 and a log2 (fold-change) greater
than 0.2. The significance of overlap was assessed using Fisher's exact test. (F) Dot Plot visualizing the significant pathways that are
enriched within the total RNA sequencing DEG set and polysome sequencing DEG set considering all pathways at a Bonferroni-
adjusted p-value < 0.05. The size of each dot corresponds to the enrichment score for each pathway, reflecting the ratio of overlapping
genes to total genes within the cell type-specific gene set, adjusted by total number of genes detected by total RNA sequencing or
polysome sequencing. Dot color represents the log2 (fold-change), calculated based on the average fold change across all overlapping
genes within a pathway.

mRNA-seq dataset derived from the polysome fractions between the ob/ob-Rosi group and the
ob/ob-Veh group. For comparison and to reflect overall transcriptional changes, differential gene

expression analysis was also carried out on the total RNA-seq dataset. In both datasets, genes
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satisfying the criteria of an adjusted p-value below 0.05 and a log2 (fold change) exceeding 0.2
were designated as differentially expressed. Surprisingly, we observed a huge translational
buffering response in the polysomes, as reflected by the identification of >1400 DEGs from the
total RNA-seq but only 116 DEGs from the polysome fraction. Translational buffering opposes
the impact of alterations in mMRNA levels on the proteome by compensating, equilibrating, and
offsetting the translation (Kusnadi, Timpone et al. 2022) (Fig12E). Such response was expected
since our treatment involved a transcriptional factor agonist causing a major enhancement in gene
expression. From the 116 DEG identified in the polysome fraction, 85 are shared with those that
are transcriptionally induced by Rosi. Finally, we characterized the enriched pathways among the
85 transcripts being translated versus the ones being buffered. Among the pathways enriched in
the DEGs identified from total RNA-seq (input) are lysosomes, immune response (TNFa, TGFB),
and oxidative phosphorylation pathways (Fig12F). In contrast, DEGs being highly translated in
the polysome fraction were enriched for more selective pathways pertaining to adipocyte functions
including adipokine signaling pathway, triglyceride biosynthesis, and adipogenesis (Fig12F).
These results highlight how eWAT switches its translatome from inflammatory pathways to a
metabolic/adipogenic profile after Rosi treatment.

To validate the above findings from eWAT SVF, we also examined the response in the
primary SVF cells in the iIWAT (FigS9A-B). We selected the highly ranked targets based on the
degree of change between groups (log2FC), which included several fat-specific genes such as
Adipoq, Arxes1, Fabp4, Plin1, and Aqp7. We measured differences in these genes by quantitative
real-time PCR in both the isolated polysome fraction and the total input RNA from both EWAT
and iWAT (FigS9C-D). Surprisingly we found unique patterns of selectivity in the eWAT SVF, with
Adipoq, Arxes1, and Fabp4 presenting higher expression in the polysome fraction than in the total
RNA, highlighting robust translational induction, whereas Plin1 and Aqp7 showing a more modest

trend (FigS9C). In contrast, the IWAT SVF presented a similar pattern of higher polysome
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occupancy for all those targets, emphasizing a fat-depot specialization in response to Rosi

(FigS9D) and potentially explaining its stronger response to Rosi.
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SFigure 9 Adipose-specific polysome profile.

(A) Polysome profile of primary stromal vascular fraction (SVF) of iWAT after four days of adipocyte differentiation. (B) Experimental
design for the RT-PCR: fractions containing more than 3 ribosomes were pooled together for RNA extraction and cDNA synthesis.
Control samples: input total RNA before samples were submitted to polysome fractionation. (C-D) Gene expression of Adipoq, Arxes1,
Fabp4, Plin1, and Aqp7 in the input (total RNA) vs polysomes in eWAT and iWAT (eWAT polysomes: triplicates, iWAT polysomes:
duplicates).

Together, these studies highlight an unexplored role for PPARYy in driving the expression
of defined ribosomal transcripts that are essential for cellular specialization and translational

regulation of select mMRNAs important for adipose tissue homeostasis.

2.2.9. Structural Modifications in the 5' Untranslated Region Induced by Rosi Treatment
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Translation is a predominant process for protein synthesis that regulates the global level
of gene expression products (Gebauer and Hentze 2004). To analyze the translation efficiency
and confirm the hypothesized enhancement by Rosi we re-analyzed the polysome sequencing
data now focusing on the transcripts level instead of gene level. Analyses conducted at the
transcript level can thus identify different sequences within various isoforms. We first
systematically identified the transcripts with differential translation efficiency (DTETs) with
normalization of the total RNA abundance in polysome fractions (Fig13A, see Methods
(Chothani, Adami et al. 2019)). A total of 135 transcripts were defined as being upregulated by
Rosi and 206 as being downregulated (Fig13B). Intriguingly, upregulated transcripts were not
necessarily direct targets of PPARy (Fig13B), highlighting an enhancement in translation
efficiency independent of the increase in gene expression caused by the PPARy-agonist
treatment. Notably, one of the isoforms of Pnpla2 (ENSMUST00000169665) was identified as
one of the translationally upregulated targets after Rosi treatment (Fig13C). Pnpla2 encodes for
adipose triglyceride lipase (ATGL), a pivotal enzyme in triglycerides hydrolyses. ATGL initiates
adipose lipolysis by the breakdown of triglycerides into diacylglycerol (DAG) and free fatty acid
(FFA) (Liu, Purushotham et al. 2009). Therefore, this data highlights a significant and novel Rosi-
induced remodeling in the translation efficiency of crucial adipose mRNA networks.

Next, we decided to delve into potential mechanisms driving this Rosi-dependent
translation efficiency. Translation rates are controlled by various processes, with the initiation
stage playing a predominant role. There are several primary sequences or secondary structures
in the context of 5’ untranslated regions (5’UTR) that could serve as modulators of translation
initiation (Leppek, Das et al. 2018). Thus, we further decided to analyze the sequence and
structure in the 5’UTR of the transcripts being upregulated by Rosi to see if there was a common
feature between them. First, we extracted the hexamers in up- and down-regulated transcripts

and identified highly enriched hexamers using k-mer enrichment analysis (Fig13A). Interestingly,
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we found that the 5’UTR of Rosi-upregulated transcripts contain guanine (G)-rich sequences
(Fig13D), which are capable of forming G-quadruplexes (G4) and other secondary structures that
serve as roadblocks in the translation process (Rhodes and Lipps 2015). Secondary structures
such as G4 can impact the ability of the initiation machinery to scan the untranslated region in
order to identify the start codon (Dumas, Herviou et al. 2021). For instance, DNA G4 structures
are lost during stem cell differentiation to drive cellular specialization by enhancing translation
(Zyner, Simeone et al. 2022). Furthermore, the modulation of certain RNA-binding proteins
(RBPs) acts as a regulatory mechanism, impeding the formation of G quadruplex structures.
Specifically, RBPs such as CNBP/ZNF9 can recognize G-rich elements within the mRNA coding
region, thereby facilitating translation (Benhalevy, Gupta et al. 2017).

Next, to verify if the enrichment scores were robust when choosing different background
sets, we calculated the correlations of the hexamers' enrichment scores and observed strong

correlations (FigS10A). Additionally, we also performed the same analysis in coding regions
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Figure 13 Translation regulation of rosiglitazone via the G-rich motifs in 5’°UTR.

(A) Schematic overview of polysome profiling and sequence feature analysis in 5’UTR under acute rosiglitazone treatment. (B)
Volcano plot illustrates the differentially translated transcripts between rosiglitazone and vehicle treatment. The X-axis shows the log2
transformed fold change, while the Y-axis shows the adjusted p-value. The red and blue dots label the up- and down-regulated
transcripts separately. (C) Boxplot shows the normalized reads count on Pnpla2 transcript between different treatments (rosiglitazone
in red box and vehicle in blue box) in polysome fractions and total RNA. (D) Sequence motif enriched in the 5’UTR of up-regulated
transcripts. (E) The feature map of the 5’UTR in some interesting up-regulated transcripts. Each deep blue bar indicates each
significant site under the p-value lower than 0.05 calculated by the scan-matrix program.

(CDS) and 3’ untranslated regions (3’'UTR) and found notable differences between these different
regions (FigS10A). The enriched hexamers in the CDS of Rosi-upregulated transcripts showed
a strong AG-rich motif, whereas the motif in the 3'UTR was U-rich (FigS10B-C), highlighting the
diverse translation regulation in different RNA regions. We then focused on the 5’ untranslated
regions (5’'UTR), since it is well-established that secondary structures in mMRNAs are essential to
regulate translation initiation (Jia, Mao et al. 2020). We decided to characterize the transcripts
containing this G-rich motif in the upregulated targets (Fig13A, see Methods). We did identify

several transcripts presenting the G-rich motifin 5’UTR (FigS10D). Remarkably, we found several
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zinc fingers containing transcripts such as Zfp451, Zfp292, Zfp932, Zfp825, Zfp131, Zip654,
Zfp516 (Fig13E- FigS10D). Zfp451 and Zfp516 in particular are directly involved in driving stem
cell differentiation and activation of UCP1 expression, respectively (Dempersmier, Sambeat et al.
2015, Antonio Urrutia, Ramachandran et al. 2021). Additionally, Syntaxin 6 (Stx6), Tensin 1
(Tns1), Periostin (Post), and Pnpla2 (coding for ATGL) were directly involved in adipose-specific
processes such as Glut4 trafficking (Perera, Clarke et al. 2003), cell-cell interactions (Backdahl,
Franzén et al. 2021), and lipid metabolism (Liu, Purushotham et al. 2009, Graja, Garcia-Carrizo
et al. 2018).

In conclusion, these studies emphasize a prospect new role of Rosi enhancing the
translation of transcripts with G-rich 5’UTRs in a PPARy-independent manner. These results shed
light on a long-unanswered question of how Rosi remodels the adipose SVF independent of
PPARy. Mechanistically, these unique sequence features, which are capable to form G4
structures, exhibit diverse functions, from fine-tuning the translation of specific mMRNAs to acting
as molecular switches in response to various cellular cues, such as adipogenesis. Understanding
the nuances of G-rich motifs-mediated regulation provides insights into the complexity of adipose
cellular processes and may hold the key to unlocking new strategies for optimizing gene

expression and protein synthesis in adipose tissue health and disease.

2.3 Discussion

Adipose tissue dysfunction represents a distinct risk factor for the development of type 2
diabetes. In particular, the enlargement of adipocytes (known as adipocyte hypertrophy) plays a
pivotal role in disrupting metabolic adaptability. While adipose tissue has the capacity to expand,
there is a finite threshold beyond which excess lipids can spill over into the bloodstream,
contributing to the onset of metabolic syndrome (Unger 2003, Wang, Grayburn et al. 2008,

Johnson and Olefsky 2013, Spalding, Bernard et al. 2017). The utilization of thiazolidinediones
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as an antidiabetic treatment stimulates the production of new adipocytes, diminishes
inflammation, and enhances metabolic adaptability. Notably, rosiglitazone stands out as a potent
agent that bolsters insulin sensitivity in peripheral tissues, including both muscle and adipose
tissue (Lebovitz 2019). Our data has indeed highlighted the acute and strong effects of Rosi
normalizing glucose metabolism, but more importantly, we found enhanced glucose uptake in
several tissues including the brain, heart, muscle, liver, and adipose tissue, providing an in vivo
atlas of tissues involved in improving glucose homeostasis (Fig7-FigS1). While the rosiglitazone
effect in the adipose tissue has been described, the precise mechanisms underlying the SVF
remodeling in fat depots and the depot-specific response have not been completely elucidated.
Our data has provided for the first time a reference guide at single-cell levels of how cells
respond to Rosi during obesity in the adipose tissue. As a potent anti-diabetic drug, Rosi has
great clinical significance and interest. Therefore, understanding its PPARy-dependent and
independent actions will provide a unique source for the metabolic scientific community. We found
extensive remodeling of almost all cell types in the SVF of both eWAT and iWAT. As previously
described the macrophages highly respond to the obesity phenotype and also to the rosiglitazone
treatment. We have shown a reduction of peri-vascular macrophage population at single cell level
in obese mice (Fig8B-C), and a rapid response (decrease) of lipid-laden/inflammatory
macrophages after rosiglitazone treatment in obese mice (FigS3C-F). The decrease of
inflammatory cells is a remarkable function of Rosi, and it is essential to restore the immune tonus
in the adipose tissue. In addition, to the macrophages, endothelial cells were also remodeled in
the context of obesity, shown as a reduction in the ob/ob mice compared to lean-WT mice, and
being restored by Rosi in both tissues (Fig8B-C). Ultimately, across the cell types, Rosi enhanced
PPAR signaling and translation pathways but reduced inflammatory pathways. Numerous PPARy

targets are among the differentially expressed genes altered by Rosi treatment.
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(A) The correlations of the hexamers enrichment scores between different regions (i.e., 5UTR, CDS, and 3'UTR) or background
choices regions (i.e., down-regulated transcripts and non-significantly expressed transcripts). The scatter plots in deep orange squares
highlight the correlations between different background choices during motif enrichment analysis (the X-axis represents the enrichment
z-scores calculated using down-regulated transcripts as background, while the Y-axis represents the enrichment z-scores calculated
using non-significantly expressed transcripts as background). The scatter plots in deep green squares highlight the correlations
between different regions, the hexamer enrichment z-scores of which are calculated using non-significantly expressed transcripts as
background. The scatter plots in deep blue squares highlight the correlations between different regions, the hexamer enrichment z-
scores of which are calculated using down-regulated transcripts as background. (B) Sequence motif enriched in the CDS of up-
regulated transcripts. (C) Sequence motif enriched in the 3'UTR of up-regulated transcripts. (D) The feature map of the 5’UTR in all
up-regulated transcripts. Each deep blue bar indicates each significant site under the p-value lower than 0.05 calculated by the scan-
matrix program.

