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I. Abstract

Newborns display a rapid and massive expansion of adipose tissue, which is essential for healthy
development and their adaptation to temperature changes. However, if this expansion continues
to adulthood, this would result in obesity, insulin resistance and the metabolic syndrome. The aim
of this PhD project is to identify factors or subpopulations of cells that regulate tissue function
without causing metabolic disorder. For this purpose, we compare the composition of white and
brown adipose tissues of pre-weaned (2 weeks old) and adult (8 weeks old) C57BL/6 wild-type mice
by single cell RNA sequencing analysis. We focused on the stromal vascular fraction, which contains
preadipocytes, endothelial, neuronal and immune cells. Projection of age revealed a distinct
separation between pre-weaned and adult adipose depots specifically in Pdgfra expressing cells,
which is a commonly used preadipocyte marker. Re-clustering and differential gene expression
analysis revealed two genes significantly highly expressed in pre-weaned subcutaneous
preadipocytes: Igf2 and Asc-1. In the first part of this project, we focused on the role of Igf2, which
is a well-known secreted protein promoting fetal growth. Supplementation and neutralizing
experiments showed no effect of IGF2 on adipogenesis of primary murine preadipocytes. However,
IGF2 supplementation induced significantly higher proliferation rates of preadipocytes from adult
mice, where Igf2 was rarely expressed. Fluorescent in situ hybridization showed that some of Igf2*
cells are located in close proximity to blood vessels, where some of the adipocyte progenitor cells
are predominantly localized. These findings indicated a potential role of IGF2 in hyperplastic
expansion of the tissue most likely via regulating preadipocyte pool size. In the second part of this
PhD project, we investigated the role of Asc-1 expressing cells. ASC-1 is an amino acid transporter
that was previously identified by our group as a surface marker for white adipocytes. We have
shown that both the sorted ASC-1 low-expressed and stable Asc-1 knockdown cells (shAsc-1)
differentiated toward beige adipocytes. This was partly due to high quantities of D-serine
accumulation in the cell, which was reversed by transient knockdown of the enzyme that converts
L-serine to D-serine: serine racemase. Thus, we were able to identify a subpopulation of
preadipocytes expressing Asc-1 regulating white vs beige lineage fate decision. Altogether, our
findings highlight the complexity in function and heterogeneity in the white adipose tissue. We also
propose here previously unrecognized subsets of preadipocytes playing a role in healthy tissue

modeling that can be implemented in the adult state.



Il. Zusammenfasslung

Bei Neugeborenen kommt es zu einer raschen und massiven Vermehrung des Fettgewebes, die fiir
eine gesunde Entwicklung und die Anpassung an Temperaturschwankungen unerlasslich ist. Setzt
sich diese Expansion jedoch bis ins Erwachsenenalter fort, fihrt dies zu Fettleibigkeit,
Insulinresistenz und dem metabolischen Syndrom. Ziel dieses Promotionsprojekts ist es, Faktoren
oder Subpopulationen von Zellen zu identifizieren, die die Gewebefunktion regulieren, ohne
Stoffwechselstérungen zu verursachen. Zu diesem Zweck vergleichen wir die Zusammensetzung
von weillem und braunem Fettgewebe von jungen (2 Wochen alten) und erwachsenen (8 Wochen
alten) C57BL/6-Wildtyp-Ma3usen mittels Einzelzell-RNA-Sequenzierungsanalyse. Wir konzentrierten
uns auf die stromale vaskulare Fraktion, die nicht nur Praadipozyten, sondern auch endotheliale,
neuronale und Immunzellen enthalt. Die Projektion des Alters zeigte eine deutliche Trennung
zwischen den Fettdepots vor dem Absetzen und den Fettdepots von Erwachsenen, insbesondere
bei Zellen, die Pdgfra exprimieren, einen haufig verwendeten Praadipozytenmarker. Eine erneute
Clusterbildung und differenzielle Genexpressionsanalyse ergab zwei Gene, die in subkutanen
Praadipozyten vor dem Absetzen signifikant stark exprimiert werden: Igf2 und Asc-1. Im ersten Teil
dieses Projekts konzentrierten wir uns auf die Rolle von Igf2, einem bekannten sekretierten Protein,
das das fotale Wachstum fordert. Supplementierungs- und Neutralisierungsexperimente zeigten
keine Wirkung von IGF2 auf die Adipogenese von primaren murinen Praadipozyten. Eine IGF2-
Supplementierung induzierte jedoch signifikant hohere Proliferationsraten von Praadipozyten aus
erwachsenen Mausen, in denen Igf2 nur selten exprimiert wurde. Die Fluoreszenz-In-situ-
Hybridisierung zeigte, dass sich einige der Igf2+-Zellen in unmittelbarer Nihe der BlutgefaRe
befanden, wo einige der Vorlauferzellen der Adipozyten vorwiegend lokalisiert sind. Diese
Ergebnisse deuten auf eine mogliche Rolle von IGF2 bei der hyperplastischen Ausdehnung des
Gewebes hin, hochstwahrscheinlich durch Regulierung der GréRe des Praadipozyten-Pools. Im
zweiten Teil dieses Promotionsprojekts untersuchten wir die Rolle von Zellen, die Asc-1
exprimieren. ASC-1 ist ein Aminosauretransporter, der zuvor von unserer Gruppe als
Oberflachenmarker fir weille Adipozyten identifiziert worden war. Wir konnten zeigen, dass sich
sowohl die sortierten ASC-1-low als auch die stabilen Asc-1-Knockdown-Zellen (shAsc-1) zu beigen
Adipozyten differenzieren. Dies war zum Teil auf eine hohe D-Serin-Akkumulation in der Zelle
zurlickzufiihren, die durch voriibergehendes Ausschalten des Enzyms, das L-Serin in D-Serin
umwandelt (Serin-Racemase), aufgehoben wurde. Auf diese Weise konnten wir eine Subpopulation
von Praadipozyten identifizieren, die Asc-1 exprimieren und damit die Entscheidung Uber das

Schicksal der weillen bzw. beigen Linie steuern. Insgesamt unterstreichen unsere Ergebnisse die



Komplexitat der Funktion und Heterogenitat des weillen Fettgewebes. Wir schlagen hier auch
bisher unerkannte Untergruppen von Praadipozyten vor, die eine Rolle bei der Modellierung von

gesundem Gewebe spielen, das im erwachsenen Zustand implementiert werden kann.
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1 Introduction

1.1 Adipose tissue development and expansion

White adipose tissue (WAT) is an endocrine organ that is critical for energy homeostasis (Friedman,
2019, Scheja and Heeren, 2019, Funcke and Scherer, 2019, Kershaw and Flier, 2004). Therefore, its
proper development and expansion is crucial for a functional metabolism. In humans,
mesenchymal fat lobules start to appear around 14 weeks of gestation that later differentiate into
primitive fat lobules. This is initiated by mesenchymal cell condensation resulting in capillary
network development and vascularization. The number of fat lobules is determined by week 23,
whereas the size increases until week 29 (Desoye and Herrera, 2021, Poissonnet et al., 1983). In
contrast to humans, the AdipoChaser mouse model, capable of tracing the fate of adipocyte
progenitor cells, revealed that subcutaneous adipose tissue (SCF) starts to develop between E14
and E18, whereas perigonadal fat (PGF) depot emerges at P1 (Wang et al., 2013). In humans,
adipocyte numbers increase until, and reach a constant, around 20 years of age in both lean and
obese individuals, suggesting that the differences in adipocyte number are defined at early ages
(Spalding et al., 2008). In contrast to this, a recent study showed that weight gain during adulthood
increases both adipocyte size and number. Interestingly, bariatric surgery decreased only the
adipocyte size, while the cell number was not altered (Petrus et al., 2018). This indicates that
regulation of adipocyte cell number during both childhood and adulthood can be used as one of

the preventive tools for the development of metabolic syndrome.

Adipose tissue expansion consists of two processes: increase in the number of newly formed
(hyperplasia) and/or the size of adipocytes (hypertrophy) (Wang et al., 2013, Spalding et al., 2008).
The commitment of preadipocytes to adipocyte differentiation starts with growth arrest followed
by several rounds of cell cycle (Fajas, 2003). Given that adipocytes are post-mitotic and grow in
size, there are many other factors regulating adipose tissue expansion, including proliferative
progenitor cells maintaining the adipose progenitor cell (APC) niche, committed preadipocytes that
contribute to hyperplasia to minimize the exhaustion of lipid accumulation in adipocytes and
immune cells supporting adipocyte turnover (Altun et al.,, 2022). In mice, around 4.8-5% of
preadipocytes and 1-5% of adipocytes are replaced per day (Rigamonti et al., 2011), whereas
humans’ annual adipocyte turnover is around 10% (Spalding et al., 2008). Thus, tight regulation of
de novo lipogenesis, APC expansion and adipocyte death is crucial to maintain the adipocyte
number throughout life. Furthermore, differences between human and mouse fat cell turnover

should be taken into consideration when interpreting murine research for therapeutic approaches
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applicable to humans, especially in terms of inducing beiging or hyperplastic expansion over

hypertrophy (Altun et al., 2022).

The accumulation site of the fat is one of the main determinants of metabolic risk. The
development of insulin resistance is associated with lipid accumulation in visceral white adipose
tissue (VWAT), while the expansion of SCF is considered more protective (Vishvanath and Gupta,
2019, Booth et al.,, 2018, Hardy et al.,, 2012). The balance between lipogenesis and lipolysis
regulates the amount of triglycerides stored and subsequently tissue remodeling in WAT. Insulin is
one of the main mediators of glucose metabolism and lipogenesis. Thus, plays a key role in WAT

homeostasis (Cignarelli et al., 2019).

1.2 Insulin and insulin like growth factors

Insulin and insulin-like growth factors (IGF) are peptide hormones belonging to the insulin
superfamily and sharing similar structural homology (Fig. 1) (Andersen et al., 2017). Rinderknecht
and Humbel isolated IGFs for the first time based on their (i) similar behavior to insulin, (ii)
mitogenic activity and (iii) downstream players of growth hormone (GH) in mediating skeletal
muscle growth (Van Wyk and Smith, 1999, Rinderknecht and Humbel, 1976). Despite being 62%
identical to the proinsulin sequence, insulin like growth factor 1 (IGF1) and IGF2 do not undergo
post-translational proteolysis (Rinderknecht and Humbel, 1978). However, further investigation
revealed that they promote growth more prominently compared to the known insulin-like activities
(Rinderknecht and Humbel, 1978). IGF2 binds to IGF1R with lower affinity than IGF1 and with
different binding affinities to insulin receptor (InsR) isoforms (Selenou et al., 2022). IGF1, on the
other hand, binds to IGF1R with 50-100-fold higher affinity than insulin. Additionally, hybrid
heterodimers consisting of IGF1R and InsR also exists in the cell (Hakuno and Takahashi, 2018).
Expression levels of receptors are regulated depending on the state of the cells, which also affects
ligand concentrations. IGF1R is expressed predominantly in preadipocytes. Upon differentiation,
InsR levels start to increase and its expression in adipocytes is slightly more than IGF1R (Boucher et
al., 2010b, Entingh-Pearsall and Kahn, 2004). Thus, insulin in mature adipocytes is critical for lipid
metabolism, while both insulin and IGF1 are regulators of preadipocyte survival and differentiation
(Sakaguchi et al., 2017, Boucher et al., 2010a). Among insulin and IGFs, only IGF2 binds with high
affinity to the IGF2 receptor (IGF2R). It was reported a long time ago that IGF2R acts as a scavenger
receptor and is responsible for the lysosomal trafficking of IGF2, thus regulating its turnover. The
receptor can also bind to mannose 6-phosphate (Brown et al., 2009). However, recent findings
showed that the IGF2-IGF2R axis regulates angiogenesis in feto-placental endothelial cells through

the extracellular signal-regulated kinase (ERK) 1/2 pathway (Sandovici et al., 2022). Interestingly,
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IGF1R and IGF2R contain different domain structure. While, IGF1R has a kinase activity, IGF2R does
not (Agrogiannis et al., 2014). Thus, insulin, IGF1 and IGF2 can promote both distinctive and mutual
signaling cascades in the cell. Their association with obesity and Type 2 diabetes (T2D) is further

discussed below.

Insulin IGF1 IGE2 overlay

Figure 1: Structural homology of insulin, IGF1 and IGF2. Ribbon structure separately and an overlay of the three
peptides are shown. This image is taken from (Andersen et al., 2017).

1.2.1 Insulin action in adipose tissue
Insulin was discovered in 1921 as a component of pancreatic extract that lowers blood glucose
levels in diabetic dogs and humans with Type 1 diabetes. It increases glucose uptake in adipocytes
and muscle cells and inhibits hepatic glucose production (Fig. 2) (Santoro et al., 2021, Rosen and
Spiegelman, 2006). Circulating glucose acts as a control mechanism for nutrient storage and
mobilization. Glucose taken up into the cell is utilized for ATP production and de novo lipogenesis
through several processes. Most critically, insulin is responsible for cellular uptake of glucose in

adipocytes (Summers et al., 2000, Cushman and Wardzala, 1980).

Insulin is produced and secreted by pancreatic B-cells. It binds to its receptor (InsR) and induces
tyrosine kinase activity in B-subunit (Haring, 1991). This action of insulin activates PI3K signaling
that results in translocation of glucose transporter-4 to the plasma membrane to increase glucose
uptake (Huang et al., 2018). Glucose alone does not affect kinase activity or lipogenesis. However,
its presence is required for insulin-activated kinase signaling to stimulate FA synthesis (Krycer et
al., 2020). Furthermore, insulin also phosphorylates insulin substrate 1 (IRS-1) and activates
mitogen-activated protein kinase (MAPK) signaling pathway. These pathways regulate mitogenic
and metabolic signals including cell growth, proliferation and differentiation (Gehart et al., 2010).
As a result, lipid storage in adipocytes is activated by stimulating de novo lipogenesis, inhibiting

lipolysis and inducing glucose uptake (Sakers et al., 2022).
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Glucose

Liver

Y=/ Pancreas

Figure 2: Insulin mediated glucose utilization in the whole body. After a meal consumption, glucose is absorbed in
intestine and released into the circulation. This signals pancreas and induces insulin secretion by pancreatic beta cells,
which binds to the insulin receptor and translocate glucose transporters to the plasma membrane. This action of insulin
induces glucose uptake in muscle and fat cells to be used as energy source later and blocks hepatic glucose production.
The figure is take from (Rosen and Spiegelman, 2006).

The majority of the insulin stimulated glucose disposal occurs in skeletal muscle, whereas only 10%
occurs in adipose tissue (AT) (Smith and Kahn, 2016). Yet adipose tissue plays an important role in
systemic energy metabolism and glucose tolerance (Saltiel and Kahn, 2001). Cross talk between AT,
peripheral tissues and the central nervous system regulates lipid metabolism and maintains fat
content in AT. However, disruption of this balance due to pathological conditions, such as obesity
leads to metabolic complications (Song et al., 2018). The World Health Organization (WHO)
identified insulin resistance as one of the components defining the Metabolic Syndrome along with
central obesity and high blood pressure (Alberti and Zimmet, 1998). This highlights the importance
of insulin signaling in the development of Type 2 Diabetes (T2D). Pancreas tries to compensate for
insulin resistance; however, this leads to increased insulin secretion and consequently to

hyperinsulinemia (Bunner et al., 2014). This results in beta-cell exhaustion in the pancreas.

Studies also showed that mice lacking insulin were born with growth retardation but died within 2
days after suckling milk due to ketoacidosis and hepatic steatosis (Duvillie et al., 1997).
Furthermore, murine offspring with whole body knockout of the insulin receptor (Insr’") did not
show differences in intrauterine development but growth retardation was prominent postnatal

compared to control littermates. Insr’" mice developed hyperglycemia and died from diabetic
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ketoacidosis within a couple of days after birth (Joshi et al., 1996, Accili et al., 1996). There have
also been several cases of humans lacking the INSR reported. These individuals displayed
intrauterine growth retardation, developmental delay and one baby lacked SCF. These patients
developed hyperglycemia, which was less severe compared to insulin deficient individuals. In
contrast to the findings in rodents, lack of INSR in humans is compatible with life. This discrepancy
can be explained partly by the insulin action via IGF1R in these patients (Takahashi et al., 1997,
Wertheimer et al., 1993, Krook et al., 1993). Moreover, the developmental stage of rodents at birth
corresponds to around 26 weeks of gestation in humans. Thus, the embryonic growth phase
dependent on INSR is limited in rodents, while this is extended in humans (Kitamura et al., 2003).
This also highlights the roles of insulin and InsR in body composition. There are major differences
in humans’ and mice’s lipid content upon birth, being 16% and 2% of whole-body weight,

respectively (Kitamura et al., 2003, Widdowson, 1950).

Furthermore, insulin signaling plays an important role in adipocyte differentiation and
maintenance. Adipose tissue-specific insulin receptor knockout mice (FIRKO) showed a reduction
in fat mass. These mice gained less weight compared to the control group and were protected
against insulin resistance induced by aging (Bluher et al., 2002). In addition to this, adipose tissue-
specific double knockout of InsR and Igfir (FIGIRKO) mice had disrupted WAT and brown adipose
tissue (BAT) development (Boucher et al.,, 2012). Moreover, mice with inducible fat specific
knockout of InsR or InsR/Igflr developed lipodystrophy and insulin resistance (Sakaguchi et al.,
2017). All these findings highlight the importance of insulin signaling in adipose tissue function and
the development. Studies on gestational diabetes mellitus (GDM) showed a positive association
with offspring adiposity (Tint et al., 2020, Bianco and Josefson, 2019). These findings further
indicate the sensitivity of adipose tissue development to insulin. Nonetheless, no medication is
approved to treat insulin resistance directly. Medications used in diabetes, such as; metformin, are
lowering blood glucose and consequently improve insulin sensitivity. Unfortunately, all of these
pharmaceutical treatments have severe side effects including nausea and dizziness (Pu et al., 2020).
Thus, new treatment strategies should be found to provide better living standards for diabetic
individuals. Understanding the AT composition and interactions within the microenvironment is

crucial in curing obesity.

1.2.1 Role of IGF2 in development and growth

IGF2 is a secreted protein that plays an important role in fetal growth and development. Humans
and mice show differences in the gene expression patterns. There are 10 exons and 5 promoters in

humans, while 8 exons and 4 promoters in mice encoding for IGF2/Igf2 (Selenou et al., 2022, Baral
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and Rotwein, 2019, Monk et al., 2006). The locus includes INSULIN and H19 along with other genes.
There is a parent specific expression of IGF2/Igf2 and H19 genes leading to genetic regulation by
imprinting. The maternal allele expresses H19 (which is not translated into protein), while the
paternal allele expresses IGF2/Igf2 (Nordin et al., 2014). Studies showed that not the maternal but
the paternal inheritance of the Igf2 gene deletion leads to growth retardation and 40% birth weight
loss compared to a normal mouse (DeChiara et al., 1991, DeChiara et al., 1990). There have been
growth disorders described to arise from deregulation of imprinted genes on human chromosome
11p15.5, where IGF2 is located (Chao and D'Amore, 2008). Russel Silver syndrome is characterized
by prenatal and postnatal growth retardation (dwarf phenotype), wide forehead, fifth finger
clinodactyly and feeding difficulty, which several patients were reported to have hypo-methylation
of paternally inherited IGF2 (Wakeling et al., 2017, Xia et al., 2019, Bartholdi et al., 2009). On the
other hand, Beckwith-Wiedemann syndrome was associated with hyper-methylation of maternal
allele and biallelic expression of IGF2 resulting in fetal and neonatal overgrowth (Sparago et al.,

2004, Reik and Maher, 1997).

In contrast to humans, where IGF2 is maintained at a certain level it is hardly detectable in adult
mice (Holly et al., 2019). Fetal serum levels of IGF2 are higher than IGF1 (Lassarre et al., 1991,
Ashton et al., 1985), around 401 vs 113 ng/mL, respectively, between 33-37 gestational weeks
(Lassarre et al., 1991). IGF2 could be involved in fetal growth in an organ- and sex-dependent
manner, rather than in fetuses’ weight and size, which correlate with IGF1 (White et al., 2018,
Lassarre et al., 1991). While IGF2 treatment only significantly increased female rat stomach weight,
it affected males more and increased their organs’ mass significantly except for lungs, heart and
kidney (White et al., 2018). Along with this, gene expression analysis of chorionic villi samples taken
from 260 pregnancies showed a positive correlation between birth weight and /IGF2 mRNA levels

indicating its role in utero growth (Demetriou et al., 2014).

1.2.2 Role of IGF2 in adipogenesis
The postnatal regulation of IGF2 is poorly understood. This is because, firstly, the biological
processes stimulated by IGF2 are much more complex than those induced by IGF1R and Insulin.
Secondly, post-natal physiology of IGF2 in humans and mice show differences (Holly et al., 2019).
Nevertheless, as mentioned in the previous section, many studies indicated a correlation between
IGF2 and birth weight, which is partly composed of fat mass. However, there are contradictory data

on IGF2 and its postnatal role in adiposity and metabolic function.
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A genetic polymorphism study of rs680 SNP of the IGF2 gene (Apal) showed significant associations
with the metabolic syndrome. People carrying the AA genotype had more circulating IGF2 in their
serum than those with GG (Gui et al., 2021a, O'Dell et al., 1997). Females carrying the AA (rare)
genotype had significantly higher HbAlc and plasma glucose levels compared with subjects carrying
GG (wild-type). On the other hand, males with the AA genotype were positively associated with
higher waist-hip ratio and serum triglyceride levels (Gui et al., 2021a). Moreover, healthy Caucasian
women and men with the AA genotype showed more fat mass compared to subjects with the GG
genotype. However, when other ethnic groups were included, this association disappeared. The
same study also did not find differences between circulating IGF2 levels between genotypes (Roth
et al., 2002).In contrast to this, a 4.5 year follow-up study on non-obese individuals showed that
lower circulating IGF2 levels were associated with weight gain over time compared to individuals
with stable weight (Sandhu et al., 2003). Moreover, obese individuals had less circulating IGF2
compared with non-obese (Sandhu et al., 2003, Chang et al., 2002). These discrepancies highlight
the importance of ethnic backgrounds and the effect of environmental factors. Nevertheless, these

findings point toward an important regulatory function of IGF2 in adipose tissue physiology.

Several transgenic rodent models have studied the in vivo function of IGF2 by maintaining
persistent circulating levels in adult mice. This was achieved via overexpressing transgene in the
liver by the major urinary protein promoter. These mice showed decreased body weight mainly
due to reduced fat mass (Rogler et al., 1994). Further characterization of these mice by insulin
clamp studies revealed lower plasma glucose and insulin levels with higher glucose disposal rate in
the muscle and increased hepatic glycogen synthesis (Rossetti et al., 1996). Moreover, paternal
deletion of Igf2 (Igf2*") in mouse embryos showed increased BAT weight, which was enhanced with
double knockout of Myod and Igf2 (Myod”Igf2*") even though Myod”" did not show any difference
in BAT mass. This increase in BAT mass of Myod” Igf2*/- mice was due to increased hyperplasia.
Knockdown of Igf2 slightly increased lipid accumulation in differentiated brown adipocytes
compared to wild-type and this reached significance when there was a double knockdown with
Myod. These findings show that IGF2 and MYOD act together to repress BAT development
(Borensztein et al., 2012). Another study on isolated healthy children’s white adipose depots
reported that a high dose of IGF2 supplementation (62.5 ng/mL) enhanced the differentiation
capacity of subcutaneous preadipocytes, but restricted visceral preadipocytes. This was because
the treatment downregulated InsR, FASN and GLUT4 expression levels in visceral adipocytes, which

reduced glucose uptake by 34% (Alfares et al., 2018). All these studies highlight that IGF2 has a
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depot specific action and the signaling pathways stimulated by the protein in adipose tissue are

relatively complex, which still requires further investigation.