Most significantly, we have compared and contrasted those responses in the e WAT and
iIWAT (Fig10 & FigS7-8). iWAT presented a robust response to Rosi by upregulating numerous
genes that were downregulated in obesity. The eWAT instead, mainly responds by
downregulating several inflammatory processes and then upregulating metabolic-related
responses. How this fine-tuned process happens in vivo is not well understood. However, our
analysis suggests that expression of ribosomal genes increase through a rosiglitazone-dependent
manner and that there is selectivity in which mRNA networks are being highly translated by them.
The specialization of ribosomes is a current focal point across various fields of study (Guo 2018).
It is crucial to comprehend how ribosomes specific to fat tissue select the mRNAs networks for
translation in order to gain a comprehensive understanding of the physiology of this tissue.

It is well established that adipose-specific transcriptional regulation is an exceptionally
dynamic process that involves extensive chromatin remodeling and the presence of transcription
factor hotspots (Siersbaek, Baek et al. 2014). This is a core mechanism defining adipose
molecular identity and maintaining tissue homeostasis. However, how post-transcriptional
processes control the precise balance of protein production within adipocytes is not well
understood. Our analysis suggests that while there is induction of translation, there is significant
translational buffering. This buffering prevents abrupt fluctuations in protein levels due to changes
in gene expression, ensuring that translation is finely tuned and responsive to specific cellular
conditions. Translation buffering can be achieved through factors like ribosome pausing (Jobava,

Mao et al. 2021), increasing mMRNA stability (Wu, Medina et al. 2019), or regulating the availability
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of transfer RNA (tRNA) molecules (Torrent, Chalancon et al. 2018). Rosi treatment causes a
major transcriptional remodeling, inducing, and repressing the expression of several PPARy
targets. Our data has shown that most of these transcripts are under the translation buffering
response though with a reduction in translation rate compared to the mRNA cytoplastic
availability. Surprisingly, although a large number of genes are transcriptionally altered by Rosi,
we found that in the eWAT there is a decrease in the translation of several immune-related
pathways, oxidative phosphorylation, peroxisome, and Wnt B-catenin signaling. Instead, the
polysomes are enriched with adipogenic-related targets, adipokines, and triglyceride biosynthesis
mRNAs, allowing these genes to be selectively translated (Fig12). Ribosomes somehow bypass
the overwhelming transcription remodeling of Rosi and selectively induce the translation of
essential adipose-specific targets that promote fat homeostasis.

However, how is adipose-specific translation precisely adjusted? In general, the
mechanism of translation regulation in cells is a finely tuned and dynamic process that plays a
crucial role in the control of protein synthesis. Cells employ a variety of mechanisms to modulate
translation, ensuring that the production of proteins is precisely regulated in response to various
internal and external cues. The regulation of translation specific to the adipose tissue is an area
that lacks extensive study, with only a few papers outlining its function. For example, in 3T3-L1
cells during adipogenesis, enhancement of the ribosome machinery, and a dynamic regulation of
polysomes versus free mRNA fraction seems essential to drive full adipocyte differentiation
(Fromm-Dornieden, von der Heyde et al. 2012, von der Heyde, Fromm-Dornieden et al. 2014). In
addition, initiation factors, such as elF6 controls translation of transcriptional factors C/EBPf and
C/EBPS in a G/C-rich 5UTR manner, contributing to lipid metabolism homeostasis in adipocytes
and hepatocytes (Brina, Miluzio et al. 2015). However, adipose-translation regulation is still on its

infancy and more studies are necessary to understand its plasticity.
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2.4 Methods

Mice

Adult C57BL/6J (12-week-old) male mice (stock #000664) and Lep®®/Lep®® (stock #000632) were
acquired through Jackson Laboratories. All mice were housed at a maximum of 5 animals per
cage in temperature-controlled rooms under a 12-hour light/dark cycle and provided water and
chow ad libitum. All mouse procedures were performed under animal study proposals approved

by the University of California, Los Angeles Animal Research Committee (ARC 2019-066).

Rosiglitazone treatment

To examine the effects of PPARYy agonist, C56BL/6 and Lep®/Lep® mice were given 30 mg/kg
rosiglitazone (Sigma R2408), or vehicle [2.6% methylcellulose (StemCell Technologies, M3120)
diluted 1:5 in Dulbecco’s modified medium (GIBCO)] by oral gavage in the morning and evening

for three consecutive days as previously described (Davies, Waki et al. 2008).

Stromal vascular fraction isolation for scRNASeq

To ensure high quality and viability of the single cell suspensions, stromal vascular fractions were
isolated as previously described (Majka, Miller et al. 2014) with small modifications from Dr. Xia
Yang laboratory. Briefly, 300mg of the white adipose tissue (eWAT or iWAT) were collected (small
biopsies from several locations of the fat depot to represent tissue environment), cut into small
pieces, suspended in phosphate-buffered saline (PBS) (calcium, magnesium free) (GIBCO)
containing 2mg/mL of type Il collagenase (Worthington), and digested for 40 minutes at 37°C with
agitation (100 rpm). The resulting dissociated tissue was resuspended in DMEM (GIBCO) with
10% FBS, gently mixed, passed through 100um strainers, and centrifuged at 150g for 8 min at
4C. Next, supernatant and floating adipocytes were removed, and pellet was resuspended in

DMEM (GIBCO) with 10% FBS and centrifuged at 150g for 8 min at 4C. Red blood cells were
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lysed using ACK lysis buffer (GIBCO). Lysate pellets were first washed with DMEM (GIBCO) with
10% FBS, centrifuged at 150g for 8 min at 4C and then PBS with 0.04% BSA (Gemini). The
resulting pellets were finally resuspended in 200uL of PBS, 0.04% BSA (Gemini), passed through

40um tip-strainers, counted, and further used for 10X 3'GEX library preparation and sequencing.

10X 3'GEX library preparation and sequencing

The Chromium Single Cell Gene Expression Solution upgrades short read sequencers to deliver
a scalable microfluidic platform for 3' digital gene expression by profiling 500-10,000 individual
cells per sample. A pool of ~3,500,000 10x Barcodes are sampled separately to index each cell’'s
transcriptome. It is done by partitioning thousands of cells into nanoliter-scale Gel Beads-in-
emulsion (GEMs), where all generated cDNA shares a common 10x Barcode. Libraries are
generated and sequenced from the cDNA and 10x Barcodes are used to associate individual
reads back to the individual partitions. In addition to the poly(dT) primer that enables the
production of barcoded, full-length cDNA from poly-adenylated mRNA, the Single Cell 3' v3.1 Gel
Beads also include two additional primer sequences (Capture Sequence 1 and Capture Sequence
2), that enable capture and priming of Feature Barcoding technology compatible targets or
analytes of interest. Only the poly(dT) primers are used in this protocol for generating Single Cell
3' Gene Expression libraries. GEMs are generated by combining barcoded Single Cell 3' v3.1 Gel
Beads, a Master Mix containing cells, and Partitioning Oil onto Chromium Next GEM Chip G. To
achieve single-cell resolution, cells are delivered at a limiting dilution, such that the majority (~90-
99%) of generated GEMs contain no cell, while the remainder largely contains a single cell.
Immediately following GEM generation, the Gel Bead is dissolved, primers are released, and any
co-partitioned cell is lysed. Primer containing (1) an lllumina TruSeq Read 1 (read 1 sequencing
primer), (2) 10x Barcode, (3) 12nt unique molecular identifier (UMI), and (3) 30nt poly(dT)

sequence are mixed with the cell lysate and a Master Mix containing reverse transcription (RT)
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reagents. Incubation of the GEMs produces barcoded, full-length cDNA from poly-adenylated
mRNA. After incubation, GEMs are broken, and pooled fractions are recovered. Silane magnetic
beads are used to purify the first-strand cDNA from the post GEM-RT reaction mixture, which
includes leftover biochemical reagents and primers. Barcoded, full-length cDNA is amplified via
PCR to generate sufficient mass for library construction. Enzymatic fragmentation and size
selection are used to optimize the cDNA amplicon size. TruSeq Read 1 (read 1 primer sequence)
is added to the molecules during GEM incubation. P5, P7, a sample index, and TruSeq Read 2
(read 2 primer sequence) are added via End Repair, A-tailing, Adaptor Ligation, and PCR. The
final libraries contain the P5 and P7 primers used in lllumina bridge amplification. A Chromium
Single Cell 3’ Gene Expression library comprises standard lllumina paired-end constructs which
begin and end with P5 and P7. The 10x Barcode and 12 bp UMI are encoded in Read 1, while
Read 2 is used to sequence the cDNA fragment. Sample index sequences are incorporated as
the sample index read. TruSeq Read 1 and TruSeq Read 2 are standard lllumina sequencing
primer sites used in paired-end sequencing. These libraries were sequenced using lllumina's
NovaSeq6000 platform in paired end 2x100bp configuration. Data quality check was done on
lllumina SAV, and data de-multiplexing was performed with lllumina Bcl2fastq v2.19.1.403

software.

scRNA-Seq data processing and quality control

The 10X Genomics Cell Ranger version 3.0.2 single-cell software (Zheng, Terry et al. 2017) was
used to perform sample demultiplexing sequencing alignment to mouse genome mm10, filtering,
and unique molecular identifier (UMI) counting to generate gene count matrices. Single cells were
identified from background noise by filtering on the proportion of mitochondrial reads (threshold:
< 25%), the number of UMI (thresholds: 700-22,000), and the number of detected genes

(thresholds: 200-6,000).
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Cell clustering and cell type identification

The cell clustering and cell type identification were performed using the Seurat R package version
4.0.2. The Louvain algorithm was employed to determine cell clusters based on similarities in
transcriptome patterns, and the resulting clusters were visualized using t-Distributed Stochastic
Neighbor Embedding (t-SNE) and Uniform Manifold Approximation and Projection (UMAP).
Highly variable genes selected using the FindVariableFeatures function with default parameters
were subjected to principal component analysis (PCA). The number of principal components used
for Louvain clustering and subsequent visualization was determined with the Jackstraw
permutation approach (n=25 for clustering of all cells and n=15 for APC sub-clustering). Cell type
identities of the clusters were resolved by comparing the cell cluster-specific marker genes
expressed in each cluster in our own dataset, identified with a Wilcoxon rank sum test, with known
cell-type-specific markers curated from literature, single-cell atlases, and previous studies in the
white adipose tissue. For a gene to be considered in the cell cluster marker analysis, it had to be
expressed in at least 10% of the single cells from the cluster of interest and exhibit at least a 0.25
log-fold change in the cell cluster of interest compared to other cells. Multiple testing was

corrected using the Benjamini-Hochberg method to estimate the false discovery rate (FDR).

Identification of differentially expressed genes (DEGs) and pathways

To determine which genes were affected by genetic background or rosiglitazone treatment, we
compared the cell transcriptome of each cell type between age groups using a Wilcoxon rank sum
test. To be considered in the analysis, a gene had to be expressed in at least 10% of the single
cells from at least one of the two groups for that cell type and there had to be at least a 1.1-fold
change in gene expression between the groups. Multiple testing correction was done using the

Benjamini—-Hochberg method to estimate FDR. To assess pathway enrichment, we performed
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Fisher's exact test to determine the overlap between the DEGs and pathways from KEGG,
REACTOME, BIOCARTA, and HALLMARK. Multiple testing correction was performed using the
Benjamini-Hochberg method to estimate FDR. The enrichment score was calculated as the
number of overlapped genes divided by the number of genes in our cell type-specific gene set,

multiplied by 20,000, and then divided by the total number of genes in the pathway.

Regular stromal vascular fraction isolation

Stromal vascular fractions were isolated as previously described (Church, Berry et al. 2014).
Briefly, entire WAT depots were cut into small pieces, suspended in DMEM (GIBCO) + 50 mM
HEPES (GIBCO) + 1mg/mL type Il collagenase (Sigma), + 1% BSA - low fatty acid (Gemini), and
digested for 30 minutes at 37°C with agitation (120 rpm). The resulting dissociated tissue was
passed through 100um strainers, and adipocytes were removed from the supernatant by
centrifugation (750g, 10min, 4C). After a second filtration with 40um strainers, red blood cells
were lysed using ACK lysis buffer (GIBCO). The resulting pellets were processed further for flow

cytometry, sorting or primary cell culture.

Flow cytometry and sorting

Cells were analyzed for cell-surface markers using fluorophore-conjugated antibodies
(BioLegend, eBioscience). Cell surface staining was performed in HBSS (GIBCO). Flow
cytometry was performed using the Attune NxT and data were analyzed with FlowJo software
(BD). Cell surface and intracellular staining were performed using the following fluorophore-
conjugated antibodies: (a) macrophages panel (Hildreth, Ma et al. 2021): CD45.2 (104), TCRB
(H57-597), CD3 (17A2), CD19 (6D5), NK1.1 (PK136), Ly6G (1A8), CD11c (N418), CD11b
(M1/70), CD88 (20/70), CD9 (MZ3), Tim-4 (RMT4-54). (b) progenitors: Lineage negative: CD45.2

[104], and CD31 [390], PDGFRa (APA5), DPP4 (H194-112), ICAM-1 (YN1/1.7.4), CD36 (HM36).
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For sorting, cell suspensions were stained with: CD45.2 [104], and CD31 [390], PDGFRa (APA5),

DPP4 (H194-112), and DAPI (AAT Bioquest) and sorted on FACSAria Il (BD).

Confocal

Sorted cells were plated in a 96-well plate and culture in DMEM (GIBCO), 5ug/mL insulin
(GIBCO), 10% FBS (Omega FB#11), 1% PenStrep (GIBCO), and 50ng/mL Primocin (Invivogen)
until confluency. Specific differentiation cocktails included: (a) complete adipogenic cocktail
(0.5mM 3-isobutyl-1-methylxanthine (Sigma), 1uM dexamethasone (Sigma), 5ug/mL insulin
(GIBCO), or (b) DI (dexamethasone (Sigma), and 5ug/mL insulin (GIBCO), or (c) minimal media
(Insulin (GIBCO). Differentiation media was added for two days and then replaced with minimal
media (DMEM, 10% FBS, 5ug/mL insulin) until day 4 of differentiation. Cells were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton, and stained with LipidTOX Green Neutral
Lipid (Invitrogen) and DAPI (AAT Bioquest). For macrophage staining, cells from the adipose
tissue were dissociated as previously described. Upper floating layer containing mature
adipocytes was collected and plated in an 8-well chamber (Nunc Lab-Tek, Sigma) previously
treated with poly-L-lysine. After overnight incubation at 37C, slides were washed four times with
phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde, permeabilized with 0.1%
Triton, blocked with normal donkey serum 5% (Jackson Immuno Research) and stained overnight
with PLIN1 (rabbit, 3526, Abcam), and F4/80 (rat, BM8, BioLegend). Next, slides were washed
four times with PBS and incubated for one hour with LipidTOX Green Neutral Lipid (Invitrogen),
DAPI (AAT Bioquest), donkey anti-rat IgG Alexa Fluor 568 (Abcam), and donkey anti-rabbit IgG

Alexa Fluor 647 (Abcam). Images were acquired using Zeiss LSM900 microscope.

Histology and lipid droplet quantification
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Tissues were fixed for 48h in 10% buffered formalin (ThermoFisher), after which they were
washed with 70% ethanol (ThermoFisher), sectioned in paraffin (10 um thickness for adipose
tissues and 5 ym for liver), and stained with hematoxylin and eosin (H&E). The lipid droplet cell
area from livers and progenitors/preadipocytes from confocal images were quantified using

ImagelJ.

Glucose tolerance test
For glucose tolerance tests, mice were fasted for 6 hours prior to the challenge with glucose (1
g/kg mouse) via intraperitoneal injection. Blood glucose levels were assessed by tail vein bleeding

using a glucometer (Accu-Chek). AUC was determined using Prism software (GraphPad).

MPET/NCT

Lep®’/Lep® mice (stock #000632) (12 weeks old, male) treated with either vehicle (n=6) or
rosiglitazone (n=6) were fasted for six hours, prior to intravenous injections via tail vein with 85-
90 uCi of ['®F]-FDG that had been mixed with glucose based on the weight of the mouse (1g/Kg).
Following a 50-minute conscious uptake of ['®F]-FDG, mice were anesthetized with 2% vaporized
isoflurane, and PET (energy window 350-650 keV, 10-min static scan) and CT (voltage 80 kVp,
current 150 pA, 720 projections, 200um resolution, scan time 1 min) images were acquired on a
GNEXT PET/CT scanner (Sofie Biosciences, Dulles, VA). The PET images were reconstructed
using a 3D-Ordered Subset Expectation Maximization (OSEM) algorithm (24 subsets and 3
iterations), with random, attenuation, and decay correction. The CT images were reconstructed
using a modified Feldkamp algorithm. Amide software was used to analyze co-registered
uPET/uCT images, and a full body panel was generated by placing ROls for the brain, blood,

liver, left and right kidney, bladder, muscle, left and right lung, gastrointestinal tract, and adipose
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tissues. Visual representation of yPET signal from adipose tissues was generated using ORS

Dragonfly software (Object Research Systems Inc, Montreal, Canada).

Surface Sensing of Translation (SUnSET)

The assay was performed as previously described with small modifications (Ravi, Jain et al.
2020). Briefly, mice were intraperitoneally injected with puromycin (40 nmol/g) (Santa Cruz) and
returned to their cages with food/water ad libitum for one hour. Next, brown, epididymal, and
inguinal adipose tissue were collected, and proteins were lysed using radioimmunoprecipitation
assay buffer (RIPA) (50mM Tris-HCI pH 7.6, 150mM NaCl, 0.1% sodium dodecyl sulfate, 0.5%
sodium deoxycholate, 1% NP40 and freshly added halt protease/phosphate inhibitor cocktail
(ThermoFisher). Immunoblots were performed using 20ug of protein and total protein was
assessed using UV light exposure to Mini-Protean TGX Stain-free gels (Biorad). Puromycilation
was detected using anti-puromycin antibody (12D10, Sigma), and HRP AffiniPure Goat anti-

mouse IgG, Fcy subclass 2a specific (Jackson Immuno Research).

Polysome profile

Polysome profiles were obtained as described before (Gandin, Sikstrom et al. 2014, Gandin,
Masvidal et al. 2016, Chan, Robert et al. 2019). Briefly, stromal vascular fraction of Lep®’/Lep®
was mice was isolated, and primary cells were grown to confluency in 15-cm dishes. Cells were
then treated to differentiate with complete adipogenic cocktail (0.5mM 3-isobutyl-1-
methylxanthine (Sigma), 1uM dexamethasone (Sigma), 5ug/mL insulin (GIBCO) plus either 1uM
rosiglitazone (Novo Nordisk) or vehicle (DMSO) for 2 days. After that, media was replaced for
minimal maintenance media (Insulin/Rosi or Insulin/DMSO) for 2 days. At day 4 of differentiation
cells were boosted with fresh media for one hour and for the last 5 minutes cycloheximide (Sigma)

was added to the media (final concentration 100ug/mL). Cells were lysed and collected in
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hypotonic lysis buffer (5mM Tris HCI pH 7.5, 25 mM MgCI2, 1.5 mM KCI, 100 ug/mL
cycloheximide, 2 mM DTT), and 0.5% Triton, 0.5% Sodium Deoxycholate were then added to the
cell lysates after collection. The cytoplasmic extracts were resolved on 5-50% sucrose gradients
by centrifugation in an SW40 rotor at 150,000 x g for 2 hours. The absorbance at 260 nm was
measured using a Piston Gradient Fractionator Model 153 instrument (BioComp, Canada). The

results were plotted in R as previously described (Hulea, Gravel et al. 2018).

Ppary ChIP-Seq

Publicly available dataset GSE41481 was downloaded from Gene Expression Omnibus
(Siersbeek, Loft et al. 2012). For each fat depot, sequenced reads from the ChlP-seq library were
first aligned to mouse reference genome (mm9) with Bowtie2 (Langmead and Salzberg 2012).
Uniquely aligning read per genomic position was kept with Picard for downstream peak calling.
Enriched PPARYy-binding regions were identified using HOMER (Heinz, Benner et al. 2010)
findPeaks program (with “factor” mode) where default parameters for tag count normalization (to
10 million reads), false-discovery rate (FDR) cutoff (< 0.1%), and filtering options (= 4-fold tag
count enrichment compared to both input control and local tag density) were applied. Peaks were
annotated to the nearest TSS using HOMER annotatePeaks.pl program. Lastly, enriched peaks

were visualized with Integrative Genomics Viewer (IGV) (Robinson, Thorvaldsdoéttir et al. 2011).

Total RNA sequencing and polysomes sequencing analysis

The RNA sample received was quantified using Qubit 2.0 Fluorometer (Life Technologies,
Carlsbad, CA, USA) and RNA integrity was checked using TapeStation (Agilent Technologies,
Palo Alto, CA, USA). The RNA sequencing library was prepared using the NEBNext Ultra RNA
Library Prep Kit for lllumina using manufacturer’s instructions (NEB, Ipswich, MA, USA). Briefly,

mRNAs were initially enriched with Oligod(T) beads. Enriched mRNAs were fragmented for 15
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minutes at 94 °C. First-strand and second-strand cDNA were subsequently synthesized. cDNA
fragments were end-repaired and adenylated at 3’ends, and universal adapters were ligated to
cDNA fragments, followed by index addition and library enrichment by PCR with limited cycles.
The sequencing library was validated on the Agilent TapeStation (Agilent Technologies, Palo Alto,
CA, USA), and quantified by using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) as well as by
quantitative PCR (KAPA Biosystems, Wilmington, MA, USA). The sequencing library was
clustered on three lanes of a flowcell. After clustering, the flowcell was loaded on the Illumina
HiSeq instrument (4000 or equivalent) according to the manufacturer’s instructions. The sample
was sequenced using a 2x150bp Paired End (PE) configuration. Image analysis and base calling
were conducted by the HiSeq Control Software (HCS). Raw sequence data (.bcl files) generated
from lllumina HiSeq was converted into fastq files and de-multiplexed using lllumina's bcl2fastq
2.17 software. One mismatch was allowed for index sequence identification. Quality control of
raw sequencing data was conducted using FastQC (Andrews 2010), employing default
parameters. Subsequently, sequencing reads were mapped to the mouse genome mm10 using
Salmon (Patro, Duggal et al. 2017). Differential gene expression analysis was then undertaken
with DESeq2 (Love, Huber et al. 2014). Genes meeting the criteria of an adjusted p-value less
than 0.05 and a log2(fold change) greater than 0.2 were classified as differentially expressed.
Pathway enrichment analysis was executed by examining the overlap between the identified
DEGs and canonical pathways from databases such as KEGG, REACTOME, BIOCARTA, and
HALLMARK using Fisher's exact test. Multiple testing corrections were applied using the
Benjamini-Hochberg method to determine the false discovery rate (FDR). Additionally, an
enrichment score was calculated, capturing the proportion of overlapping genes in relation to the
entire gene set specific to a given cell type. This score was normalized by the total number of

genes detected in either total RNA sequencing or polysome sequencing.
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gPCR validation of selected genes

RNA from polysomes or total RNA pool was resuspended in Trizol reagent (ThermoFisher), and
RNA was isolated using Direct-zol RNA Microprep kits as described by the manufacture (Zymo
research). Isolated RNA was reverse transcribed using High-Capacity cDNA synthesis kit
(ThermoFisher). Gene expression for selected genes was quantified using Quant Studio 6 Flex
Real-Time PCR instrument, 384-well (Applied Biosystems by Invitrogen) with KAPA SYBR FAST

gPCR 2x Master Mix Rox Low (Kapa Biosystems).

Differentially translated transcripts analysis

Differential expression analysis was performed using DESeq2 (Love, Huber et al. 2014). We
designed an interaction term between RNA fractions (i.e., polysome vs total RNA) and treatment
(i.e., rosiglitazone vs vehicle) during DESeq2 analysis, which could normalize the expression level
of total RNA abundance in polysome fractions. The transcripts with differential translation
efficiency (DTETs) were defined using the criteria of adjusted p-values less than 0.05 and
absolute log2(Foldchange) greater than 1. The up-regulated transcripts after rosiglitazone
treatments were classified as log2(Foldchange) greater than 1, while down-regulated ones are

classified as log2(Foldchange) less than -1.

Identification and quantification of enriched motifs

To explore the sequence patterns in up-regulated transcripts, RNA sequences including 5’UTR,
CDS, and 3'UTR were extracted based on the transcriptome annotations from GENCODE VM33.
A statistic enrichment analysis was conducted to extract the enriched motifs from hexamer
sequences in the up-regulated transcripts regions and we chose the sequences from down-
regulated transcripts as the background group to measure the enrichment of hexamers. In brief,

the sequences from the up-regulated transcripts regions were extracted by overlapping hexamers
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using the window length as 6nt and step size as 1nt. The occurrences and frequencies of each
hexamer were counted across sequences and the enrichment score was calculated using Z-test.
The enriched hexamers between up- vs down-regulated transcripts were defined with the
enrichment z-scores larger than 3. The motif analyses are performed using RSAT (Turatsinze,
Thomas-Chollier et al. 2008). First, the position-specific scoring matrix (PSSM) of the enriched
hexamers was obtained using the ‘convert-matrix’ program. Sequence motifs were generated
using R package ‘ggseqglogo’. Then, we scanned the enriched 5UTR motif across each position
of the 5’UTR in up-regulated transcripts using the ‘matrix-scan’ program, which is a pattern-
matching method calculating the similarity between sequences with PSSM. The 5’UTR sites with

p-values lower than 0.05 were selected as the possible regulatory sites to generate a feature map.

Design of truncated 5’UTRs

All significant motif sites were used to design the truncated 5UTRs. We scanned each 5UTR
using the sliding windows in 100nt length with 1nt step size and then counted all the significant
motif sites in each 100nt sliding window. The windows with more than 1 motif site were defined

as potential functional windows. If there were at least two functional windows in adjacent positions,

2.5 Conclusions

Our studies propose that Rosi regulates fat-specific translation by (a) a direct mechanism
on which PPARy can drive the expression of ribosomal genes and build up the machinery
necessary to translate specialized fat mRNAs; and (b) an indirect RNA G-rich mediated
mechanism by which Rosi enhances the translation of mMRNA containing this motif. This could be
achieved by potentially removing G4 structures from defined mRNA as observed at DNA level
(Zyner, Simeone et al. 2022) to drive cell differentiation. Additionally, we speculated that

rosiglitazone could induce the expression of RBP that preferentially binds to G-riched sequences
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(G4) and other structures driving more translation (Benhalevy, Gupta et al. 2017). In conclusion,
we propose a novel and exciting new role of TZDs (rosiglitazone) regulating the translation
machinery in the adipose SVF. Our studies suggest for the first time that rosiglitazone not only
drives the fat-transcription networks but also regulate its translation in a very precise and
sophisticated way to ensure fat-cell specialization. This opens up a completely new perspective
about adipose tissue translation homeostasis and its adaptability to diverse stressors. We
acknowledge that future studies will be necessary to fully characterize how the translation
machinery is regulated or impaired in the context of obesity and how can we target it to restore

adipose plasticity.
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CHAPTER 3: ROLE OF PIXL IN WHITE AND BROWN ADIPOSE TISSUE

3.1 Introduction

Adipose tissue is a key regulator of systemic lipid metabolism. Adipocytes are specialized
cells that store energy in the form of triglycerides and mobilize this energy as free fatty acids
during times of caloric deficiency (Sakers, De Siqueira et al. 2022). Excess adipose tissue (i.e.
obesity) increases the risk for metabolic disorders such as dyslipidemia, cardiovascular disease,
insulin resistance, and type 2 diabetes (Alberti, Zimmet et al. 2005). In fact, increased visceral
adipose tissue leads to increase in cardiometabolic risk, and chronic low-grade inflammation
(Rosenquist, Pedley et al. 2013, Abraham, Pedley et al. 2015, Sahakyan, Somers et al. 2015).
The local effects of this dysfunctional expansion of adipose tissue result in increased levels of
proinflammatory cytokines, such as TNF-a and IL-6 (Park, Park et al. 2005, Sahakyan, Somers
et al. 2015), oxidative stress, mitochondrial dysfunction, hypoxia, and increased expression of
antiangiogenic genes (Ledoux, Queguiner et al. 2008, Gealekman, Guseva et al. 2011, An, Crewe
et al. 2019). At systemic level, the inefficient storage of excess lipids in the adipose tissue leads
to ectopic fat deposition in the liver, systemic inflammation, and consequently atherosclerosis
(Reardon, Lingaraju et al. 2018, Ansaldo, Montecucco et al. 2019, Ben, Jiang et al. 2019, Zhang,
Zhang et al. 2019). These studies highlight the essential role of functional adipose tissue in
regulating systemic energy metabolism.