1.3 What is Obesity?

Obesity is characterized by excess body fat accumulation resulting in metabolic disorders; such as,
hyperglycemia and dyslipidemia. Individuals with a body mass index (BMI) above 30 kg/m? are
classified as obese, while overweight is defined by the BMI over 25.0 kg/m? (Fruh, 2017, Hurt et al.,
2010) However, it is still under debate whether BMI is a good indicator in defining obesity. It has
been discussed that the BMI reference underestimates body fat in South Asian children, and
overestimating in African American children (Hudda et al., 2018). Nevertheless, it provides a good
indicator on what is a healthy or unhealthy weight (Gutin, 2018). Over the past decades, the global
obesity epidemic has attracted great attention of the public health system. This is not only due to
the increased number of cases but also because of the unpredictable medical costs, increased
mortality rates and obesity associated comorbidities; such as, cardiovascular diseases, T2D and
certain cancers. (Hruby and Hu, 2015, Hurt et al., 2010). It is considered that individuals who display
an increase of 20% above the desirable body weight is in great health risk (Capodaglio and Liuzzi,
2013). A European Prospective Investigation into Cancer and Nutrition involving five European
countries showed that the prevalence of obesity increased from 13% to 17% at the follow-up
between 1998 and 2005 (Hruby and Hu, 2015, von Ruesten et al., 2011). Moreover, it was reported
that there were regional differences in terms of the obesity rates, Southern and Eastern Europe
have higher rates of obesity compared to Western and Northern Europe (Hruby and Hu, 2015,
Berghofer et al., 2008). The numbers were more dramatic in the United States. According to the
Centers for Disease Control and Prevention’s National Health and Nutrition Examination Survey,
35% of the adult Americans were obese between 2011 and 2012 (Ogden et al., 2013). Moreover,
adults living in rural areas had a significantly higher prevalence of obesity than urban adults did

between 2005 and 2008 (Befort et al., 2012).

There are familiar traits and genetic factors that play a role in the development of obesity. SCF and
vWAT distribution is impacted by family background and is inherited by 44%-57% and 36%,
respectively (Fox et al., 2012, Fox et al., 2007). Alternatively, genome-wide association studies
(GWAS) showed strong correlations between insulin resistance and adiposity (Chu et al., 2017,
Lotta et al., 2017). A population-based genetic analysis revealed 53 genomic regions associated
with lower levels of peripheral fat and insulin resistance. Interestingly, individuals with a higher
predisposition to insulin resistance had relatively lower ability to expand SCF under caloric

challenge. This suggests that the fat accumulation capacity of SCF compared to VWAT is a stronger
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indicator of insulin resistance (Vishvanath and Gupta, 2019, Lotta et al., 2017). Additionally,
polymorphisms in peroxisome proliferation-activated receptor gamma (PPARy) and adiponectin
(ADIPQ) have been correlated with obesity, T2D and insulin resistance (Howlader et al., 2021,
Prakash et al., 2012). Even though genetic components play an important role in the prevalence of
obesity, the exponential rise over the past three decades strongly suggests the role of
environmental factors. Sedentary lifestyle due to socio-economic status, cultural norms around
food and changes in working styles are one of the main components of the environmental influence
(Wakefield, 2004). Nevertheless, one of the main drivers in the development of metabolic

syndromes is the challenged physiological function and lipid storage capacity of adipose depots.

1.3.1 Metabolically healthy vs. unhealthy obesity
In the 1950s, Jean Vague’s described obese individuals with different predispositions to T2D and
cardiovascular disease, which could be attributed to their distribution of body fat. The concept of
metabolically healthy obesity (MHO) was shaped as a result of these observations and started to
attract more attention only a decade ago (Bluher, 2020). Human cohort studies showed MHO as a
transient state by nature. Eight years follow-up of healthy obese participants in the English
Longitudinal Study of Ageing (ELSA) revealed their transition to an unhealthy state by 44.5%. This
change was not connected to physical activity but to increased waist circumference, systemic
inflammation and impaired glycemic control, potentially suggesting adverse effects of VWAT
(Hamer et al., 2015). Additionally, the North-West Adelaide Health Study reported that only 1/3 of
the metabolically healthy obese subjects developed metabolic syndrome. In contrast to the ELSA
study, the persistence of healthy metabolism was associated with the younger age (<40) and more
subcutaneous fat accumulation (Appleton et al., 2013). Furthermore, comparison of MHO and
metabolically unhealthy obesity (MUO) in response to high calorie diet intervention showed
distinct biological responses. Upon moderate weight gain, MHO individuals showed increased
lipogenesis compared to MUO subjects, who had worsened effects on plasma adiponectin and

triglyceride concentrations (Fabbrini et al., 2015).

Onthe other hand, although the MHO is defined as obese individuals lacking any metabolic disorder
and cardiovascular disease, the classification criteria vary greatly among studies. (Bluher, 2020,
Magkos, 2019). In some studies, blood pressure, triglyceride levels, fasting blood glucose, HOMA-
IR value, HDL-C and CRP levels were considered. Obese individuals were classified as MH if they
have no or 1 of the cardiometabolic abnormalities (Hamer et al., 2015, Wildman et al., 2008).
Whereas other studies evaluated, in addition to the mentioned parameters above, waist

circumference, drug treatment, glucose tolerance, fasting insulin levels, white blood cell count or
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uric acid and plasma fibrinogen levels (Pajunen et al., 2011, lacobellis et al., 2005). This uncertainty
in the classification criteria of MHO can lead to wrong estimations of its prevalence (Liu et al., 2019).
For instance, a collaborative analysis of ten large published cohort studies showed that when strict
criteria are used based on blood pressure (SBP = 130 mmHg or DBP > 85 mmHg) and blood glucose
(fasting > 6.1 mmol/l or non-fasting >7.0), there are higher numbers of obese individuals with
metabolic syndrome reported compared to the analysis based on less strict criteria (blood pressure:
SBP > 140 mmHg or DBP =90 mmHg and blood glucose: fasting = 7.0 mmol/| or non-fasting > 7.8
mmol/l) (van Vliet-Ostaptchouk et al., 2014). Along with this, the classification according to
cardiometabolic abnormalities defined in five different studies together with BMI or waist

circumference showed 4.2-13.6% or 14-40.2% prevalence to MHO, respectively (Liu et al., 2019).

Nevertheless, there have been some common physiological and phenotypic traits reported among
MHO subjects. These individuals have less hepatic and visceral, but more subcutaneous (around
the leg) fat content. They are more insulin sensitive with normal blood pressure and lower
inflammation (Bluher, 2020, Stefan et al., 2008). One of the primary drivers of healthy adipose
tissue expansion is via the recruitment of new adipocytes (Vishvanath and Gupta, 2019). Thus, it is
crucial to understand the adipocyte progenitor cell (APC) populations that give rise to adipocytes

resident in the AT and how they respond to over-nutrition.

1.3.2 Different adipose tissues and their role in obesity

There are two main types of adipose depots; BAT and WAT. These depots have different
developmental origins. Myf5 lineage tracing mouse model showed that except perirenal and
peraortic BAT, brown adipocytes are derived from Myf5* lineage, whereas SCF and PGF are Myf5
(Sanchez-Gurmaches and Guertin, 2014, Seale et al., 2008). Due to their distinct physiological and
pathophysiological roles, these depots respond differently to caloric overflow and consequently to

obesity.

1.3.2.1 White adipose tissue
White adipocytes are unilocular and synthesize triglyceride to be stored as lipid droplets. Thus, they
are one of the primary sites of long-term energy storage. SCF is located under the skin and is mainly
responsible for protection against external forces and serves as an insulator. On the other hand,
VvWAT is found deep in the abdominal cavity surrounding the organs (Vishvanath and Gupta, 2019,
Schoettl et al., 2018). In humans, SCF divided as upper and lower, while in mice it is separated as
anterior or posterior. Moreover, mice have PGF and humans have omental fat (Luong et al., 2019,

Schoettl et al., 2018). Distribution of these depots is an important determinant for metabolic health

21



in obesity (Capodaglio and Liuzzi, 2013). Tracking of adipogenesis using AdipoChaser mice revealed
that upon high fat diet (HFD) feeding both PGF and SCF expand through cellular hypertrophy.
However, prolonged HFD feeding induces adipogenesis (hyperplasia) only in PGF and not in SCF
(Wang et al., 2013). WAT undergoes various changes under excess caloric intake to allow nutrient
and oxygen flow. This includes remodeling of the extracellular matrix (ECM) because of tissue
expansion and upregulation of pro-inflammatory cytokines recruiting immune cells (Pellegrinelli et
al., 2016, Schoettl et al., 2018). The degree of these changes varies between different types of WAT
and therefore their effect on health as well. Abdominal fat accumulation (apple-shaped obesity),
resulting in VWAT expansion, exerts greater metabolic risk; such as, T2D, compared to SCF
accumulation in the lower body (pear-shaped obesity) (Vishvanath and Gupta, 2019, Karpe and
Pinnick, 2015). One reason for the hazardous effects of VWAT expansion lies within its anatomical
location. The secreted adipokines and FFAs by the visceral fat can be facilitated to the liver directly
via the portal vein and as a result disrupt hepatic homeostasis (Rytka et al., 2011). The second
reason associated with unfavorable effects of fat accumulation in VWAT is due to the restricted

area in the intra-abdominal space (Schoettl et al., 2018).

Furthermore, genome-wide association studies showed sexual dimorphism correlated with fat
distribution (Randall et al., 2013, Heid et al., 2010). Obese women tend to store fat more in SCF
while obese men in VWAT. Estrogen, on the other hand, promotes SCF and limits vVWAT expansion
(Steiner and Berry, 2022). Therefore, women are more protected against developing the metabolic
syndrome compared to men. This effect is lost after menopause. All these findings highlight the
metabolic complexity established by the presence of different WAT depots. Therefore, it is
important to understand the mechanisms involved in the development and adipogenesis of each

WAT depot individually.

1.3.2.2 Brown adipose tissue and beige/brite adipocytes
Brown adipose tissue is present in both rodents and infants. Until recently, it was thought to be
absent in human adults. However, PET and CT scans showed that the BAT is present in several parts
of human body, including neck (Virtanen et al., 2009, Cypess et al., 2009). Its activity is higher in
young and lean people (Townsend and Tseng, 2014). Even though excessive WAT expansion and
fat accumulation is considered hazardous during obesity, BAT has been described to have an anti-
obesity effect. Its activity was shown to increase energy expenditure and reduce weight gain

(Yoneshiro et al., 2013, Stanford et al., 2013).
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BAT consists of multilocular adipocytes. The high degree of vascularization and innervation of
sympathetic nerves distinguishes it from WAT. Moreover, BAT adipocytes have high mitochondrial
content and express uncoupling protein 1 (UCP1) as opposed to white adipocytes (Pellegrinelli et
al., 2016, Hocking et al., 2013). UCP1 is a BAT specific protein expressed in the inner membrane of
the mitochondria. Studies recently showed heterogeneity in brown adipocytes with different levels
of UCP1 expression (Karlina et al., 2021, Song et al., 2020). Activation of this protein via cold
exposure or beta-adrenergic signaling enhances glucose and fatty acid oxidation yielding heat
rather than ATP. Therefore, BAT is described to be responsible for the non-shivering thermogenesis
and is the ‘fat burning’ organ (Carpentier et al., 2018, Townsend and Tseng, 2014, Argyropoulos
and Harper, 2002).

Cousin et al. detected for the first time the presence of UCP expression in rat WAT in the early
1990s. The expression was enhanced upon cold or beta-adrenoceptor agonist treatment like in
typical BAT (Cousin et al., 1992). This phenomenon was described as the ‘browning’ of WAT (Bartelt
and Heeren, 2014). They are also known as beige adipocytes. Due to their morphology (multilocular
lipid droplets), high degree of mitochondrial content and expression of UCP1, were described to be
like classical BAT cells (Wu et al., 2012, Cousin et al., 1992). However, unlike brown adipocytes, they
are Myf5 and have a unique gene expression profile. Therefore, beige/brite adipocytes are
considered as a different type of thermogenic fat cell than classical brown adipocytes (Wu et al.,
2012, Seale et al., 2008). Mapping of quantitative trait loci demonstrated differences in the control
of UCP1 positive cells in BAT and WAT (Coulter et al., 2003). Additionally, Xue et al. showed a peak
of Ucpl expression and multilocular adipocytes in retroperitoneal fat between P10 and P30. In
contrast to this, intrascapular BAT expressed maximal levels of Ucpl at P1, indicating

developmental differences between brown and beige/brite adipocytes as well (Xue et al., 2007).