Pharmacological therapies, such as the use of thiazolidinediones (TZDs) can specifically
target several of the dysfunctional consequences of obesity and rewire metabolism. For example,
Rosiglitazone (Rosi) has potent anti-diabetic effects(Xu, Xing et al. 2022) by (a) increasing uptake
of glucose on muscle (b) increasing triglyceride storage in the adipose tissue and production of
adipokines such as adiponectin, (c) increasing fatty acid oxidation in the liver, (d) reducing lipid

accumulation in muscle and liver and (e) reducing inflammation by targeting PPARy in
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macrophages, switching to an anti-inflammatory profile (Cariou, Charbonnel et al. 2012, Ahsan
2019). Most importantly, recent studies have demonstrated fewer cardiac side effects with the
use of rosiglitazone in diabetic patients (Home, Jones et al. 2007, Home, Pocock et al. 2009,
Florez, Reaven et al. 2015).

Here we identified, a novel adipose target of PPARy, Ppary-Induced X-Linked (PIXL).
PIXL (also known as Kiaa1701, Bhihb9 and p60Trp) is a cytoplastic protein, containing four
armadillo repeats at the C-terminus and a completely disordered N-terminus. In particular, PIXL

does not have a DNA biding domain despite its previous annotations (Uniprot Q6PBG60).

Interestingly, Pixl is upregulated by Rosi treatment in obese mice in both brown and white adipose
depots and it has no defined adipose function. Previous work has demonstrated that Pix/
expression increases during cellular differentiation in chondrocytes (Suwanwela, Farber et al.
2011) and its overexpression induces neurogenesis (Mishra and Heese 2011).Therefore we
aimed to characterized the function of this protein in adipose biology. Since our previous work
(Chapter 2) has shown the importance of Rosi increasing the expression of the translation
machinery we hypothesized that TZDs promote adipocyte proteostasis by inducing the expression
of translation-related proteins and specific regulators to fine tune the proteome tonus. As Pix/
seems to enhance the differentiation process in other tissues we conjectured that Pix/ could be

involved in the regulation of protein synthesis and therefore regulating the translational status.

3.2 Results
3.2.1 Identification of PPARy- Induced X-linked gene: Pix|

Rosiglitazone (Rosi) is a PPARy agonist drug that has been shown to remodel adipose
tissue architecture and it has a potent anti-diabetic function (Lebovitz 2019). To identify novel
uncharacterized genes upregulated by a PPARy agonist we acutely treated ob/ob mice with

vehicle (Veh) or Rosi for 3 days and performed RNA sequencing of brown adipose tissue (BAT),
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epididymal adipose tissue (eWAT), and inguinal adipose tissue (iWAT) (Fig14A). Venn diagram
analysis revealed a remarkable depot-specific response and an overlapping signature (Fig14B).
We first validated the main common pathways being upregulated by Rosi such as lipid metabolism
and PPAR signaling (Fig14C). Next, we analyzed depot-specific pathways (FigS11A-F).
Downregulated processes demonstrated decreased immune responses and metabolic processes
(FigS11B, D, F). Interestingly, in the upregulated pathways, we did observe an upregulation of
not only fat-specific processes but also several translation-related pathways (FigS11A, C, E). We
then decided to refine the pathways involved in mRNA processing and translation and we
observed that Rosi treatment indeed upregulates several processes to induce translation
remodeling and protein synthesis in the adipose tissue (Fig14D). Since adipose-specific
regulation of translation is a poorly studied field we aimed to identify novel targets induced by
Rosi that may be involved in such regulation. To identify relevant targets, we ranked the
upregulated transcripts by Rosi in the three fat depots-based fold changes. Among the classical
PPARYy targets (e.g. Elovi3, Rbp7, Clstn3) and previously described genes involved in
adipogenesis (e.g. Arxes1 and Arxes2), we identified an uncharacterized gene Bhlhb9 (a.k.a.
Gprasp3, p60TRP). Despite its name, Bhlhb9 does not have a basic helix-loop-helix domain
(Uniprot Q6PB60). Therefore, herein we are referring to it as PPARy- Induced X-linked gene: PixI.
To validate that Pix/ upregulation was dependent on the Rosi treatment, we checked a publicly
available PPARy ChIP-Seq dataset. Indeed, we identified PPARYy binding sites in the promoter
region of Pix/ (Fig14F).

In conclusion, we have demonstrated that Rosi treatment indeed enhances the translation
machinery expression in the adipose tissue. Moreover, we have identified a novel candidate, Pixl,

which may play a role in this process.
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Figure 14 PPARy-dependent induction of Pixl.

(A) Schematic experimental design: obese (ob/ob) mice were orally gavage with either vehicle or rosiglitazone (Rosi) 30mg/Kg for 3
days, and BAT, eWAT and iWAT were isolated for RNA sequencing. (B) Venn diagram of transcripts upregulated by Rosi in BAT,
eWAT, and iWAT. (C) C-net of pathways enriched in the overlapping upregulated transcripts by Rosi. (D) Translation-related pathways
upregulated by Rosi. (E) Heat-map of transcripts upregulated by Rosi by fold-change (>450 read counts, log2FC>1.3). (F) Visualization
of peaks of PPARYy binding sites in BAT, iWAT and eWAT. (n = 3 mice per group).
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SFigure 11 Rosiglitazone-induced transcriptome remodeling.

(A-B) Upregulated and downregulated pathways by Rosi in BAT. GO: biological processes and KEGG. (C-D) Upregulated and
downregulated pathways by Rosi in eWAT. GO: biological processes and KEGG. (E-F) Upregulated and downregulated pathways by

Rosi in iWAT. GO: biological processes and KEGG. (n = 3 mice per group).

3.2.2. PIXL interacts with the translation machinery

Fold Enrichment

Next, we aimed to define the function of Pix/ in adipose biology. In order to do that, we first

used AlphaFold and ChimeraX to define PIXL-predicted structures. PIXL secondary structures

are predicted to be one alpha helix at the N-terminus, and four helices at the C-terminus, colored

by hydrogen bonds in blue (Fig15A). Additionally, electrostatic, and hydrophobic properties
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demonstrate that PIXL is composed of mainly positive (Lys, His, Arg) (FigS12A) and hydrophilic
residues (FigS12B). Second, we used AlphaFold and Swiss-Model to predict specific structures
and domains. The only high-confidence modeling we were able to predict was armadillo repeats
like in the C-terminus (dark blue) (Fig15B). The entire N-terminus seems to be disordered and
without any high-confidence predictions. Given that structure prediction was not insightful for us
to define PIXL molecular function, we decided to characterize the in vitro function of PIXL. We
first performed an adipocyte differentiation time course using 10T1/2 cells. Pixl mRNA levels
increase during differentiation with the highest expression on day 2 of differentiation (FigS12C).

Since we could not validate an antibody to identify the protein levels of PIXL we tagged
Pixl with either HA or flag tag at the C-terminus (FigS12D). PIXL-flag protein expression was very
similar to the endogenous mRNA levels, with the highest expression at day 2 of differentiation
(FigS12E). Next, we decide to evaluate PIXL cellular localization. Confocal images revealed that
PIXL is a cytoplasmic-resident protein (Fig15C). To identify the molecular partners of PIXL, we
performed an immunoprecipitation on day 2 of adipocyte differentiation (Fig15D).

Network analysis revealed that PIXL is part of the ribonucleoprotein/ translation complex
(Fig15D). We identified upstream regulators of translation (e.g. LAMTORS3, RRAGA), and
eukaryotic initiation factors — elF (e.g. elF5, elF4E, elF4H) (Fig15D-E). Since initiation factors
such as elF4E (Conn, Yang et al. 2021) and elF6 (Brina, Miluzio et al. 2015) have been recently
described as important proteins regulating the metabolic tone in the liver, we decided to
characterize the role of PIXL and the eukaryotic initiation complex. To validate the complex
interaction, we initially co-immunoprecipitated PIXL and elF4E (Fig15F), and then we decided to
analyze the polysome profile of 10T1/2 cells during adipocyte differentiation. Expression of PIXL-
flag at day 2 (Fig15G) or day 4 (FigS12F) of differentiation did not cause changes in the polysome

profile, nor in the polysomes/monosomes ratio (FigS12G).
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Figure 15 Molecular characterization of PIXL.

(A) AlphaFold prediction of PIXL secondary structures (visualization by ChimeraX). Hydrogen bonds depictable in blue. (B) Model
confidence by AlphaFold (visualization by ChimeraX). (C) Confocal images of 10T/12 cells at day 2 of differentiation (PIXL-HA: purple;
nuclei: DAPI, blue; Lipid droplets: LipidTox, green. (D) Left-panel: experimental design for proteomics of immunoprecipitated proteins
with PIXL-flag. Right panel: interactome of proteins identified by proteomics (log2FC>1.2). (E) Heat-map of proteins identified by
proteomics using a cut-off of log2FC>1.2, and adj p-value < 0.04. (F) Co-immunoprecipitation of PIXL and elF4E at day 2 of
differentiation. (G) Polysomes profile of 10T1/2 PIXL-flag and pBABE cells at day 2 of differentiation. (H) Western blot of polysome
profile of PIXL-flag, elF4E, RPS6, and GAPDH.
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(A) Visualization by ChimeraX of electrostatic properties of PIXL (blue: positive residues; red: negative residues). (B) Visualization by
ChimeraX of hydrophobicity properties of PIXL (yellow: hydrophobic residues; cyan: hydrophilic residues). (C) mRNA levels of
endogenous Pix/ during adipocyte differentiation. (D) Schematic design for Pix/-3xflag and Pix/I-3xHA at its C-terminus. (E) Protein
levels of PIXL during adipocyte differentiation. (F) Polysomes profile of 10T1/2 PIXL-flag and pBABE cells at day 4 of differentiation.
(G) Ratio of polysomes by monosome peaks from polysomes at day 2 and day 4 of differentiation. (H) Western blot analysis of initiation
factors and ribosomal proteins at day 2 of adipocytes differentiation. GP pvalue style: n.s.= non-significant, *p= 0.0332; **p < 0.0021;
***n < 0.0002 by two-tailed Student’s t-test.

Additionally, PIXL-flag expression only slightly increased the expression of initiation
factors (elF4E, elF4B, elF3M) with no changes in ribosomal proteins (RPS11, RPS14, RPL23a)
(FigS12H). Nonetheless, when we immunoblotted for PIXL in the fractions of the polysome we
did identify PIXL at the highest levels in the early fractions (F2-F6) of the polysome (Fig15H).

Overall, we have demonstrated that PIXL expression increases during early stages of

adipocyte differentiation, and it interacts with the initiation complex.

3.2.3 Pixl deletion leads to remodeling in the polysome profile

Next, we decide to investigate how the absence of PIXL would impact the polysome
profile. In order, to generate a knockout (KO), we used CRISPR-Cas9 ribonucleoprotein complex
delivered by electroporation (Fig16A). After a first KO screening with a pooled population, we

performed single clone isolation, expansion, and a second KO screening. Clones with a KO and
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indel score higher than 90% were selected. Pixl or PixI"™® were reintroduced in the KOs to serve
as control (WT). Finally, after testing adipogenic potential, clone #10 was selected for downstream
experiments. First, we checked gene expression to confirm a successful reintroduction of Pix/ in
the KO cells (Fig16B).

Second, we performed polysome profile at early (day 2) and late (day 4) adipogenic
differentiation. At day 2 of differentiation, PIXL-KO cells presented a very similar profile to PIXL,
and PIXL"™9 cells (Fig16C). A minor decrease was observed in the pool of polysomes (more than
5 ribosomes), and an increased in the pool of 2+ and 3+ ribosomes. Interestingly, at day 4 of
differentiation, we first observed how cells now have a very active translation, with very
pronounced polysomes compared to day 2 (Fig16D). Next, we compared the control cells to PIXL-
KO cells and did observe a shift in the polysomes. KO cells had more monosomes and polysomes
with 2-3 ribosomes and a slight decrease in the highly translating polysomes (Fig16D).

These results highlight that the absence of PIXL does impact the overall polysome profile
specially at day 4 of differentiation when cells are highly translating mRNA networks -a phenotype

that may impact adipocyte functions in vivo.
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Figure 16 Characterization of adipogenesis in the absence of PIXL.

(A) Schematic experimental design: 10T1/2 cells were electroporated with the ribonucleoprotein complex (gRNA, Cas9), followed by
a first screening at the pool level (indel score, KO score), and finally clonal selection was performed to select KO clones. Defined
clones then had Pix/ or Pix™® reintroduced to serve as a control (WT). (B) mRNA expression of Pix/ in 10T1/2 clone #10. (C-D)
Polysomes profile at day 2 and 4 of PIXL, PIXL"™ and PIXL-KO cells.

3.2.4 PIXL knockout perturbs cold adaptation

To investigate the role of Pix/ in adipose biology in vivo we decided to create a mouse model
using the Adiponectin-Cre (PIXL-AKO) (Fig17A). Pix/ and Cre expression levels (Fig17B) indeed
demonstrated a knockout of Pixl. Next, since BAT presented the major upregulation in the
translation machinery pathways (Fig14D) and the highest expression of Pix/ after Rosi treatment
(Fig14E), we decided to challenge those mice with a cold exposure experiment (Fig17A). First,
we checked the expression levels of Pix/ during differentiation and activation of primary brown
adipocytes. We observe that Pix/ is highly expressed in those cells and that its expression
increases in the course of brown adipocyte differentiation (FigS13A) similar to what we have seen

in the 10T1/2 cells (FigS12C). However, norepinephrine stimulation does not seem to increase
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Pixl expression as it does with UCP1 (FigS13A-B). Second, we challenged WT and PIXL-AKO
mice with a 6h cold exposure (4C). PIXL-AKO mice are less cold tolerant than the WT mice and
they were not able to restore temperature homeostasis (Fig17C). Cold exposure however does
not change PixI expression (FigS13C) so this phenotype may be due to Pix/ function.
Subsequently, we decided to explore how the proteome is modulated during cold exposure. WT
mice exposed to cold presented an upregulation of thermogenesis, insulin signaling, and
surprisingly ribosome pathways compared to WT at room temperature (RT) (Fig17D). Then we
decided to analyze how the PIXL-AKO mice modulated their proteome compared to WT during
cold exposure. We did observe a downregulation of ribosome pathways and PPAR signaling in
PIXL-AKO mice compared to WT (Fig17E). Interestingly some of these down regulated proteins
are very important for lipolysis (PLIN1, PLIN4, LPL) or long chain fatty acids uptake (CD36) and
consequently, fundamental to fuel thermogenesis (Fig17E- FigS13E). We also compared PIXL-
AKO versus WT at room temperature and there were not many changes in the BAT proteome
(FigS13D). Therefore, challenging the translation machinery with an acute stress (cold exposure)
revealed major impairments in the PIXL-AKO mice. Next, we decided to validate some of these
findings, and indeed we observed a decrease in PLIN1 and RPS19 in PIXL-AKO mice compared
to WT (Fig17F-G). Interestingly these changes are not reflected at mRNA levels (Fig17H)
highlighting that this may be a translation impairment. We also analyzed histological sections of
BAT, eWAT, and iWAT at RT and cold, and no apparent changes were observed (Fig17I-
FigS13F). Finally, we performed indirect calorimetry in a gradient temperature. We observed that

at 5C PIXL-AKO mice have a lower energy expenditure than WT mice (Fig17J).
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Figure 17 Absence of PIXL leads to cold sensitivity.

hours

(A) PIXL-AKO mice model: floxed Pix/ mice were crossed to Adiponectin-Cre mice to generate adipocyte-specific KOs (PIXL-AKO).

(B) Pixl and Cre expression in brown adipose tissue (BAT) confirming knockout of Pix/. (C) Cold-exposure challenge in WT and PIXL-
AKO mice for 6 h. (D) Network from proteomics analysis of upregulated proteins in BAT from WT mice in cold vs room temperature
(adj. pvalue <0.05). (E) C-net proteomics analysis of downregulated proteins in BAT from PIXL-AKO vs WT during cold exposure
(pvalue <0.05). (F) Proteomics intensity signal of UCP1, PLIN1, and RPS19. (G) Western blot analysis of UCP1, PLIN1, and RPS19

from BAT. (H) mRNA expression of Ucp1, Plin1, and Rps19 from BAT. (l) Histological analysis of BAT, eWAT, and iWAT (hematoxylin

and eosin stain) from either WT or PIXL-AKO mice at 4C (after 6h). (J) Energy expenditure from PIXL-AKO and WT mice at 5C. Data
represent mean + SEM (n = 5-9 mice per group). GP pvalue style: *p= 0.0332; **p < 0.0021; ***p < 0.0002 by one-way ANOVA,

multiple comparisons followed by Tukey post hoc test.
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(A-B) mRNA expression of Pix/ and Ucp1 in primary brown adipocytes during differentiation and stimulation with norepinephrine. (C)
mRNA expression of Pix/ during room temperature and cold exposure in BAT. (D-E) Volcano plot from PIXL-AKO vs WT at room
temperature and cold exposure, respectively (pvalue<0.05) (F) Histological analysis of BAT, eWAT, and iWAT (hematoxylin and eosin
stain) from either WT or PIXL-AKO mice at room temperature. Data represent mean + SEM (n = 5-9 mice per group).

Therefore, we conclude that the absence of PIXL in vivo impairs cold adaption. A

mechanism that in part seems to be mediated by a reduction in protein expression of essential
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adipose proteins but not mRNA levels. As a consequence, PIXL-AKO mice presented a

decreased energy expenditure compared to control mice.

3.2.5 PIXL-dependent maladaptation of adipose tissue during obesity

Next, we decided to evaluate how the absence of Pix/ would impact a chronic process
such as diet-induced obesity. First, we defined in each fraction of the adipose tissue Rosi
upregulated Pixl. We dissociated eWAT and iWAT into stromal vascular fraction (SVF) and
mature adipocytes (mMAD). We observed that Pix/ was upregulated exclusively in the mAD fraction
(Fig18A). We also confirmed again our knockout model in the mAD of eWAT and iWAT
(FigS14A). Subsequently, we evaluated if this upregulation of Pix/ in the mAD was also present
in lean mice. Indeed, we observed that Rosi robustly upregulated Pix/in mAD of lean mice in both
eWAT and iWAT (Fig18B). Then we decided to challenge those mice with control (10% low-fat
diet- LFD) and 60% high-fat diet (60% HFD) (Fig18C). Since Pix/ is an X-linked gene we perform
experiments in males and females. Male mice on a 10% LFD gained less body weight (Fig18D),
had a slight decrease in fat mass (Fig18E), and a trend in being more glucose tolerant (FigS14B)
and less insulin resistant (FigS14C) compared to their littermate controls. In contrast, male mice
on a 60% HFD, gained more weight (Fig18F), increased fat mass (Fig18G), and became glucose
intolerant (Fig18H) compared to control mice. We did not observe changes in the insulin tolerance
test (FigS14D). We performed the same experiments with females on a 10% LFD (FigS14E-H)
and a 60% high-fat diet (FigS14I-L) and did not observe any differences. Therefore, we decided
to continue with the phenotype characterization using male mice. Lean male mice did not present
any major histological changes in the liver, BAT, eWAT, or iWAT (FigS14M). On the other hand,
PIXL-AKO obese mice macroscopic presented changes in the appearance and weight of the
eWAT (Fig18I-J) compared to control mice. No significant alterations were observed in the liver,

BAT, and iWAT (Fig18J).
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Figure 18 PIXL deletion exacerbates obesity.

(A) mRNA expression of Pix/ in stromal vascular fraction (SVF) and mature adipocytes (mAD) of eWAT and iWAT. (B) mRNA
expression of Pix/ in mAD of lean (WT), and obese (ob/ob) mice treated with vehicle (Veh) or rosiglitazone (Rosi). (C) Schematic
experimental design: WT and PIXL-AKO, males and females were placed on a low-fat diet (10%) or a high-fat diet (60%) for at least
12 weeks. Weight gain, body composition, and glucose/insulin tolerance were accessed. (D-E) Body weight and body composition of
male WT and PIXL-AKO mice in a 10% low fat diet. (F-G) Body weight and body composition of male WT and PIXL-AKO mice in a
60% high fat diet. (H) Glucose tolerance test of male mice after 16 weeks on 60% HFD. (I) Macroscopic images of BAT, eWAT and
iWAT of male mice after 20 weeks on 60% HFD. (J) Tissue weight of BAT, eWAT, iWAT and liver of WT and PIXL-AKO mice after 20
weeks on 60% HFD. (K-L) Histological analysis of BAT, eWAT, iWAT and Liver (hematoxylin and eosin stain) from either WT or PIXL-
AKO mice after 20 weeks on high-fat diet. Bottom panel represent quantification of lipid droplet area and the frequency distribution.
(O) Serum lipidomics of WT and PIXL-AKO mice after 20 weeks on 10% low-fat diet. (P) Fatty acid bond composition from WT and
PIXL-AKO mice after 20 weeks on 10% low-fat diet. (Q) Serum lipidomics of WT and PIXL-AKO mice after 20 weeks on 60% high-fat
diet. (R) Triglyceride bond composition from WT and PIXL-AKO mice after 20 weeks on 60% high-fat diet. (S-T) Liver lipidomics of
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WT and PIXL-AKO mice after 20 weeks on 10 % and 60% high-fat diet, respectively. Data represent mean + SEM (n = 8-11 mice per
group). GP pvalue style: n.s.= non-significant, *p= 0.0332; **p < 0.0021; ***p < 0.0002 by two-tailed Student’s t-test or by one-way
ANOVA, multiple comparisons followed by Tukey post hoc test or two-way ANOVA followed by Bonferroni post hoc test (GTT).

Next, we decided to microscopically characterize these tissues by measuring the lipid
droplet area. PIXL-AKO BAT and eWAT presented a decrease in the frequency of smaller lipid
droplets and an increase in hypertrophic ones compared to control mice (Fig18K-L). iWAT did
not present any alteration in both mice groups (Fig18M) and the liver had a slight increase in
bigger lipid droplets in PIXL-AKO mice (Fig18N). Finally, we decided to study the impact of this
obesity maladaptation on systemic metabolism. We first compared the serum lipidomic of PIXL-
AKO mice on 10% LFD and 60% HFD to their respective controls. Under 10% LFD PIXL-AKO
presented an upregulation in free fatty acids (FFA), and a decrease in phosphatidylserine (PS),
and phosphatidylglycerol (PG) compared to their controls (Fig180). Within the FFA composition,
the main changes were in 12:0, 14:0, 14:1, 16:0, and 16:1 (Fig18P). Conversely, during 60% HFD
PIXL-AKO mice substantially increased the levels of triglycerides (TG) in the serum compared to
littermate controls (Fig18Q). TG composition revealed an increase in 48:0, 49:0, 50:0, 51:0, 52:0,
53:0, 54:0, 55:0, and 56:0 in the PIXL-AKO mice (Fig18R). Next, we analyzed the hepatic lipid
composition of those animals. Similarly to the serum lipidomic, the liver lipidomic revealed a major
remodeling during the 60% HFD challenge (Fig18S-T). PIXL-AKO mice presented a similar
hepatic liver profile to control mice during 10% LFD, with only upregulation of phosphatidylglycerol
(PG) (Fig18S-FigS14N). After 60% HFD, PIXL-AKO mice increased the levels of phosphatidic
acid (PA) and phosphatidylglycerol (PG) and decreased FFA, ceramide (CER), and
phosphatidylethanolamine (PE). Fatty acid composition revealed a major decrease at 16:0 and a
minor decrease at 18:0 in PIXL-AKO mice compared to controls (FigS140-P).

Overall, the deletion of PIXL in the adipose tissue exacerbated the onset of obesity and
conferred PIXL-AKO mice a detrimental metabolic profile, with increases in glucose intolerance,
macrophage infiltration, hypertrophic adipocytes, and hypertriglyceridemia compared to control

mice.
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SFigure 14 Dietary and sex response of adipose tissue in the absence of PIXL.

(A) Pixl and Cre expression in mAD of eWAT and iWAT. (B-C) Glucose and insulin tolerance test of male mice after 16 weeks on
10% LFD. (D) Insulin tolerance test of male mice after 16 weeks on 60% HFD. (E-F) Body weight and body composition of female WT
and PIXL-AKO mice in a 10% low fat diet. (G-H) Glucose and insulin tolerance test of female mice on 10% LFD. (I-J) Body weight
and body composition of female WT and PIXL-AKO mice in a 60% high fat diet. (K-L) Glucose and insulin tolerance test of female
mice on 60% HFD. (M) Histological analysis of BAT, eWAT, iWAT and Liver (hematoxylin and eosin stain) from either WT or PIXL-
AKO mice after 20 weeks on low-fat diet (10%). (N) Phosphatidylglycerol (PG) quantification from liver lipidomics (10%LFD). (O-P)
Hepatic fatty acid bond composition and Phosphatidylglycerol (PG) concentration from WT and PIXL-AKO male mice after 20 weeks
on 60% high-fat diet. Data represent mean + SEM (n = 8-11 mice per group). GP pvalue style: n.s.= non-significant, *p= 0.0332; **p
< 0.0021; ***p < 0.0002 by two-tailed Student’s t-test or by one-way ANOVA or two-way ANOVA followed by Bonferroni post hoc test
(GTT, ITT).
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3.2.6 Impact of PIXL deletion on eWAT adaptation during obesity

Finally, since the eWAT was the tissue that mostly changed in size, structure, and
adipocyte morphology we decided to further define the underlying mechanisms driving this
phenotype. Since we noticed an increase in cellular infiltration in the PIXL-AKO eWAT compared
to WT (Fig18L), we decided to stain the adipose section with an F4/80 marker.

Immunohistochemistry analysis revealed that PIXL-AKO mice presented an increase in

macrophage/monocyte infiltration in the eWAT compared to control mice (Fig19A).
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Figure 19 Absence of PIXL leads to eWAT maladaptation during obesity.