1.4 Adipose progenitor cell populations (APCs)

There have been various cell types; such as, mesenchymal stem cells, pericytes and preadipocyte,
described to give rise to adipocytes (Schoettl et al., 2018). Genetic lineage tracing and single cell
RNA sequencing (scRNA-seq) studies identified distinct adipose progenitor lineages and
intermediate states of cells giving rise to adipocytes (Altun et al., 2022, Sakers et al., 2022, Merrick
et al,, 2019, Lee et al., 2019). However, until recently there was no clear definition of APCs. Sakers
et al. and we described APCs as cells with stem like properties that are highly proliferative and
regulate progenitor niche maintenance. There is a lineage hierarchy, which progenitor cells give
rise to committed preadipocytes that later differentiate into adipocytes (Altun et al., 2022, Sakers

et al., 2022, Merrick et al., 2019). On the other hand, the term preadipocyte is broadly used in the
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literature and referred as cells that have the ability to differentiate into adipocytes (Altun et al.,

2022).

Berry and Rodeheffer introduced for the first time the concept of hierarchical difference in the
differentiation capacity of progenitor cells. They have shown that Lin:CD34":CD29":Sca-1* cells
subdivide into two subtypes with having more or less commitment to adipocyte differentiation:
CD24" and CD24" cells respectively. This was further confirmed using PDGFRa-cre dependent
reporter mice (Berry and Rodeheffer, 2013). Interestingly only a small portion of the stromal
vascular cells (SVCs) was composed of CD24* (0.08%), while around 53% of the cells were CD24".
Yet transplantation of CD24* but not CD24" APCs formed a functional WAT in A-zip lipodystrophic
mice and showed that CD24* produce CD24 cells (Rodeheffer et al., 2008) (Fig. 3). In addition to
this, Jiang et al. described ‘developmental’ and ‘adult’ APCs (Jiang et al., 2014). PDGFRa-RFP
reporter mouse model showed that ‘developmental’ PDGFRa* SVCs were necessary for tissue

formation and AT expansion, whereas other APC population contributed to ‘adult’ adipocytes and
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Figure 3: An overview of adipocyte progenitor cells resident in the adipose tissue. There are various subpopulation
of APCs with proliferative and self-renewal capacity in the adipose tissue (CD24* and DPP4* cells). This is shown by
green arrows, which the cell give rise to the same type of cell. Moreover, there are cell populations giving rise to
committed preadipocytes that differentiate into white (CD24-, ICAM1* and ASC-1*) or beige (ASC-1-) adipocytes later.
There are also progenitor cells regulating vascular-APC interaction (PDGFRB*PPARy* cells) or induce fibrosis in the
tissue (PDGFRA*CD9"ieh cells). The image is taken from (Altun et al., 2022)
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subsequently to tissue maintenance (Shin et al., 2020). In other studies, PDGFRa signaling was
shown to induce tissue fibrosis (lwayama et al., 2015). In accordance with this, two subpopulations
of PDGFRa* have been identified. PDGFRa*CD9"e" cells were highly proliferative and exhibited a
pro-fibrotic phenotype, whereas PDGFRa*CD9"" cell were highly adipogenic. However, AT fibrosis,
upon HFD feeding, completely abolished the occurrence of PDGFRa*CD9"" cells (Marcelin et al.,
2017) (Fig. 3). Recently Merrick et al. identified a highly proliferative dipeptidyl peptidase-4 (DPP4)*
progenitor cells that produce CD142* and ICAM1* committed preadipocytes (Merrick et al., 2019).
Lineage tracing with DPP4-Cre reporter mouse model was in line with these findings. Additionally,
transgenic mice fed with HFD showed fluorescent labelled mature adipocytes indicating that these
cells were involved in adipogenesis and a shift from DPP4" to DPP4 ICAM1" committed
preadipocytes in SCF (Stefkovich et al., 2021). These cells were sitting in the reticular interstitium
surrounding adipose tissue depot (Merrick et al., 2019). It was also shown that subpopulation of
APCs display a PPARy dependent transcriptional activation of PDGFRB and VEGF axis that regulate
APC-vascular niche interaction. This plays a mutual effect meaning that APCs are essential for
vascular expansion, while without sprouting APCs cannot maintain their niche and expand (Jiang et

al., 2017) (Fig. 3).

1.4.1 Subpopulation of cells expressing Asc-1
Our group previously identified the alanine/serine/cysteine amino acid transporter 1 (ASC-1) as a
surface marker for white adipocytes (Ussar et al., 2014). Its expression is upregulated upon
differentiation (Arianti et al., 2021, Jersin et al., 2021, Ussar et al., 2014). ASC-1 is encoded by
Slc7a10 gene and is a sodium independent neutral amino acid transporter (Ussar et al., 2014). It is
a selective transporter for L-alanine, L-serine, L-threonine and L-cysteine (Fukasawa et al., 2000).
Additionally, ASC-1 has a high affinity for the N-methyl-d-aspartate-type glutamate (NMDA)
receptor co-agonists, D-serine and glycine (Rutter et al., 2007, Fukasawa et al., 2000). It is
responsible for the synaptic clearance of D-serine and synaptic transport of glycine for the control
of glycinergic transmission (Ehmsen et al., 2016, Safory et al., 2015, Rutter et al., 2007, Matsuo et
al., 2004). Whole body Asc-1 knockout (Asc-17°) mice showed seizure, ataxia and tremors causing
early lethality (21 days postnatal) limiting long term in vivo studies. These behavioral effects were
attributed to over-activation of the NMDA receptor, which was reduced by the NMDA antagonist
(MK-801) (Xie et al., 2005). Moreover, these behavioral phenotypes reported in Asc-17" mice were
rescued by glycine and L-serine administration (Safory et al., 2015). These findings indicate an
important physiological role of ASC-1 in the regulation of synaptic activity in the brain. However,

our group previously showed that Asc-1 expression is 5-fold higher in WAT than brain (Ussar et al.,
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2014). Yet its role in metabolic regulation is a recently emerging field. Asc-1 knockout Zebrafish
gained more weight and had bigger lipid droplets in PGF compared to the wild-type controls.
Moreover, there was a negative correlation between insulin resistance and omental obesity in
humans and Asc-1 expression levels. 3T3-L1 cells and human adipose stromal cells treated with
ASC-1 inhibitor (BMS-466442) had increased lipid accumulation compared to DMSO-treated cells
(Jersin et al., 2021). Addition to this, we have also shown recently (parts of it is discussed in this
thesis later) that loss of Asc-1 function or sorting of ASC-1- cells in white preadipocytes induced
beiging and overexpression of Asc-1 in brown adipocytes down regulated browning markers. Thus,
we were able to identify a subpopulation of cells expressing ASC-1 that regulates white vs beige

cell fate decision partly via D-serine metabolism (Fig. 3) (Suwandhi et al., 2021).

These findings highlight the complexity in lineage commitment and heterogeneity in the WAT.
Moreover, to treat obesity and metabolic disorders, it is important to understand the core
mechanisms regulating tissue homeostasis and expansion, which is regulated primarily via the

diversity created by APC subpopulations.
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2 Aim of this study

White adipose tissue expands rapidly and massively at the early ages of life without causing any
metabolic deterioration. However, if this expansion continues to adulthood, these individuals
would develop obesity. We hypothesized that factors or subset of cells highly abundant at younger
state of adipose tissue might be critical players of the healthy expansion and function of WAT. Thus,
we aimed to understand the compositional differences between the young and adult state. To do
this, we compared fat tissues of pre-weaned (2-weeks old) to adult (8-weeks old) wild-type mice.
scRNA-seq analysis of three adipose depots (SCF, PGF and BAT) revealed Igf2 and Asc-1 as factors
significantly highly expressed in pre-weaned subcutaneous depot compared to adult. IGF2 is a well-
known fetal growth promoter and its postnatal role is not well studies. Therefore, the first aim of
this study was to unravel the function of IGF2 in adipose tissue expansion. This was studied
through preadipocyte proliferation and differentiation capacities. In vitro experiments were
performed in two different culture conditions; normal cell culture (10% FBS) and physiological
conditions (1% adult mouse serum), to mimic physiological conditions and eliminate excess
exogenous IGF2. In the second part of this thesis, we investigated the role of Asc-1 in WAT
function. Since our group previously identified ASC-1 as a surface marker for white adipocytes, we
studied fate of preadipocytes towards beige vs white adipocyte fate. Moreover, ASC-1 is an amino
acid transporter, with high affinity to D-serine, to further characterize the mechanistic function of

Asc-1; we linked it with regulation of D-serine metabolism.
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3 Materials

3.1 List of Reagents and Chemicals

Table 1: List of reagents and chemicals

Product Company Catalog Number
3-Isobuthyl-1-methylxanthin (IBMX) Sigma-Aldrich 15869-1G
Seahorse XF DMEM Medium Agilent 103575-100
A/G agarose beads Santa Cruz Biotechnology | Sc-2003
Ammonium persulfate (APS) Serva 13375.01
Antimycin A Sigma Aldrich A8674
autoMACS Running Buffer Miltenyi Biotech 130-091-221
Beta-mercaptoethanol Carl Roth 4227.3
Bovine serum albumin fraction V (BSA) Carl Roth T844.2
CellStripper Corning 25-059-Cl
Chloroform Carl Roth 4423.1
Collagenase type | Gibco 17018029
Collagenase type IV Gibco 17104019
Dako fluorescence mounting medium Agilent Technologies $302380-2
Diethyl pyrocarbonate Sigma-Aldrich D5758-25ML
Dexamethasone Sigma-Aldrich D4902
DMEM high-glucose + GlutaMAX Life Technologies 31966021
EDTA disodium salt dihydrate Carl Roth 8043.1
Ethanol (absolute) Merck Millipore UN1170
Ethanol (vergallt) 99.9% Helmholtz Zentrum 5000006
Muenchen
EZ-RUN Recombinant Protein Ladder Fischer Scientific 10785674
Fetal bovine serum Life Technologies 10270106
FCCP R&D Systems 0453/10
Formaldehyde solution 37% Carl Roth 4979.1
Glucose Sigma Aldrich 49159
GlutaMAX Gibco 350050038
Hydrochloric acid (HCI 37%) Sigma-Aldrich 30721-1L-GL




ImmobilonTM Western

Chemiluminescent Merck Millipore WBKLS0500
HRP substrate

Insulin (cell culture) Sigma-Aldrich 19278

Insulin like growth factor 2 (IGF2) Sigma-Aldrich 18904
Isopropanol Sigma-Aldrich 33539-2.5L
iTaq Universal SYBR® Green Supermix BioRad 172-5124
Ketamine Pharmanovo GmbH

Lipofectamine™ RNAIMAX Life Technologies 13778075
Transfektionsreagenz

MACS G magnetic beads Miltenyi Biotech 130-071-101
Matrigel Corning

Mavyer’s solution (Hematoxylin) Merck 1092490500
Methanol Merck Millipore UN1230
MTT, Thiazolyl blue Serva 20395.03
Normocin InvivoGen Ant-nr-1
Nuclease-free water Qiagen GmbH 129114