(A) F4/80 immunohistochemistry of eWAT from WT and PIXL-AKO male mice after 20 weeks on 60% HFD. (B) Volcano plot from
eWAT proteomics of WT and PIXL- AKO mice (pvalue<0.05). (C) C-net proteomics analysis of downregulated proteins in e WAT from
PIXL-AKO vs WT after 20 weeks in 60% HFD (pvalue <0.05). (D) Surface Sensing of Translation (SUnSET). Puromycin is used as a
tyrosyl-tRNA analog therefore being incorporated in the newly synthesized proteins during translation (puromycin-tagged peptide).
Immunoblots of eWAT. Left panel: total protein in stain-free gel. Right-panel: immunoblot anti-puromycin. Data represent mean + SEM
(n = 4-8 mice per group). GP pvalue style: n.s.= non-significant, *p= 0.0332; **p < 0.0021; ***p < 0.0002 by two-tailed Student’s t-test.
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This phenotype seems to be exclusive to the eWAT and no alterations were observed in
the iIWAT (FigS15A). Next, we performed RNA sequencing in the eWAT to identify the main
pathway downregulated in the absence of Pix/. Overall, the main pathways downregulated in the
eWAT of PIXL-AKO mice showed downregulation of pathways involved in mRNA processing,
metabolism, and stabilization, suggesting an impact on the translation process (FigS15B).
Subsequently, we performed proteomics using the same tissue to identify the main proteins
downregulated. Volcano plot (Fig19B) and pathways analysis (Fig19C) revealed a
downregulation in the ribonucleoprotein complex biogenesis and cytoplasmic translation. Finally,
as a readout to evaluate overall eWAT protein synthesis, we performed the SUrface SEnsing of
Translation (SUnSET) assay in vivo. Immunoblot analysis indeed revealed a decrease in the
incorporation of puromycin into newly synthesized nascent peptides in PIXL-AKO mice compared

to WT mice.

128



A WT PIXL-AKO

P e sk
‘g n.s.
%61
g 2 | o
= 30 0
35
~
Lol = d
WT PIXL-AKO
B eWAT - RNASeq
Negative regulation of mRNA processing
mRNA 3'-end processing
Spliceosomal complex assembly
mRNA polyadenylation
Alternative mRNA splicing, via spliceosome g
Negative regulation of ERK1 and ERK2 cascade | @ S
mRNA destabilization &
RNA destabilization o
Negative regulation of mMRNA metabolic process 2
Positive regulation of mMRNA catabolic process %
Dendritic spine organization | @ @
Mitotic spindle assembly o ’.2‘
Regulation of signal transduction by p53 class mediator | ® ol
Neuron projection organization (@ 3 g
Regulation of stem cell differentiation 2
Demethylation
Regulation of glial cell differentiation (@ Pathway-wise avg.
Negative regulation of translation log,(FC)
Regulation of peptidyl-lysine acetylation :gg
Intrinsic apoptotic signaling pathway by p53 class mediator |e i’“
Striated muscle cell proliferation
% s : -log, ,(g-val)
Regulation of DNA-templated transcription elongation |« . “50
Regulation of RNA stability 20
Regulation of mRNA catabolic process =
Positive regulation of protein ubiquitination @5
4 8 12

Fold Enrichment

SFigure 15 Adipose transcriptomics remodeling after PIXL deletion.

(A) F4/80 immunohistochemistry of iWAT from WT and PIXL-AKO male mice after 20 weeks on 60% HFD. (B) Downregulated pathway
from RNA-Seq of eWAT from eWAT from PIXL-AKO vs WT after 20 weeks in 60% HFD (pvalue <0.05). Data represent mean + SEM
(n = 4-8 mice per group). GP pvalue style: n.s.= non-significant, *p= 0.0332; **p < 0.0021; ***p < 0.0002 by two-tailed Student’s t-test.

3.3. Discussion

Translation regulation is a fundamental process to cell development, differentiation, and
function. Several reports have been presented elucidating a very controlled and health
upregulation of translation during T cell activation (De Silva, Ferguson et al. 2021), and stem cell
differentiation and proliferation (Sampath, Pritchard et al. 2008, Signer, Magee et al. 2014, Zhang,
Shalaby et al. 2014, Forester, Oses-Prieto et al. 2022). However, an uncontrolled increase in
protein synthesis can lead to development of cancer (Jewer, Lee et al. 2020, Morral,

Stanisavljevic et al. 2020, Passarelli, Pinzaru et al. 2022).
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Notably, not much is known about the regulation of the translation machinery during
obesity. As discussed in the introduction, few studies have globally manipulated (downregulated)
the expression of initiation factors and it seems to overall reduce lipid storage and enhance lipid
oxidation (Tsukiyama-Kohara, Poulin et al. 2001, Brina, Miluzio et al. 2015, Conn, Yang et al.
2021). Nonetheless a fat-specific mechanism of translation regulation is still unknown.

We first, uncovered the role Rosi as a translation enhancer by driving the expression of
PPARYy and consequently the induction of ribosomal proteins. In addition to that, on Chapter 3 we
now demonstrated the function of a novel and uncharacterized protein in the adipose tissue, PIXL.
We have demonstrated that PIXL overall interacts with the initiation complex and absence of PIXL
drives cold sensitivity and obesity. A mechanism that seems to be related to which mRNAs are
being translated to confer adipose tissue health adaptation to different environmental stressors.

In conclusion, we demonstrated that PPARy agonist (Rosi) is essential to not only drive
the transcription program of fat cells but also to modulate and remodel the translation machinery

in order to accommodate cellular specialization.

3.4. Methods

Mice

Male and female mice, 12- weeks old, C57BL/6 background, will be used unless otherwise stated.
We engineered mice with loxp sites flanking the Pix/ exon. Notably, Pixl/ is an X-linked gene and
contains only one exon that is flanked by 5’ and 3’ UTR. A conditionally targeted allele based on
the Cre-Lox system has allowed us to generate both global and tissue specific knockout mice. In
order to target mature adipocytes, used the Cre-lox system where Pix/ flox mice were crossed
with Adiponectin-Cre, generating a conditional knockout of Pix/ in cells expressing adiponectin.
Adult C57BL/6J (12-week-old) male mice (stock #000664) and Lep®®/Lep®® (stock #000632) were

acquired through Jackson Laboratories. All mice were housed at a maximum of 5 animals per
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cage in temperature-controlled rooms under a 12-hour light/dark cycle and provided water and
chow ad libitum. All mouse procedures were performed under animal study proposals approved
by the University of California, Los Angeles Animal Research Committee (ARC 2019-066).
Special diets

To induce obesity, mice were placed onto a high-fat diet (HFD) (Research diets D12492) with 60
kcal% fat. Control mice were placed onto a low-fat diet (Research diets D12450J) with 10 kcal%

fat matching sucrose to D12492.

Rosiglitazone treatment

To examine the effects of PPARy agonist, C56BL/6 and Lep®/Lep® mice were given 30 mg/kg
rosiglitazone (Sigma R2408), or vehicle [2.6% methylcellulose (StemCell Technologies, M3120)
diluted 1:5 in Dulbecco’s modified medium (GIBCO)] by oral gavage in the morning and evening

for three consecutive days as previously described (Davies, Waki et al. 2008).

RNA Sequencing and data processing

The RNA sample from BAT, eWAT, and iWAT received was quantified using Qubit 2.0
Fluorometer (Life Technologies, Carlsbad, CA, USA) and RNA integrity was checked using
TapeStation (Agilent Technologies, Palo Alto, CA, USA). The RNA sequencing library was
prepared using the NEBNext Ultra RNA Library Prep Kit for lllumina using manufacturer’s
instructions (NEB, Ipswich, MA, USA). Briefly, mRNAs were initially enriched with Oligod(T)
beads. Enriched mRNAs were fragmented for 15 minutes at 94 °C. First-strand and second-strand
cDNA were subsequently synthesized. cDNA fragments were end-repaired and adenylated at
3’ends, and universal adapters were ligated to cDNA fragments, followed by index addition and
library enrichment by PCR with limited cycles. The sequencing library was validated on the Agilent

TapeStation (Agilent Technologies, Palo Alto, CA, USA), and quantified by using Qubit 2.0
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Fluorometer (Invitrogen, Carlsbad, CA) as well as by quantitative PCR (KAPA Biosystems,
Wilmington, MA, USA). The sequencing library was clustered on three lanes of a flowcell. After
clustering, the flowcell was loaded on the lllumina HiSeq instrument (4000 or equivalent)
according to the manufacturer’s instructions. The sample was sequenced using a 2x150bp Paired
End (PE) configuration. Image analysis and base calling were conducted by the HiSeq Control
Software (HCS). Raw sequence data (.bcl files) generated from lllumina HiSeq was converted
into fastq files and de-multiplexed using lllumina's bcl2fastq 2.17 software. One mismatch was
allowed for index sequence identification. Quality control of raw sequencing data was conducted
using FastQC (Andrews 2010), employing default parameters to evaluate the quality of reads.
Sequencing reads were mapped to the mouse reference genome (mm10) using Salmon (Patro,

Duggal et al. 2017) with a quasi-mapping algorithm.

Differential expression genes analysis

The quantified transcripts were analyzed using DESeqg2(Love, Huber et al. 2014) The raw count
data input for DESeq2 was prepared using tximport to import Salmon output into R. Genes were
classified as differentially expressed based on an adjusted p-value of less than 0.05 and a log2

fold change greater than 0.2.

Pathway enrichment analyses

We selected significant up/down-regulated genes and proteins as input for pathway enrichment
analyses, respectively. Pathway enrichment analyses were performed using enrichGO and
enrichKEGG functions in the clusterProfiler package (v4.6) (Wu, Hu et al. 2021). For
transcriptomics data, significant pathways were defined with g-value < 0.05 and at least five genes
enriched in the pathways. For proteomics data, significant pathways were defined with g-value <

0.05, Benjamini-Hochberg-corrected p-value < 0.05, and at least five proteins enriched in the
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pathways. Pathway-wise avg.log2(FC) value was calculated as the mean of the avg.log2FC of
genes or proteins enriched in the pathway. Fold enrichment was calculated as the ratio of
geneRatio by BgRatio associated with the enriched pathway. enrichDF2enrichResult and cnetplot
functions were applied to visualize linkages of genes/proteins and enriched concepts (GO: BP

categories and KEGG pathways).

Ppary ChiIP-Seq

Publicly available dataset GSE41481 was downloaded from Gene Expression Omnibus
(Siersbeek, Loft et al. 2012). For each fat depot, sequenced reads from the ChlP-seq library were
first aligned to mouse reference genome (mm9) with Bowtie2 (Langmead and Salzberg 2012).
Uniquely aligning read per genomic position was kept with Picard for downstream peak calling.
Enriched PPARYy-binding regions were identified using HOMER (Heinz, Benner et al. 2010)
findPeaks program (with “factor” mode) where default parameters for tag count normalization (to
10 million reads), false-discovery rate (FDR) cutoff (< 0.1%), and filtering options (= 4-fold tag
count enrichment compared to both input control and local tag density) were applied. Peaks were
annotated to the nearest TSS using HOMER annotatePeaks.pl program. Lastly, enriched peaks

were visualized with Integrative Genomics Viewer (IGV) (Robinson, Thorvaldsdoéttir et al. 2011).

Lipidomics

For serum lipidomics 25uL of serum was used. For homogenized tissue, 50-100 mg of tissue
were collected in a 2mL homogenizer tube pre-loaded with 2.8mm ceramic beads (Omni #19-
628). .75mL PBS was added to the tube and homogenized in the Omni Bead Ruptor Elite (3
cycles of 10 seconds at 5 m/s with a 10 second dwell time). Homogenate containing 2-6mg of
original tissue was transferred to a glass tube for extraction. A modified Bligh and Dyer extraction

(Hsieh, Williams et al. 2021) was carried out on all samples. Prior to biphasic extraction, an
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internal standard mixture consisting of 70 lipid standards across 17 subclasses was added to
each sample (AB Sciex 5040156, Avanti 330827, Avanti 330830, Avanti 330828, Avanti 791642).
Following two successive extractions, pooled organic layers were dried down in a Thermo
SpeedVac SPD300DDA using ramp setting 4 at 35°C for 45 minutes with a total run time of 90
minutes. Lipid samples were resuspended in 1:1 methanol/dichloromethane with 10mM
Ammonium Acetate and transferred to robovials (Thermo 10800107) for analysis. Samples were
analyzed on the Sciex 5500 with DMS device (Lipidyzer Platform) with an expanded targeted
acquisition list consisting of 1450 lipid species across 17 subclasses. Differential Mobility Device
on Lipidyzer was tuned with EqQuiISPLASH LIPIDOMIX (Avanti 330731). Data analysis performed
on an in-house data analysis platform comparable to the Lipidyzer Workflow Manager (Su,
Bettcher et al. 2021). Instrument method including settings, tuning protocol, and MRM list

available in (Su, Bettcher et al. 2021). Quantitative values were normalized to mg of tissue.