OCT compound Tissue Tek 4583

Oil Red O powder Alfa Aesar A12989
QlAzol Qiagen GmbH 79306
Oligomycin Sigma Aldrich 04876
Opti-MEM™ | Serumreduziertes Medium | Gibco 31985062 and 31985070
Paraffin wax Leica Surgipath 39601006
Paraformaldehyde Th. Geyer GE/00008416/000500
Penicillin/Streptomycin (Pen/Strep) Life Technologies 15140-122
Phosphatase inhibitor cocktail Il Sigma-Aldrich P5726-1mL
Phosphatase inhibitor cocktail lll Sigma-Aldrich P0044-5mL
Phosphate buffer saline (PBS) Life Technologies 14190-094
Sodium hydroxide (NaOH) Roth 6771.3
Protease inhibitor cocktail Sigma-Aldrich P8340-5mL
Puromycin hydrochloride Biomol Cay13884-500
Rosiglitazone Santa Cruz Biotechnology | Sc-202795
Rotenone Sigma Aldrich R8875
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Roti®-Histokitt Il Carl Roth T160.1

Sample buffer 4x Life Technologies NP0008
Sodium chloride (NaCl) Carl Roth 3957.1
Sodium chloride solution 0.9% Fresenius Kabi 808765

Deutschland GmbH

Sodium dodecyl sulfate (SDS) Carl Roth CN30.3
Sodium hydroxide (NaOH) Carl Roth 6771.3
StartingBlock™ T20 (TBS) Blocking Buffer | Thermo Fischer 37543
SuperSignal West FEMTO Max. Sensitivity | Fisher Scientific 10187393
Substrate

Temed AppliChem A1148.0100
Thermo ScientificTM RestoreTM PLUS ThermoFischer Scientific 10016433

Western Blot Stripping Buffer

TRIS Pufferan Carl Roth 4855.1
TritonTM X-100 Sigma-Aldrich N150
Trypan blue solution Sigma-Aldrich 93595
Trypsin, 0.05% EDTA, phenol red Life Technologies 11580626
Tween-20 Santa Cruz Biotechnology | Sc-29113
Prozylaz Belo-pharm

Xylol Carl Roth 9713.5

3.2 List of Buffers

Table 2: Buffer names and their composition

Buffer Composition

1X Blotting buffer 1x Running buffer, 20% MeOH, MilliQ water

1x Running Buffer 1x Running Buffer, 0.1% SDS, MilliQ water

10x Running buffer 25 mM TRIS Pufferan, 192 mM Glycine, MilliQ water

20x MOPS-Running 1 M MOPS, 1 M TRIS Pufferan, 2% SDS, 20 mM EDTA, MilliQ water,

Buffer pH: 7.4

Immunoprecipitation 50 mM TRIS Pufferan, 150 mM NacCl, 2 mM EDTA, 1% TritonX-100,

washing and lysis buffer 1:100 Phosphatase buffer, 1:100 1:100 Protease Inhibitor Coctail I,
1:100 Protease Inhibitor Coctail lll, MilliQ water, pH: 7.4
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RIPA-buffer

MilliQ water, pH: 7.4

50 mM TRIS Pufferan, 150 mM NaCl, 1 mM EDTA, 1% TritonX-100,

Protein lysis buffer

RIPA-buffer,

1:100 Phosphatase buffer,

1:100 1:100 Protease

Inhibitor Coctail Il, 1:100 Protease Inhibitor Coctail Ill, 0.1% SDS

Tissue digestion solution

glucose + GlutaMAX

1% BSA fraction V, 1mg/mL Collagenase type |, pure DMEM high-

10x Tris-buffered saline

(TBS)

10 mM TRIS Pufferan, 145 mM NacCl, MilliQ water, pH: 7.4

1x Tris-buffered saline

Tween 20 (TBS-T)

1x TBS, 0.1% Tween 20, MilliQ water

3.3 List of Kits

Table 3: List of the kits used

Product Company Catalog Number
High-Capacity cDNA Reverse ThermoFischer Scientific 4368813
Transcription Kit

m/r/p/calGF-Il Qkit R and D Systems MG200
PierceTM BCATM Protein-Assay ThermoFischer Scientific 23225
RNAscope Multiplex Fluorescent Bio-techne 323133
Assay Mm Fixed Frozen

RNeasy Mini Kit Qiagen GmbH 74106
Ultra-Sensitive Mouse Insulin ELISA | Crystal Chem 90080

Kit

TriFECTa DsiRNA Kit Srr IDT mm.Ri.Srr.13

3.4 List of Primary and Secondary Antibodies

Table 4: List of antibodies used

Antibody Company Catalog Number
ASC-1 (10A11) In House

AKT (pan) (11E7) Cell Signalling 4685

Alexa Fluor 546 Phalloidin Life Technologies A22283
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Alexa Fluor 647 Phalloidin Life Technologies A22287
B-Actin Santa Cruz Biotechnology | Sc-47778
CD31 Merck Millipore MAB13987
DAPI Sigma-Aldrich D9542
HCS LipidTOX green (lipid) Life Technologies H34475
Goat IgG (cell culture) Invitrogen 31245
IGF-I Receptor B (D23H3) XP Cell Signalling 9750
RNAscope® Probe - Mm-Igf2 Bio-techne 437671
IGF2 (neutralizing) Thermo Fischer PA5-47946
Insulin Receptor Beta (L55B10) Cell Signalling 3020
GAPDH (6C5) CalbioChem CB1001
Mouse Alexa Fluor 594 Life Technologies A21203
Mouse Alexa Fluor 594 Dinova 415-585-166
Mouse Alexa Fluor 488 Dinova 415-545-166
Mouse 1gG-HRP Santa Cruz Biotech Sc-2005
KI67 Abcam Ab15580
Lipitox Green Life Technologies H34475
p44/42 MAPK (Erk1/2) (137F5) Cell Signalling 4695
PERILIPIN-1 (D1D8) Cell Signalling 9349
Phospho-AKT (Ser 473) Cell Signalling 9271
Phospho-p44/42 MAPK (Erk1/2) Cell Signalling 4377
(197G2)

Phospho-Tyrosine (P-Tyr-1000) Cell Signalling 8954
MultiMab™

PPARy (81B8) Cell Signalling 2443
Rabbit Alexa Fluor 594 Jackson ImmunoResearch | 111-585-144
Rabbit Alexa Fluor 488 Abcam Ab150073
Donkey Anti Rabbit Alexa Fluor 647 | Invitrogen A-31573
Goat Anti Rabbit Alexa Fluor 647 Life Technologies A21245
Rabbit IgG-HRP Cell Signaling 7074

UCP1 (for cells) Abcam Ab10983
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3.5 List of RT-gPCR primers

Table 5:List of primer sequences used for RT-qPCR

Gene Forward sequence Reverse sequence

Adipq GATGGCACTCCTGGAGAGAA TCTCCAGGCTCTCCTTTCCT
Asc-1 AGTGTTCCAGGACACCCTTG GGGTGGCACTCAAGAAAGAG
Fabp4 GATGCCTTTGTGGGAACCT CTGTCGTCTGCGGTGATTT
lgf2 AGACATACTGTGCCACCCC ATTGGAAGAACTTGCCCACG
Ppary CCCTGGCAAAGCATTTGTAT GAAACTGGCACCCTTGAAAA
Pgcla AGCCGTGACCACTGACAACGAG | GCTGCATGGTTCTGAGTGCTAAG
Srr AACTACGGCTTTGGGCTTCT GGCGCAATCTTTTCTTCAAA
Tbp ACCCTTCACCAATGACTCCTATG | TGACTGCAGCAAATCGCTTGG
Tfam CAGGAGGCAAAGGATGATTC CCAAGACTTCATTTCATTGTCG
Ucpl CTGCCAGGACAGTACCCAAG TCAGCTGTTCAAAGCACACA

3.6 List of Softwares

Table 6: List of Softwares used for analysis

Gimp 2.10.24

Fiji

Biorad CFX Manager 3.1

GraphPad Prism 9.4.0

Seahorse Wave Controller 2.6

33




4 Methods

4.1 Invivo experiments

4.1.1 Animal husbandary
Pre-weaned (15 + 2 days old) and adult (58 + 2 days old) C57BL/6J or C57BL/6N wild-type mice were
bred and housed at constant ambient temperature of 22 + 2°C, 45-65% humidity and a 12h light-
dark cycle with ad libitum access to food and water. Preadipocyte transplanted Balb/c nude mice
were single housed at 30°C. All the animal experiments were performed in a conventional animal

facility of Helmholtz Zentrum Munich (Neuherberg, Germany).

4.1.2 Preadipocyte transplantation

For preadipocyte transplantation male Balb/c nude mice were used. shAsc-1 and shScr cells were
collected in CellStripper buffer, washed once with DPBS and spun at 300 x g for 5 min. Cells were
resuspended in 50% pure DMEM high-glucose + GlutaMAX and 50% Matrigel and injected at a cell
density of 1 x 10% with a 25 G syringe on top of the sternum. Six-weeks post injection engrafted
tissues were collected and fixed in 4% PFA. Animal experiments was conducted in accordance with
the German animal welfare law, permission and relevant to the guidelines and regulations of the
government of Upper Bavaria (Bavaria, Germany): ROB-55.2-2532.Vet_02-18-188, and ROB-55.2-
2532.Vet_02-17-125.

4.2 Exvivo measurement

4.2.1 Sacrifice and tissue collection

C57BL/6) or C57BL/6N wild-type mice were either killed by cervical dislocation or overdose with
anesthesia (100 mg/kg Ketamine and 7 mg/kg Xylazine). Once anesthetized blood was withdrawn
via heart puncture. Collected blood was kept at room temperature around 15 min and later on ice
for at least 30 min. Blood serum was obtained by centrifugation at 10,000 x g for 5 min at room
temperature and then stored at -80°C for ELISA or cell culture. We pooled 27 adult mouse serum
(MS) to be used in cell culture media. After dissection, fat depots were collected and processed

according to the experiment.

4.2.2 ELISAs

Blood serum insulin and IGF2 levels were measured using Ultra-Sensitive Mouse Insulin ELISA kit
(Crystal Chem) and m/r/p/calGF-1l Qkit (R and D Systems), respectively, following manufacturer’s

instructions.

34



4.3 In vitro experiments

4.3.1 Magnetic-activated cell sorting (MACS) cell sorting of ASC-1+ cell

population
Immortalized preadipocytes from adult mice were harvested in CellStripper (Corning), spin down
at 500 x g at 4°C for 5 min and blocked in 1 mL MACS Running Buffer (Milteny Biotec) for 10 mins
onice. Cells were then incubated with 1 mL ASC-1 antibody (10A11; 1:2) for 30 min. Cells were then
incubated with 25 plL protein G microbeads (Milteny Biotec) for 30 min. MS columns (Milteny
Biotech) were equilibrated with 200 puL MACS Running Buffer. The flow through fraction was
collected as the negative control depleted of the labelled cells. MACS column was washed three
times with 200 uL MACS Running Buffer. The column was then removed from the magnetic field
and retained cells were eluted in 500 uL MACS Running Buffer. Both flow through and eluted cells
were seeded on 24 well plate in the growth medium. Cells were either supplemented with 170 uM
insulin or induced in differentiation media or differentiation media with 1 uM rosiglitazone when
reached 100% confluence. Preadipocytes two days prior to induction, on the day of induction (d0)
and differentiated adipocytes on day 8 were harvested to be subjected to total RNA using RNeasy

mini kit (Qiagen) according to the manufacture protocol.

4.3.2 siRNA Knockdown by Reverse Transfection
Previously published reverse transfection method was used for knockdown Srr (Isidor et al., 2016).
Briefly, shAsc-1 and shScr cells were seeded in a 12-well plate in the presence of transfection mix
containing 50 nM DiSrr (mm.Ri.Srr.13.3, IDT) or negative control (IDT) and Lipofectamine RNAIMAX
(Invitrogen) in Opti-MEM (Gibco). Twenty-four hours post transfection, cells were re-seeded in a
24-well plate and induced to differentiation with 0.5 mM IBMX, 5 uM dexamethasone, and 100 nM
insulin supplemented with 1 uM rosiglitazone after 48 hours. After 2 days, the medium was
changed to culture medium containing only 100 nM insulin. The medium was changed every 2 days

until day 8 of differentiation.