Stable cell lines

10T1/2 cells were used for expression of PixI-HA/ Pixl-flag and Crispr-Cas9 knockout (KO).
Briefly, Pixl cDNA was first PCR amplified and subcloned into Gateway pDONR vector
(Addgene). The C-terminal 3xFLAG or 3XHA was then added through Gibson assembly (NEB).
Gateway LR clonase was used to insert the construct on the mammalian retroviral vector pBABE-
puro (Addgene). Retrovirus packing was performed using PhoE cells. Puromycin selection
(4ug/mL) was performed to select cells. For Crispr-Cas9 Pixl knockout, experiments were
performed according to (Hildreth, Riggan et al. 2020) without major changes. Briefly, 1x 10°
10T1/2 cells were grown and used for each electroporation. Cell suspension was mixed with
ribonucleoprotein complex (sgRNA (Synthego) and TrueCut Hifi Cas9 (ThermoFisher), and
electroporated using Neon Nxt Electroporation System (Invitrogen). After 1 h incubation at 37°C,

cells were platted and cultured until 70% confluency was reached. Genomic DNA was extracted
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and purified according to manufactory protocol (Thermo), and edited regions were amplified by
PCR. Sequencing results were analyzed using Synthego ICE CRISPR Analysis Tool. gRNAs with
a KO score higher than 55% were used for further clonal selection. Shortly, single cell isolation
was performed using FACSAria Ill (BD). Single clones were expanded, and KO and Indel scores
higher than 90% were used as a cutoff for selection. KO clones were then reconstituted with either
Pix! or PixI-flag using the retrovirus system described earlier. Reconstituted clones with a high

adipogenic potential were selected for the downstream experiments.

Acute cold challenge

Mice were first fasted for 1h at room temperature. Next mice were singly housed at 4°C in
prechilled cages without food but with 50g of bedding, water and one nestlet. Core body
temperature was monitored hourly for 6h (9am - 3pm) using RET-3 Rectal Probe (Physitemp).
Mice were removed from the study and euthanized once their core body temperatures reached

28°C or lower.

Indirect calorimetry

Respiratory exchange ratio (EE) and energy expenditure were assessed using Promethion Core
- Metabolic Analysis System CGF (Sable Systems International) for 96 hours. First, mice were
acclimated at 22°C for 24h. Then, mice were kept under 30°C, 20°C, 10°C, and 5°C for 24 hours

respectively. Mice had water and food ad libitum.

Protein extraction and western blots
Proteins were lysed using radioimmunoprecipitation assay buffer (RIPA) (50mM Tris-HCI pH 7.6,
150mM NacCl, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1% NP40 and freshly

added halt protease/phosphate inhibitor cocktail (ThermoFisher). Lysates were cleared by
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centrifuging at 14,000g for 20 min at 4°C. Supernatants were retained, and protein concentration
was determined using Pierce BCA Protein Assay Kit (ThermoFisher). Immunoblots were
performed using 20ug of protein and total protein was assessed using UV light exposure to Mini-
Protean TGX Stain-free gels (Biorad). Puromycilation was detected using anti-puromycin
antibody (12D10, Sigma), and HRP AffiniPure Goat anti-mouse IgG, Fcy subclass 2a specific
(Jackson Immuno Research). The following antibodies were used for the regular western blots:
UCP1 (D9D6X Cell Signaling), PLIN1 (D1D8 Cell Signaling), RPS19 (ProteinTech), VINCULIN
(hVIN-1 Sigma), anti-flag M2 (D6W5B Cell Signaling), elF4E (Cell Signaling), elF4B (W17131B
Biolegend), elF3M (ThermoFisher), RPS11 (Abcam), RPS14(Abcam), RPL23a (ProteinTech),

anti-mouse IgG, HRP-liked (Cell Signaling) and anti-rabbit IgG, HRP-liked (Cell Signaling).

Body composition
Lean and fat mass were accessed using nuclear magnetic resonance (NMR) Minispec Bruker

Systems.

Immunohistochemistry

Adipose tissue was harvested from mice, fixed with 10% formalin for 48 h; 70% ethanol for 24 h,
and, paraffin-embedded and sectioned at 10 um. For immunohistochemical studies, slides were
incubated overnight at 62°C to remove excess paraffin. Slides were rehydrated and antigens were
retrieved using AR6 Buffer (Akoya Biosciences AR600250ML.) Slides were cooled at 4°C for 30
minutes and blocked in 3% hydrogen peroxide (Flinn Scientific HO008) for 10 minutes. Slides
were then blocked with 5% Normal Goat Serum (Vector Laboratories S-1000-20 goat serum for
1 hour. Slides were incubated with AvidinD blocking solution and Biotin Blocking Solution for 15
minutes each (Vector Laboratories Sp-2001). To stain macrophages, slides were incubated

overnight with purified anti-mouse F4/80 antibody at a 1:200 dilution (Biolegend 123102, clone
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BMS8). Slides were incubated with InmPRESS HRP Goat Anti-Rat IgG for 1 hour at room
temperature (Vector Laboratories MP-7404-50). Slides were then incubated with Vectastain Elite
ABC reagent for 1 hour (Vector Laboratories PK-7100). Slides were developed for 1 minute using
ImmPACT DAB Substrate (Vector Laboratories SK-4105). Slides were counterstained using
Harris Modified Hematoxylin (Fisher Chemical PK-7100) for 3 minutes and dehydration steps
were performed. Images were taken at 20 x magnification and analyzed with

AperiolmageScope. The number of F4/80 positive cells were counted using Qupath 0.2.3.

Primary brown adipocytes

Primary mouse brown adipocytes were prepared as previously described with some modifications
(Veliova, Tol et al. 2023). BAT harvested from 3-4 new-born neonates (P+1) were minced for 30
sec, transferred into 15 ml conical tubes, and incubated with 7.5mL of digestion buffer (100 mM
HEPES pH 7.4, 123 mM NaCl, 1.3 mM CaClz, 5 mM KCI, 5mM glucose, 2% essentially fatty acid-
free BSA, 2mg/ml type 2 collagenase (Worthingon) for 40 min at 37°C under inverted rotation.
Then, the digested BAT suspension was adjusted to 15 mL with ice-cold Dulbecco’s modified
Eagle’s medium (DMEM: Corning 10-013-CM) and passed through 18.5G needle (8 times) for
extra tissue disruption. Digested tissue was strained with 40 um filters into 50mL conical tubes,
followed by washing the filters with 30 mL ice-cold DMEM and spun down at 600 x g for 10 min.
Collected preadipocytes were resuspended with 30mL ice-cold DMEM, spun down at 600 x g for
10 min, resuspended with warm pBA growth medium (DMEM supplemented with 15% Fetal
Bovine Serum (GemCell™), Penicillin (50 U/mL), and streptomycin (50 pg/mL)) and plated in 10
cm dishes. After 48 hours, cells were rinsed with pBA growth medium and cultured with fresh pBA
growth medium. Once cells reached ~80% confluence in a 10 cm dish, they were subcultured to
experiment format. For the differentiation, preadipocytes were grown to confluence and treated

with rosiglitazone (1 uM), indomethacin (125 uyM), 3-isobutyl-1-methylxanthine (0.5
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mM), dexamethasone (1uM), Humulin (100nM) and triiodothyronine (2 nM) for 48 h (day 0-2),
rosiglitazone (1 yM), Humulin (100nM) and triiodothyronine (2 nM) for 48 h (day 2-4), and Humulin
(100nM) and triiodothyronine (2 nM) for 48 h (day 4-6). For RNA isolation, the differentiation
medium was replaced with fresh pBA growth medium and stimulated with 1uM norepinephrine

(Baxter) for 4 h.

Immunoprecipitation

10T1/2 Pixl-flag cells were differentiated until day 2 (0.5mM 3-isobutyl-1-methylxanthine (Sigma),
1uM dexamethasone (Sigma), 5ug/mL insulin (GIBCO), 50nM GW1929 (Sigma)), washed twice
with ice-cold PBS and incubated with lysis buffer (50mM Tris-HCI pH 7.6, 150mM NacCl, 0.5%
sodium deoxycholate, 1% NP40 and freshly added halt protease/phosphate inhibitor cocktail
(ThermoFisher)). Lysates were cleared by centrifuging at 14,0009 for 20 min at 4°C. Supernatants
were retained, and protein concentration was determined using Pierce BCA Protein Assay Kit
(ThermoFisher). Lysates were incubated with pre-cleared anti-Flag M2 Magnetic Beads (Sigma)
overnight at 4 °C with end-over-end rotation. Beads were collected using the DynaMag-2
magnetic stand (Invitrogen) and washed once with 50mM Tris-HCI pH 7.6, 150mM NaCl, 0.5%
sodium deoxycholate, 1% NP40, protease/phosphate inhibitor cocktail, and twice with TBS, 0.1%
Tween (TBS-T), and protease/phosphate inhibitor cocktail. Proteins were eluted from the beads

with 3x Flag peptide (Sigma) in TBS-T buffer and samples were analyzed by western blot.

On-bead digestion of immunoprecipitated proteins

The beads obtained after immunoprecipitation were resuspended in 2M Urea, 50mM Tris-Cl, pH
8.0 followed by reduction and alkylation by the sequential addition of 5 mM tris (2-carboxyethyl)
phosphine and 10 mM iodoacetamide. The samples were proteolytically digested overnight with

Lys-C and trypsin at 37°C. The digestion was quenched by addition of formic acid to a final

138



concentration of 5%. The digested peptides were desalted using C18 pipette tips (Thermo Fisher,

Prod. 87782). Dried peptides were resuspended in 5% formic acid and analyzed by LC-MS/MS.

Protein extraction and protease digestion for proteomics

Protein extraction and concentration were performed as described above. Equal amount of
protein for each sample was reduced and alkylated by the sequential addition of 5 mM tris (2-
carboxyethyl) phosphine and 10 mM iodoacetamide. This was followed by treatment with single-
pot, solid-phase-enhanced sample preparation (SP3) protocol for protein clean-up (Hughes,
Moggridge et al. 2019). Following SP3, eluates were proteolytically digested with Lys-C and

trypsin at 37°C overnight in 18ul of 100mM triethylammonium bicarbonate (TEAB).

Isobaric labeling

Isobaric labeling of peptides was performed using 10-plex tandem mass tag (TMT) reagents. TMT
reagents (0.8 mg) were dissolved in 41uL of dry acetonitrile (ACN). 9uL of 100% acetonitrile was
added to the overnight tryptic digest of 30ug protein to which 3uL of TMT reagent was added.
After 1 hour (RT, low speed vortexing), the reaction was quenched by adding 3.6uL of 5%
hydroxylamine followed by incubation at RT for 15 minutes. The reaction mixture was acidified
with formic acid added to a final concentration of 5%. The digested and labeled peptides were
subjected to offline SP3-based peptide clean-up (Hughes, Moggridge et al. 2019). 2uL of each of
the ten labelled peptide samples was pooled acidified with formic acid added to a final

concentration of 5% and analyzed on LC-MS/MS for labeling efficiency.

Basic pH reversed-phase fractionation
The TMT labeled peptides were normalized based on median reporter intensity reported by

Maxquant analysis, mixed and dried. The dried peptides were resuspended in 300uL of 0.1%
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trifluoroacetic acid. High pH reversed phase fractionation was carried out using spin columns
according to the manufacturer’s protocol (Thermo Fisher). 8 fractions thus collected were dried,

reconstituted in 30uL of 5% FA followed by LC-MS/MS analysis.

Mass spectrometry analysis of dried and digested tryptic peptides

Digested peptide samples from affinity purifications as well as peptide fractions resulting from the
isobaric labeling experiment were separated by reversed phase chromatography using 75 um
inner diameter fritted fused silica capillary column packed in-house to a length of 25 cm with bulk
1.9mM ReproSil-Pur beads with 120 A pores (Jami-Alahmadi, Pandey et al. 2021). The increasing
gradient of acetonitrile was delivered by a Dionex Ultimate 3000 (Thermo Scientific) at a flow rate
of 200nL/min. For affinity purification samples, the MS/MS spectra were collected using data
dependent acquisition on Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher
Scientific) with MS1 scans in orbitrap with resolution (r) of 120,000 followed by sequential MS2
scans at a resolution (r) of 15,000. For isobaric labeling experiment, data was collected on an
Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) using a synchronous
precursor selection -MS3-based (SPS-MS3) method (McAlister, Nusinow et al. 2014). MS1 scans
were collected in orbitrap with resolution (r) of 120,000 followed by sequential MS2 scans in the
ion trap at a resolution (r) of 15,000. Synchronous precursor selection was enabled to include 10
MS2 fragment ions in MS3 spectrum which were collected in the orbitrap at 50,000 resolutions.
For the analysis of affinity purification samples, the data generated by LC-MS/MS were analyzed
on MaxQuant bioinformatic pipeline (Cox and Mann 2008). The Andromeda integrated in
MaxQuant was employed as the peptide search engine and the data were searched against Mus
musculus database (Uniprot Reference UP000000589). A maximum of two missed cleavages
was allowed. The maximum false discovery rate for peptide and protein was specified as 0.01.

For isobaric labeling experiment, raw data were analyzed by Maxquant with “variable
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modifications” set for TMT10-plex 126, 127N, 127C, 128N, 128C, 129N, 129C, 130N, 130C, 131
to be at N-termini, as well as lysine for database searching and peptide identification. Group-
specific parameters were set to “TMT10-plex labeled” and “reporter ion MS3”. The parent and
peptide ion search tolerances were set to 20 and 4.5 ppm respectively. The MaxQuant output
files were subsequently processed for statistical analysis of differentially enriched proteins using

MSstatsTMT (Huang, Choi et al. 2020).

Definition of differentially expressed proteins

For proteins in BAT, significant differentially expressed proteins were defined as |log2FC| > 0.5
and adjusted p-value < 0.05. For proteins in eWAT, we applied |log2FC| > 0.1 and p-value < 0.05
as cutoffs to define the significance of differential expression in order to obtain suggestive

pathways due to the limited number of proteins that pass adjusted p-value < 0.05.

Stromal vascular fraction and mature adipocytes isolation

Stromal vascular fractions were isolated as previously described (Church, Berry et al. 2014).
Briefly, entire WAT depots were cut into small pieces, suspended in DMEM (GIBCO) + 50 mM
HEPES (GIBCO) + 1mg/mL type Il collagenase (Sigma), + 1% BSA - low fatty acid (Gemini), and
digested for 30 minutes at 37°C with agitation (120 rpm). The resulting dissociated tissue was
centrifuged at 750g, 10 min, 4°C. Floating mature adipocytes layer were collected and processed
for RNA or protein isolation as described in the methods. Stromal vascular fraction was
resuspended and filtered using 100pm and 40um cell strainers. After a second centrifugation at
750g, 3 min, 4°C cells collected and processed for RNA or protein isolation as described in the

methods.