4.3.3 Primary preadipocyte isolation and culture
Subcutaneous preadipocytes were isolated from pre-weaned and adult male wild-type C57BL/6
mice. Freshly isolated SCF was chopped into small pieces and digested in tissue digestion solution
at 37°C for 30-45 min at 1000 rpm. Digested cells were filtered through 100 um cell strainer for
preadipocyte collection. Filtered cell suspension was centrifuged at 500 x g for 5 min at room

temperature (RT). Pelleted SVCs were either washed one time with DPBS and stored at -80°C for
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total RNA isolation or washed one time with and cultured in normal growth media (DMEM high-

glucose + GlutaMAX, 10% FBS, 1% PenStrep and 0.1 mg/mL Normocin) at 37°C and 5% CO..

4.3.3.1 IGF2 Stimulation

Cultured SVCs from adult mice were seeded on a 6-well plate and grown to 100% confluence. Cells
were serum starved for 3 h in DMEM high-glucose + GlutaMAX. Time 0 was collected in protein
lysis buffer after one-time ice cold DPBS wash. Cells were then treated with or without 10 nM IGF2
in DMEM high-glucose + GlutaMAX for 2, 5, 10, 20 and 60 min. Cells were frozen in protein lysis

buffer at -20°C after one time ice cold DPBS wash.

4.3.3.2 IGF2 Supplementation

Cultured SVCs from adult mice were seeded on a 12-well plate and grown to 100% confluence. Cells
were induced on day 0 with induction cocktail (0.5 mM 3-isobuthyl-1-methylxanthin (IBMX), 5 uM
dexamethasone, and 100 nM insulin) in the presence or absence of 10 nM IGF2 in normal growth
medium (DMEM high-glucose + GlutaMAX, 10% FBS, 1% PenStrep) or physiological mimetic media
(Opti-MEM, 1% adult mouse serum, 1% PenStrep). After 2 days, the media were changed to
corresponding continuum medium containing 100 nM insulin in the presence or absence of 10 nM
IGF2. The media were changed every 2 days until day 8. Cells were harvested either for total RNA

extraction, protein extraction, ORO quantifications or immunofluorescence staining.

4.3.3.3 IGF2 Neutralizing Antibody Treatment

Cultured SVCs from pre-weaned mice were seeded on a 12-well plate and grown to 100%
confluence. Cells were induced on day 0 with induction cocktail in the presence of 1 ug/mL anti-
IGF2 or Goat IgG (isotype control) antibodies in the normal growth medium (10% FBS) or
physiological mimetic medium (1% Adult MS). After 2 days, the media were changed to
corresponding continuum medium with 100 nM Insulin in the presence of 1 pg/mL anti-IGF2 or

Goat IgG antibodies every 2 days until day 8.

4.3.4 MTT Assay

Isolated primary preadipocytes were seeded in a 96-well plates with at 1 x 10* cells per well.
Separate plates were prepared for each day up to 7 days including the measurement on the day of
seeding. MTT stock concentration of 5 mg/mL was prepared in 1 x PBS and filtered through 0.45
um filter. Day 0 was incubated with MTT 3 hours post seeding. Initially, death control wells were
treated with 0.03% Triton X-100 for 1 min at RT. Then MTT was directly diluted in the well with a
final concentration of 0.5 mg/mL. After 2 h of incubation at 37°C, medium was replaced with 100

ul solubilization solution (10% Triton X-100 and 0.03% HCl in 100% isopropanol). The plate was
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incubated at 24°C for 10 min at 700 rpm. The supernatant was then transferred into a fresh 96-well
plate (Greiner, F-bottom) and its absorbance at 570 nm and 640 nm (as a background absorbance)

was measured using Varioskan Lux plate reader.

4.3.5 Oilred O (ORO) staining
Differentiated adipocytes from preadipocytes of adult mice were fixed with 10% formalin at RT
followed by washing with water. Cells were dehydrated with 60% isopropanol for 5 min and then
air dried. Working solution of ORO was prepared by diluting 60% stock solution ORO in ddH,0 and
filtering with 0.22 um filter after 20 min. Cells were then treated with ORO for 10 min and washed
with ddH,0. Images were taken using an EVOS XL Core Cell Imaging System (Thermo Fisher
Scientific). Cell number was measured after 5 min DAPI (1:5000) staining by measuring fluorescence
intensity at 460 nm using PHERAstar FSX. Absorbance of ORO was measured at 500 nm after elution

with 100% isopropanol.

4.3.6 Measurement of cellular oxygen consumption rate (OCR)
Primary cultured preadipocytes or pre-weaned mice were differentiated in the presence of 1 pg/mL
anti-IGF2 antibody or IgG isotype as describes in section 4.3.4.3. On day 7 of differentiation, OCR
was measured with a XF96 Extracellular Flux analyzer (Seahorse Bioscience). Cells were equilibrated
in assay media (Agilent Seahorse XF DMEM supplemented with 0.2% fatty acid-free BSA, 25 mM
glucose (Sigma Aldrich), 2 mM GlutaMAX (Gibco)) with 1 ug/mL anti-IGF2 antibody or 1gG isotype
1 h prior to measurement at 37°C with 5% CO,. Compounds were prepared at 10-times
concentrated in respiration base media (assay media without FFA-free BSA) and loaded to the
overnight equilibrated cartridge ports (A: 50 uM Oligomycin, B: 75 uM FCCP, C: 50 uM Antimycin A
and 30 uM Rotenone, D: only respiration base media). The cartridge was equilibrated for at least
20 min in the XF96 Extracellular Flux analyzer. Each cycle was consisting of 4 min of mixing, and 2
min of measuring. Measurement was recorded before and after each injection for 3 cycles. Each

cycle per biological replicate was averaged and plot on a graph against time.

4.4 Histology and imaging

4.4.1 Hematoxylin and Eosin (H&E) staining
Engrafted tissues from Balb/c mice were fixed in 4% PFA overnight at 4°C. They were then
transferred into 70% ethanol and stored at 4°C until further use. For paraffin embedding, tissues
were dehydrated in 80%, 90% and twice 100% ethanol for 1 h each consecutively. This was followed
by 3 times 10 min xylol incubation. Subsequently, tissues were transferred to 2 times 1 hour in

paraffin and then kept in paraffin overnight at 65°C. Next day, tissues were embedded in paraffin
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using paraffin-embedding machine (Leica, EG1150). Tissue blocks were pre-cooled at -20°C before
cutting 2 um thick sections using microtome (Leica). Tissue sections on SuperFrost Plus glass slides

(Thermo Fischer) were dried overnight at RT.

For H&E staining, tissue sections were rehydrated twice in xylol for 5 min each, then immersed in
100%, 90%, 70% ethanol (2 min each). This followed by transfer into Mayer solution (1:5, in water)
for 1 min. Afterwards, sections were immediately washed under running tap water for 3 min and
dehydrated by incubating in 96% and 100% ethanol for 2 min each. Tissues were stained with
chromotope Il R solution (100 mg chromotrope Il R diluted in 100 mL of 95% ethanol, combined
with 100 pL of acetic acid) for 3 min and immersed in 96% ethanol 3 times and moved into 100%
ethanol for 1 min. At the final step, slides were incubated 2 times 5 min in xylol. Subsequently,
sections were mounted using Roti-Histokkit Il (Carl Roth); air dried and imaged using Nikon Eclipse

Ci.

4.4.2 Cryosection
Pre-weaned and adult subcutaneous depots were isolated and fixed in 4% PFA overnight at 4°C.
Tissues were washed once with 1 x PBS and transferred to initially 15% sucrose and then to 30%
sucrose both overnight at 4°C. After washing 3 times with 1 x PBS, excess liquid was removed, and
tissues were embedded in OCT compound (Tissue Tek). Tissue blocks were stored at -80°C. For both
immunohistochemistry and RNAscope stainings 20 um sections were cut using cryostat (Leica),

except for engrafted tissue from Balb/c nude mice were cut in 30 um thickness.

4.4.3 Immunofluorescent staining
Engrafted tissue sections were blocked in 3% BSA for 1 h at RT, permeabilized with 1% Triton-
X100/PBS for 1 min on ice, incubated for UCP1 (1:250, Abcam) and PERILIPIN-1 (1:200, Cell
Signalling) in 3% BSA/PBS overnight at 4°C. Section were washed three time 5 min each with 1 x
PBS. Rabbit Alexa 594 (1:400, Jackson ImmunoResearch), BODIPY (1:2000) and DAPI (1:1000) were
incubated for 1 h at RT. Washing step was repeated and sections were mounted using Dako

fluorescence mounting medium and images were acquired using Leica SP5 Confocal microscope.

In vitro differentiated adipocytes were fixed with 10% Formalin for 10 min at RT, permeabilized 10
min with 0.1% Triton X-100/PBS. Fixed cells were incubated with Phalloidin 647 (1:40, Life
Technologies) and Lipitox Green (1:200, Life Technologies) in 3% BSA, 0.03% Triton X-100/PBS for
1 h at RT. Sections were mounted using Dako fluorescence mounting medium and images were

acquired using Leica SP8 X Confocal microscope.

38



4.4.4 Fluorescent in situ hybridization by RNAscope
RNAscope (Bio-techne) staining for /gf2 (Atto 550) was performed on cryo-sections of pre-weaned
and adult subcutaneous depots according to manufacturer’s instructions (320535-TN and 320293-
UM). Sections stained for KI67 (1:100, Abcam) were permeabilised with 0.1% Triton X-100 in DPBS
for 5 min at RT and blocked in 1% BSA, 10% donkey serum, 0.1% Tween-20 in DPBS for 1 h at RT.
For CD31 (1:100, Merck Millipore), sections were blocked in 3% BSA, 0.3% Tween-20 in DPBS for 1h
at RT. Primary antibodies were added in the respective blocking solution for 2h at RT. This was
followed by 3 times 5 min DPBS wash in dark and incubation with secondary antibodies (rabbit
Alexa Fluor 647, Life Technologies and mouse Alexa, Fluor 488, Dinova, 1:400 both) in 1% BSA,
0.01% Tween-20 for 45 min at RT. Sections were washed 3 times for 5 min each with DPBS in dark
and stained for DAPI from the RNAscope kit for 30 secs. As a control, 3-Plex Positive and Negative
Control probes were used from the kit. Positive probe was targeting POLR2A in Channel 1, PPIB in
Channel 2 and UBC in Channel 3. Dako fluorescence mounting medium was used for mounting.

Images were acquired using Leica SP8 X Confocal microscope.

4.5 Molecular biologic analysis

4.5.1 RNA Isolation from whole tissue and cells
Whole tissue samples were lysed for 2 min at 30 Hz/sec in Qiazol (Qiagen) with metal beads using
the TisselLyzer Il (Qiagen). Samples were sit at RT for at least 5 min. Afterwards chloroform was
added to the samples, shake for 15 sec and sit at RT for 3 min. Homogenates were then centrifuged
at 12,000 x g for 15 min at 4°C. The clear aqueous phase is transferred to a fresh Eppendorf tube
and mixed with same volume of 70% ethanol. RNA isolation was performed according to

manufacturer’s protocol using RNeasy Mini Kit (Qiagen).

Preadipocytes and differentiated adipocytes were freezed at -80°C in RLT buffer containing 25 uM
dithiothreitol (DTT) until all biological replicates were collected. Homogenates thawed at RT were
then mixed with the same volume of 70% ethanol followed by the transfer to RNeasy mini spin
columns. Total RNA isolation was performed according to manufacturer’s protocol using RNeasy

Mini Kit (Qiagen).

Total RNA concentrations were measured at 260 nm using NanoDrop 2000 UV-Vis

Spectrophotometer (Thermo Scientific).
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4.5.2 cDNA synthesis and RT-gPCR Analysis

Depending on the availability, 500 ng of total RNA was converted to cDNA using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) following manufacturer’s protocol. Total RNA
content used for each experimental set-up was kept constant between samples. Relative mRNA
expression was quantified by Real-Time quantitative polymerase chain reaction (RT-gPCR). For this
purpose, cDNA, iTaq Universal SYBR® Green Supermix (BioRad) and 300 nM forward and reverse
primers (Table 5) mix was run in a C1000 Touch Thermal Cycler (BioRad) in duplicates or triplicates
and quantified using Biorad CFX Manager 3.1 Program. All expressions levels were normalized to
TATA-binding protein (Tbp). Cq value was set to 50 when there is no gene but Thp expression was

present.