Confocal
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Cells were grown to confluency and initiated in differentiation cocktail: complete adipogenic
cocktail 0.5mM 3-isobutyl-1-methylxanthine (Sigma), 1uM dexamethasone (Sigma), 5ug/mL
insulin (GIBCO), 50nM GW1929 Sigma for 2 days, and then maintenance media until defined end
point (50nM GW1929, 5ug/mL insulin). For Pixl localization, cells were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton, blocked with normal donkey serum 5%
(Jackson Immuno Research) and stained overnight with rabbit anti-HA (C29F4 Cell Signaling).
Next, slides were washed four times with PBS and incubated for one hour with LipidTOX Green
Neutral Lipid (Invitrogen), DAPI (AAT Bioquest), donkey anti-rat IgG Alexa Fluor 568 (Abcam).

Images were acquired using Zeiss LSM900 microscope.

Histology and lipid droplet quantification

Tissues were fixed for 48h in 10% buffered formalin (ThermoFisher), after which they were
washed with 70% ethanol (ThermoFisher), sectioned in paraffin (10 um thickness for adipose
tissues and 5 ym for liver), and stained with hematoxylin and eosin (H&E). The lipid droplet cell
area from livers and progenitors/preadipocytes from confocal images were quantified using

ImagelJ.

Glucose and insulin tolerance test

For glucose and insulin tolerance tests, mice were fasted for 6 hours prior to the challenge with
either glucose (1 g/kg mouse) or insulin (0.75U/Kg) via intraperitoneal injection. Blood glucose
levels were assessed by tail vein bleeding using a glucometer (Accu-Chek). AUC was determined

using Prism software (GraphPad).

Surface Sensing of Translation (SUnSET)
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The assay was performed as previously described with small modifications (Ravi, Jain et al.
2020). Briefly, mice were intraperitoneally injected with puromycin (40 nmol/g) (Santa Cruz) and
returned to their cages with food/water ad libitum for one hour. Next, brown, epididymal, and
inguinal adipose tissue were collected, and proteins were lysed using radioimmunoprecipitation
assay buffer (RIPA) (50mM Tris-HCI pH 7.6, 150mM NaCl, 0.1% sodium dodecyl sulfate, 0.5%
sodium deoxycholate, 1% NP40 and freshly added halt protease/phosphate inhibitor cocktail
(ThermoFisher). Immunoblots were performed using 20ug of protein and total protein was
assessed using UV light exposure to Mini-Protean TGX Stain-free gels (Biorad). Puromycilation
was detected using anti-puromycin antibody (12D10, Sigma), and HRP AffiniPure Goat anti-

mouse IgG, Fcy subclass 2a specific (Jackson Immuno Research).

Polysome profile

Polysome profiles were obtained as described before (Gandin, Sikstrom et al. 2014, Gandin,
Masvidal et al. 2016, Chan, Robert et al. 2019). Cells were grown to confluency in 15-cm dishes.
Cells were then treated to differentiate with complete adipogenic cocktail: 0.5mM 3-isobutyl-1-
methylxanthine (Sigma), 1uM dexamethasone (Sigma), 5ug/mL insulin (GIBCO), 50nM GW1929
(Sigma) for 2 days, and then maintenance media until defined end point (50nM GW1929, 5ug/mL
insulin). Before lysis, cells were boosted with fresh media for one hour and for the last 5 minutes
cycloheximide (Sigma) was added to the media (final concentration 100ug/mL). Cells were lysed
and collected in hypotonic lysis buffer (5mM Tris HCI pH 7.5, 2.5 mM MgCI2, 1.5 mM KCI, 100
pg/mL cycloheximide, 2 mM DTT), and 0.5% Triton, 0.5% Sodium Deoxycholate were then added
to the cell lysates after collection. The cytoplasmic extracts were resolved on 5-50% sucrose
gradients by centrifugation in an SW40 rotor at 150,000 x g for 2 hours. The absorbance at 260
nm was measured using a Piston Gradient Fractionator Model 153 instrument (BioComp,
Canada). The results were plotted in R as previously described (Hulea, Gravel et al. 2018).
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Protein and RNA extraction of polysome fractions

Fractions were collected in separate tubes and equal volume of TRIzol LS Reagent (Life
Technologies) was added to each fraction. RNA was extracted according to manufacturer
instructions. After removing the aqueous phase for RNA and discarding interphase, the lower
phase was used for protein extraction. 4x volume cold acetone (-20°C) was added to each
fraction. Samples were left on ice for 30 min then centrifuged at max speed for 10 min at 4°C.
supernatants were discarded, and pellets were washed with 400 yL 100% Ethanol (centrifuged
for 1 min and the supernatants were discarded). Samples were left to dry and then resuspended
in 100 uL 1x Loading buffer in RIPA. Samples were boiled for 10 min at 100°C and 10 L (for
GAPDH and RPS6) or 20 L (for elFAE and M2) was loaded on SDS-PAGE. Primary antibodies
used were: GAPDH (14C10 Cell Signaling), RPS6 (C-8 Santa Cruz), elF4E (A-10 Santa Cruz),
anti-flag M2 (F1804 Sigma), and secondary antibodies anti-mouse 1gG, HRP-liked (Cell Signaling)

and anti-rabbit IgG, HRP-liked (Cell Signaling).

Gene expression

RNA was isolated using Trizol reagent (ThermoFisher). Isolated RNA was reverse transcribed
using High-Capacity cDNA synthesis kit (ThermoFisher). Gene expression for selected genes
was quantified using Quant Studio 6 Flex Real-Time PCR instrument, 384-well (Applied
Biosystems by Invitrogen) with KAPA SYBR FAST gqPCR 2x Master Mix Rox Low (Kapa
Biosystems). The following primers were used: 36B4: Forward: GGCCCTGCACTCTCGCTTTC,
Reverse: TGCCAGGACGCGCTTGT,; Ucp1: Forward: GCCCAATGAATACTGCCACT, Reverse:
CTACGACACGGTCCAGGAGT,; Rps19: Forward: CAGCAGGAGTTCGTCAGAGC, Reverse:
CACCCATTCGGGGACTTTCA; Cre: Forward: GATTTCGACCAGGTTCGTTC, Reverse:

GCTAACCAGCGTTTTCGTTC:; Pixl: Forward: CTGGCCTCAAATGAAGAGGAAACT, Reverse:
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TATGTATACCCATTGCAATCTGTGC; Plin1: Forward: AACGTGGTAGACACTGTGGTACA,

Reverse: TCTCGGAATTCGCTCTCG.

3.5 Conclusions

Overall, we conclude that PPARy-induced protein PIXL is an important player in adipose
tissue homeostasis regulating the translation of defined mMRNAs. Deletion of PIXL drives cold
sensitivity in mice with a downregulation at protein levels of PLIN, CD36, LPL and PLIN4. On the
other hand, during the onset of obesity the absence of PIXL drives adipocyte hypertrophy, adipose
inflammation, fatty liver, and glucose intolerance. Therefore, PIXL seems to be an important

protein maintaining adipose adaptation under different stress condition.

145



CONCLUSIONS
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CHAPTER 4: FINAL CONCLUSIONS AND FUTURE DIRECTIONS

Adipose tissue plays a pivotal role in energy homeostasis, serving as a dynamic organ
involved in the storage and release of lipids. However, the dysregulation of adipose tissue
function, often associated with obesity, can lead to various metabolic disorders and health
complications. Translation regulation emerges as a critical mechanism in adipose tissue biology
and its link to obesity. Through intricate control of protein synthesis, translation regulation
modulates key factors involved in adipogenesis, lipid metabolism, and inflammation, influencing
the balance between adipose tissue expansion and metabolic health. Understanding the
molecular mechanisms underlying translation regulation in adipose tissue offers promising
avenues for therapeutic interventions aimed at mitigating the adverse effects of obesity and
associated metabolic disorders. Thus, further exploration of translation regulation in adipose
tissue holds significant promise for advancing our understanding and management of obesity-
related health challenges.

Our work on Chapter 2 has demonstrated the intricate dynamics of adipose tissue
plasticity, particularly focusing on the regulatory role of translation in response to obesity and
pharmacological intervention with Rosi. Through comprehensive analysis, the research revealed
a nuanced transcriptional and translational landscape within the adipose tissue stromal vascular
fraction, shedding light on the mechanisms underlying its adaptability and dysregulation in
obesity. The findings underscored the importance of ribosomal remodeling and translational
efficiency in maintaining adipose tissue homeostasis, providing valuable insights into potential
therapeutic targets for mitigating obesity-associated metabolic dysfunction. By elucidating these
molecular pathways, this study not only expanded our understanding of adipose tissue biology
but also laid a foundation for the development of novel interventions aimed at preserving adipose

tissue health and combating the detrimental effects of obesity. Recent studies on obese humans
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have indeed highlighted that enhancement of PPARYy signaling is a hallmark of health-obese
individuals (Petersen, Smith et al. 2024).

Future directions based on Chapter 2 would include a deeper understanding into the
concept of ribosome heterogeneity within adipose tissue, particularly in the context of obesity and
therapeutic interventions like Rosi. Characterizing how different ribosomal subtypes contribute to
translational control and tissue plasticity will be a focal point, as these dynamics play a crucial
role in maintaining cellular homeostasis (Shi, Fujii et al. 2017, Genuth and Barna 2018). Detailed
studies on ribosome remodeling, including how specific ribosomal proteins and post-translational
modifications influence translational efficiency and selectivity, will be critical. Additionally,
exploring the interaction between ribosome heterogeneity and PPARYy signaling could uncover
new regulatory mechanisms that enhance adipose tissue function in health-obese individuals.
Advanced techniques to track translation in vivo and the development of new genetic approaches
to study ribosome heterogeneity will be essential to study translation control at physiological
levels. Finally, this research direction could identify novel therapeutic targets to modulate
ribosomal activity, potentially leading to interventions that can mitigate obesity-associated
metabolic dysfunctions by preserving or restoring healthy adipose tissue function.

Our studies on Chapter 3, shifted to mature adipocytes and how Rosi influenced their
translation machinery. Through transcriptional analysis of adipose tissue post-Rosi treatment,
translation emerged as a significantly upregulated process, validating our first studies, and also
suggesting a potential uncharacterized mechanism in enhancing translation efficiency within
adipocytes. Our investigation centered on PIXL, an X-linked gene, responsive to PPARYy, primarily
expressed in the cytoplasm and on mature adipocytes. In vivo studies demonstrated that PIXL
loss-of-function in mature adipocytes led to dysfunctional tissue, characterized by adipocyte
hypertrophy, impaired glucose metabolism, inflammation, hypertriglyceridemia, enhanced cold

sensitivity, and decreased energy expenditure. Mechanistically, PIXL's interactome revealed
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associations with eukaryotic initiation factors, suggesting its role in translational control. Co-
immunoprecipitation studies demonstrated PIXL's association with the elF4E complex, while
polysome profiling revealed PIXL's presence in protein levels associated with initiation factors and
ribosomal subunits. Altogether, our findings suggest that PPARy induces PIXL expression to
potentially regulate translational control and direct the translation of specific mMRNA networks. In
the absence of PIXL however we observe a downregulation of translation factors and ribosome
proteins, highlighting an impairment in the translation efficiency.

Building on the insights from Chapter 3, future research directions will focus on further
elucidating the role of PIXL in translational control within mature adipocytes. Key areas of interest
include detailed mechanistic studies to pinpoint the exact interactions between PIXL and the
elF4E complex, as well as the broader translational machinery. For instance, elucidating if PIXL
is associated with elF4E during inactive (4EBP1-elF4E), or active (elF4E-elF4G) states.
Moreover, investigating how PIXL influences the translation of specific mMRNA networks,
especially those involved in metabolic regulation, will be crucial. Additionally, exploring
therapeutic strategies to modulate PIXL expression or function could offer new avenues for
treating metabolic disorders characterized by impaired adipocyte function (and potentially
impaired translation efficiency). Advanced techniques such as single cell translatomics (Zeng,
Huang et al. 2023) will be instrumental in mapping PIXL's impact on adipocyte biology at a
granular level, elucidating its functions in different adipocyte populations. Finally, extending these
findings to other models of adipose tissue dysfunction, including different types of obesity
(metabolic healthy vs metabolic unhealthy), or lipodystrophy will help to generalize the therapeutic
potential of targeting PIXL-mediated pathways.

In conclusion, our research highlights the critical importance of studying the regulation of
translation in the context of obesity and health. By uncovering a novel layer of molecular regulation

for thiazolidinediones (Rosi), specifically targeting translation efficiency and the adipose
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translatome, we provide new insights into the intricate mechanisms that may be compromised
during obesity and potentially restored with Rosi treatment. Understanding the different levels of
regulation involved in translational control and their impact on adipose tissue function is essential
for identifying the roots of metabolic dysfunction. For example, what are the main drivers
regulating the tonus of translation besides growth factors and hormones in the adipose tissue?
How is this process regulated in a chronic positive energy balance environment? Are there
associated proteins regulating translation efficiency at the initiation step? How are ribosomes
distributed in hypertrophic adipocytes and how spatial distribution affects translation? This
knowledge opens up promising avenues for developing targeted therapeutic approaches that aim
to enhance translation efficiency, thereby preserving adipose tissue health and mitigating the
adverse effects of obesity. Through this work, we lay the groundwork for future studies to further
explore and exploit these regulatory pathways, ultimately contributing to more effective treatments

for obesity-related metabolic disorders.
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