4.5.3 Protein isolation and Western blot

Differentiated white adipocytes were washed with ice cold DPBS and frozen in protein lysis buffer
(section 3.2). After one-time freeze-thaw cycle, cells were scraped from the plate, transferred into
a tube and lysed using a 24G needle. Homogenates were incubated on ice for 10 min, centrifuged
at 14,000 x g at 4°C for 10 min and supernatant were collected in a new tube. Until further use, the

lysates were stored at -20°C.

BCA Protein Assay kit (Thermo Fisher Scientific) was used to quantify protein concentration. BSA
dilution series (0, 0.25, 0.5, 1 and 2 mg/mL) were used as the standard curve. Protein samples were
prepared in final concentration of 1 x NuPAGE Sample Buffer (Life Techonologies) containing 2.5%
beta-mercaptoethanol (Carl Roth) and boiled for 5 min at 95°C following cooling on ice before

loading on a SDS-PAGE gel (Table 7).

Table 7: SDS-PAGE gel recipe

Chemical Name 10% Resolving Gel 4% Stacking Gel
Water 4.1 mL 3mL
Rotiphorese® Gel 30 acrylamide | 3.3 mL 750 pL

1.5 M Tris-HCl pH: 8.8 2.6 mL -

0.5 M Tris-HCl pH: 6.8 - 1.3mL

10% SDS 100 pL 50 pL

10% APS 50 pL 25 pl

Temed 15 uL 10 uL

Protein samples were load on the SDS-PAGE gel and run in 1 x Running Buffer (section 3.2). Fisher

BioReagentsTM EZ-RunTM Prestained Rec Protein Ladder (ThermoFischer Scientific) was used as
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the molecular size marker. After the run, protein was blotted onto a 0.45 um PVDF membrane for
1.5hat80Vor1hat100Vin 1 x Blotting Buffer (section 3.2). Membrane was blocked using 5%
BSA or non-fat dried milk in TBS-T (1 x TBS containing 0.1% Tween 20) at RT for 1 h, followed by
incubation with primary antibodies (Table 4) overnight at 4°C by gentle shaking. Next day,
membranes were washed with 1 x TBS-T for 3 times, incubated with HRP-conjugated secondary
antibody for 1 h at RT and washed again with 1 x TBS-T prior to acquiring images. Western Blots
were developed using Immobilon western HRP substrat (Merck Millipore) or SuperSignal™ West

Femto Maximum Sensitivity Substrate (Fischer Scientific) by ChemiDocTM (BioRad).

4.5.4 Immunoprecipitation
Protein from primary SCF preadipocytes stimulated for 10 min with or without 10 nM IGF2 (section
4.3.4.1) was isolated as described in section 4.5.3, except that IP lysis buffer was used instead of
protein lysis buffer (section 3.2). Protein concentration was quantified using BCA Protein Assay kit
(Thermo Fisher Scientific). Two-hundred microgram protein lysate in 500 pL from each sample were
separately incubated with anti-InsR and anti-IGF1R antibodies (1:100, Cell Signaling) overnight at
4°C by gentle rotation. Next day, 15 uL A/G agarose beads were added to the antibody-protein
lysate mix and incubated for 1 h at 4°C by gentle rotation. This was followed by antibody-protein-
bead mix was centrifuged at 1000 x g at 4°C for 5 min and washed three times with IP lysis buffer.
After the final centrifugation step, the immune complex was eluted by mixing with a final
concentration of 2 x NuPAGE Sample Buffer (Life Technologies) containing 5% beta-
mercaptoethanol (Carl Roth) and boiling at 95°C for 5 min. Protein lysates were transferred into a
new tube after centrifugation at 1000 x g at 4°C for 5 min. As an input control, 20 pug whole protein
lysate was mixed with final concentration of 1 x NuPAGE Sample Buffer (Life Technologies)

containing 2.5% beta-mercaptoethanol (Carl Roth), boiled for 5 min at 95°C and stored at -20°C.

Both IP and input samples were loaded on a NUPAGE 4 to 12%, Bis-Tris gels (Invitrogen) and run in
1 x MOPS Buffer (section 3.2) at 200 V. Western blot analysis was performed as described in section

4.5.3 with antibodies described in Table 4.

4.5.5 Single Cell RNA Sequencing (scRNA-seq) and analysis (collaboration)
Subcutaneous, perigonadal and interscapular brown adipose tissues were isolated from pre-
weaned and adult mice. SVCs were isolated following the protocol similar in section 4.3.2, except
the centrifugation step was performed at 800 x g and collagenase IV instead of | was used in
digestion media. Live cells unstained 7-ADD from the SVCs were obtained by flow cytometry.

Afterwards, cells were loaded on a 10x chip channel to produce Gel Bead-in-Emulsion and
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generated using ChromiumTM Single-cell 3’ library and gel bead kit v2 (PN#120237) from 10x
Genomics. This was followed by reverse transcription to barcode RNA before cleanup and cDNA
amplification followed by enzymatic fragmentation and 5’ adaptor and sample index attachment.
Libraries were sequenced on the HiSeq4000 (Illumina) with 150 bp paired-end sequencing of read2
and 50,000 reads per cell. The analysis was done by Dr. Viktorian Miok from the Institute of
Diabetes and Obesity (Helmholtz Zentrum Minchen). Workflow was performed using scanpy
version 1.7.1. Briefly, UMI count and the fraction of mitochondrial DNA was used to filter cells. The
remaining cell vectors were normalized to sum a total count of 1e4 by linear scaling. t-SNE and k-
nearest neighbor (kNN) graph were computed based on top 50 PCs. Moreover, Louvain clustering
was based on the kNN graph. Cell types were assigned according to the expression profiles of

marker genes by cluster. Louvain cluster that correspond to preadipocytes was further evaluated.

4.5.6 Statistics

Differential gene expression analysis was performed between two age groups of each depot type
separately. The analysis was done with Welch’s t-tests and performed multiple testing correction
with the Benjamini—-Hochberg correction. Gene Ontology (GO) and KEGG Pathways enrichment
analysis were performed on the significantly differentially expressed genes (adjusted P-values

<0.05) of SCF pre-weaned preadipocyte clusters identified by scRNA-seq analysis.

Data are shown as mean * standard error mean (SEM). Statistical significance for multiple
comparisons was determined by ordinary One-way ANOVA or Two-way ANOVA, with Tukey’s
multiple comparisons test, or unpaired Two-Tailed t-test using GraphPad prism 9.4.0 program.

Exact P-values were indicated in the figures and P<0.05 was considered as statistically significant.
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5 Results

5.1 scRNA-seq analysis show distinct differences by age between pre-weaned

and adult mice preadipocytes
Pre-weaned mice display massive and rapid expansion of adipose tissue compared to adult mice
(Fig. 4A). SCF and PGF masses of pre-weaned mice showed around 2.5 and 15-fold increase,
respectively, compared to adult (Fig. 4B-C). In order to understand the compositional differences
between pre-weaned and adult mice and to identify factors that promote this healthy expansion,
scRNA-seq analysis was perfomed on BAT (2,317 and 1,889 cells respectively), PGF (5,669 and 2,138
cells respectively) and SCF (3,790 and 4,936 cells respectively) depots’ SVCs (Fig. 4D). Unlike many
other studies, we sequenced the whole SVCs instead of only enriching for preadipocytes. Analysis
of the whole dataset revealed 14 main louvain clusters. We assigned cell types according to the
marker gene expression profiles and identified various cell types present in the stromal vascular
fraction (Fig. 4E). Clusters 0,5,6 were high in mesenchymal progenitor cell markers (Pdgfra, Fbn1,
Cd34, DIk1, Col4a1l), clusters 1 and 7 were high in T-cell markers (Cd4, Cd3), clusters 1, 7, 12 were
high in markers for natural killer cells (Nkr, Ly94), clusters 3, 4, 8, 12, 13 were high for macrophages
(Adgrel, Lyz2), clusters 2, 3, 4, 9 were for dentritic cells (Cd74, Cd83) and cluster 2 was for B-cells
(Cd19). Some clusters were an overlap of several cell types such as clusters 1 and 7, which showed
high expression levels for T-cell and natural killer cell markers, indicating that these cells have
higher similarity in terms of the expression profiles. To identify differences between the depots,
age was projected on the whole dataset (Fig. 4F). Interestingly, cells marked with Pdgfra, a
fibroblast marker used widely to identify preadipocytes, showed distinct separations by age (Fig.

4F-G). Therefore, this cell population was further analyzed.
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Figure 4: Single cell RNA sequencing analysis of stromal vascular cells of SCF, PGF and BAT. (A) Picture of 14 (pre-
weaned) and 59 (adult) days old wild type C57BL/6J male mice and their isolated subcutaneous adipose tissues (SCF).
Tissue weight of (B) SCF and (C) perigonadal adipose tissue (PGF) of pre-weaned (n= 6) and adult (n=15-16) wild-type
C57BL/6J male mice. (D) t-distribution stochastic neighbor embedding (t-SNE) of three adipose depots (SCF, PGF, BAT)
and two age groups (2 and 8 weeks old) showed (E) 14 clusters. t-SNE cluster projected by (F) age and (G) cell clusters
positive for preadipocyte marker (Pdgfra). P values are indicated in the graph. Data analyzed by mean + SEM. Analysis

was done unpaired Two-Tailed t-test.
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5.2 Igf2 is one of the most differentially expressed gene in subcutaneous

preadipocytes of pre-weaned mice
Unsupervised clustering of gene expression profiles of cells expressing Pdgfra revealed 12 clusters.
t-SNE plots of preadipocytes showed that all the depots and their respective age groups were
clearly separated from each other, indicating that with development gene expression profiles in
adipose depots are changed (Fig. 5A-B). Interestingly, pre-weaned SCF (SCF-2) and adult BAT (BAT-

8) showed overlaps in their gene expression profiles (Clusters 1 and 3) (Fig. 5A-B).

Further analysis of differential gene expression levels of pre-weaned vs. adult mice of each depot
type separately showed that /gf2 was one of the most differentially expressed gene in the
subcutaneous preadipocytes in pre-weaned mice, which made it a potential candidate to study also
because it is a well-known fetal growth promoter (Gicquel and Le Bouc, 2006) (Fig. 5C-D).
Surprisingly, its expression was significantly higher in adult PGF and BAT compared to pre-weaned
preadipocytes (Fig. 5E-F). PGF develops postnatally and the differences in Igf2 expression might be
due to the differences in the developmental stage of the tissue (Wang et al., 2013). Since among
WAT depots SCF has more protective effects on metabolic syndrome compared to PGF tissue, we

based our study focusing on SCF.

The mRNA expression level of Igf2 was significantly lower in both whole tissue and isolated SVCs
from SCF of adult compared to pre-weaned mice (Fig. 5G-H). This was also observed by fluorescent
in situ hybridization staining of Igf2 in SCF from pre-weaned and adult mice (Fig. 51). Therefore, in
order to investigate its role in adipose tissue function, we supplemented subcutaneous
preadipocytes of adult mice with 10 nM IGF2. On the other hand, we treated subcutaneous
preadipocytes of pre-weaned mice with IGF2 neutralizing antibody because they expressed
significantly high levels of Igf2 compared to adult and thus its function can be further confirmed by

blocking receptor-ligand interaction.
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Figure 5: Single cell RNA sequencing analysis revealed Igf2 as one of the significantly highly expressed gene in pre-
weaned subcutaneous preadipocytes. (A) t-SNE plot of only Pdgfra* cells of three adipose depots (SCF, PGF, BAT) and
two age groups (2 and 8 weeks old) revealed (B) 12 clusters. (C) Violin plot of Igf2 expression in each cluster from figure
B. Differential gene expression by comparing pre-weaned to adult (D) SCF, (E) PGF and (F) BAT. Red dots in red circle
indicates /gf2. mRNA expression level of Igf2 in (G) whole tissue (n=7 vs 5) and (H) stroma vascular fraction (n=6) of SCF
from pre-weaned and adult wild-type C57BL/6 male mice. (I) Fluorescent in situ hybridization staining of Igf2 (Red) in
pre-weaned and adult mice SCF by RNAscope (n=3). Nucleus is stained by DAPI (blue). Scale bar 25 um. Positive and
negative controls from the kit are shown on the left. Red is the same channel as Igf2 staining but stained for Polr2a and
grey stained for Ubc. P values are indicated in the graph. Data showed mean + SEM. Analysis was done using unpaired
Two-Tailed t-test.
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5.3 Studying the effect of IGF2 on preadipocyte differentiation

5.3.1 IGF2 enhances phosphorylation of ERK and AKT in subcutaneous

preadipocytes of both pre-weaned and adult mice

Several studies have shown that IGF2 activates IGF1 (IGF1R) and insulin (InsR-B) receptors.
Downstream of these receptors are MAPK/ERK and PI3K/AKT signaling pathways that regulate
growth, survival and differentiation. To confirm whether the concentration of IGF2 used in this
study can also activate these signaling pathways, we isolated and cultured primary subcutaneous
preadipocytes of pre-weaned and adult wild-type mice. Adult cells were serum starved for 3 h and
stimulated with 10 nM IGF2 for 10 min. Western blot analysis showed that phosphorylation of both
AKT and ERK were higher in subcutaneous preadipocytes of adult mice supplemented with IGF2
(Fig. 6A). ERK was also phosphorylated in the untreated cells potentially due to media change for

the stimulation, but this was independent of the InsR-B and IGF1R pathways (Fig. 6A-C).

Next, InsR-B and IGF1R receptors were pulled down from the protein lysates of pre-weaned and
adult preadipocytes by immunoprecipitation (IP) (Fig. 6B-C). Since both receptors were tyrosine
kinase receptors, we assessed their activation by checking phospho-Tyr (P-TYR) level (Fig. 6B-C).

Western blot analysis revealed that both InsR-f and IGF1R IPs from IGF2 stimulated cells showed
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Figure 6: IGF2 activates both IGF1R and InsR in subcutaneous preadipocytes. Primary subcutaneous preadipocytes of
adult wild-type C57BL/6 mouse were serum starved for 3 h and stimulated with 10nM IGF2 for 10 min. No treatment was
used as control. (A) Western blot displaying phosphorylated (p) /total AKT and p/total ERK from whole cell lysate of
preadipocytes of adult mice (n=3). Immunoprecipitation (IP) of InsR-B (left) and IGF1R (right) from (B) pre-weaned (n=1)
and (C) adult (n=2) preadipocyte lysates. Immunoblotting with phospho-tyrosine (P-TYR) was used to analyze the
phosphorylation of the receptors in the IP lysate.
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higher P-TYR level, while untreated cells showed no phosphorylation. All together these results
indicated that 10 nM IGF2 activates AKT and ERK through IGF1R and InsR-B pathways in both pre-

weaned and adult SCF preadipocytes.

5.3.2 IGF2 supplemented subcutaneous preadipocytes of adult mice

differentiated in a similar level to control condition
InsR and IGF1R play important roles in WAT formation and preadipocyte differentiation (Boucher
et al., 2016, Boucher et al., 2010b). Since both receptors were activated by IGF2 stimulation (Fig.
6) and hyperplastic expansion was suggested to have a more protective effect on metabolism
(Nunn et al., 2022, Kim et al., 2007), we next tested whether IGF2 supplementation can enhance
the differentiation capacity of subcutaneous preadipocytes of adult mice. Primary preadipocytes
were differentiated in the presence of 10 nM IGF2 (Dif. Adipocytes + 10 nM IGF2) under normal cell
culture conditions (10% FBS). Control cells (Dif. Adipocytes) received no supplementation. Igf2
MRNA levels remained unchanged upon differentiation or supplementation (Fig. 7A). There was no
difference in the mRNA and protein expression levels of adipogenic markers (Fig. 7B-C).
Consistently, Oil red O staining (ORO) and fluorescence staining of lipids did not show differences

between IGF2 supplemented and untreated condition in terms of lipid content (Fig. 7D-E)

Xue et al. reported a peak in Ucp1 expression between P10 and P30 in retroperitoneal fat (Xue et
al., 2007). Since Igf2 expression is significantly higher in pre-weaned mice (P15 + 2 days), we wanted
to check if supplementation of IGF2 could induce beiging. Even though, Tfam and Ucp1 levels were
slightly downregulated in IGF2 supplemented compared to untreated cells, this did not reach
statistical significance. Pgcla expression was unchanged between two conditions (Fig. 8F).
Altogether these findings indicate that under established in vitro culture conditions IGF2 neither

enhanced adipogenic capacity nor induced beiging.
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Figure 7: IGF2 supplementation does not alter adipogenesis in SCF preadipocytes of adult mice cultured in 10% FBS.
Primary adult preadipocytes (Pre) were differentiated in the presence (Dif. Adip + 10 nM IGF2) or absence (Dif. Adip) of
10 nM IGF2 for 8 days (d8). mRNA expression levels of (A) Igf2 and (B) adipogenic markers (n=5). (C) Western blot of
differentiated cells in the presence (+10 nM IGF2) or absence of IGF2 (n=5). (D) Quantitative lipid accumulation
measured at 500 nm absorbance after elution of the Oil Red O (ORO) staining (left) and representative images (right)
(n=5). (E) Fluorescent staining of lipids (green) and F-actin (grey) (n=3). Scale bar 100 um. (F) mRNA expression levels of
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beiging markers (n=5). Data analyzed by mean + SEM. Analysis was done using One-Way ANOVA, with Tukey’s multiple
comparisons test.

5.3.3 Adult mice have significantly lower circulating IGF2 levels
IGFs play an important role in the development. IGF1 and IGF2 are functionally similar in mammals.
Studies showed that /gf1 null mice and IGF1R knockout mice show profound growth retardation
similar to /gf2 null mice. Some mice die after birth because of respiratory failure and delayed
development of organs (Liu et al., 1993). In contrast, insulin deficient mice also display growth
retardation but die shortly after suckling milk due to hyperglycemia and diabetic ketoacidosis
(Duvillie et al., 1997). Since insulin does not affect the development in early ages, we checked
whether IGF2 might be a substitution for insulin. However, serum insulin levels of random-fed mice
were comparable between pre-weaned (0.55 + 0.05 ng/mL) and adult (0.57 + 0.08 ng/mL) mice
(Fig. 8A). Interestingly, serum IGF2 levels were more than 20-fold higher in pre-weaned mice (239.4
+ 28.2 ng/mL) compared to adult (9.0 £ 0.6 ng/mL) and were significantly down-regulated in the
adult mice compared to the pre-weaned pups (Fig. 8B). These findings support the developmental
role of IGF2 during early ages. We have also collected cell supernatants of preadipocytes after
overnight serum starvation to measure IGF2 secretion. Cells from pre-weaned mice secreted
slightly more IGF2 compared to that from adult (Fig. 8C), indicating a potential autocrine or

paracrine role of IGF2 in preadipocytes.
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Figure 8: Serum IGF2 levels are significantly less in adult mice compared to pre-weaned. (A) Serum insulin (ng/ml) levels
of pre-weaned (n=8) and adult (n=5) C57BL/6 wild-type mice. (B) Serum IGF2 levels (ng/ml) of pre-weaned (n=6) and adult
(n=5) mice. (C) Cell supernatant IGF2 levels (ng/ml) obtained from 12-hour serum starved pre-weaned (n=3) and adult
(n=4) subcutaneous preadipocytes. P values are indicated in the graph. Data analyzed by +SEM. Analysis was done using
unpaired Two-Tailed t-test.
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5.3.4 Substitution of FBS with mouse serum did not alter adipogenesis

upon IGF2 supplementation
Fetal bovine serum (FBS) contains fetal growth factors including IGF2, which might be a limitation
in studying its effect on adipogenesis (Honegger and Humbel, 1986). Therefore next, we substituted
FBS with adult mouse serum (MS) for two reasons: i) to investigate the real effect of endogenous
IGF2 and ii) to mimic physiological conditions free from fetal growth factors. In contrast to normal
culture conditions, Igf2 mRNA expression levels were downregulated significantly upon
differentiation under physiological mimetic culture conditions (1% Adult MS) (Fig. 7A and Fig. 9A).
However, mRNA and protein levels of adipogenesis markers were unaltered by IGF2
supplementation (Fig. 9 B-C). Lipid quantification by ORO staining was in line with these findings
(Fig. 9D). Interestingly, even though the experiments of normal and physiological cell culture
conditions ran at the same time with the same biological samples, the number of cells that
accumulated lipids were less when cultured with mouse serum, as depicted by
immunofluorescence staining of lipids (Fig. 7E and Fig. 9E). On the other hand, Tfam and Ucp1
expression levels were similar between preadipocytes differentiated in the presence or absence of
IGF2. There was a slight increase in Pgcla mRNA levels; however, this did not reach significance

compared to untreated cells (Fig. 9F).

All together these data imply that IGF2 has no effect on adipogenesis or beiging in preadipocytes
of adult mice in vitro. Furthermore, reduction in Igf2 expression levels in adipocytes cultured under
physiological mimetic (1% Adult MS) compared to normal (10% FBS) culture conditions suggest that
there might be certain factors in the adult mouse serum that blunt IGF2 expression. However, this

needs further investigation.

5.3.1 Neutralization of IGF2 activity does not alter adipogenesis in subcutaneous

preadipocyte of pre-weaned mice regardless of the culture conditions
Next, to study the role of IGF2 in pre-weaned mice, where it is expressed significantly higher
compared to subcutaneous preadipocytes of adult mice, ligand-receptor interaction of IGF2 was
blocked. Specificity of the neutralizing antibody (Neut Ab) was confirmed by western blot. For this
purpose, pre-weaned SCF preadipocytes were overnight serum starved with IGF2 neutralizing
antibody or isotype (IgG) Control. Western blot analysis revealed reduced AKT and ERK
phosphorylation (Fig. 10A), which were enhanced by IGF2 supplementation as shown before (Fig.

6A), suggesting that IGF2 could act in autocrine and paracrine fashion.
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Figure 9: IGF2 supplementation does not affect adipogenic capacity of subcutaneous preadipocytes of adult mice
cultured in 1% adult mouse serum (MS). Primary adult preadipocytes (Pre) were isolated from C57BL/6 wild-type mice
and differentiated in the presence (Dif. Adip + 10 nM IGF2) or absence (Dif. Adip) of 10 nM IGF2 for 8 days (d8). mRNA
expression levels of (A) Igf2 and (B) adipogenic markers (n=5). (C) Western blot of differentiated cells in the presence
(+ 10 nM IGF2) or absence of IGF2 (n=5). (D) Quantitative lipid accumulation measured at 500 nm absorbance after
elution of the Oil Red O (ORO) staining (n=5). (E) Immunocytochemistry of lipids (green) and F-actin (grey) of
differentiated adult preadipocytes (n=4). Scale bar 100 um. (F) mRNA expression levels of beiging markers (n=5).
Preadipocyte samples for mRNA expression levels were same for 10% FBS and 1% Adult MS experiments. P values are
indicated in the graph. Data analyzed by mean + SEM. Analysis was done using One-Way ANOVA, with Tukey’s multiple
comparisons test.
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Afterwards, subcutaneous preadipocytes of pre-weaned wild-type mice were treated with 1 pg/mL
IGF2 neutralizing antibody (Dif Adip + IGF2 Ab) starting from the day of induction for 8 days. Control
cells received 1 pg/mL 1gG isotype control (Dif Adip + IgG Cnt). Preadipocytes were differentiated
under both normal and physiological mimetic culture conditions. Regardless of the culture
conditions or treatment type, Igf2 mRNA levels were significantly downregulated in adipocytes (Dif
Adip) compared to preadipocytes (Pre) (Fig. 10B-C). Furthermore, even though there was a slight
tendency for an increase in the expression of adipogenesis markers under normal culture
conditions with IGF2 neutralizing antibody compared to IgG control, this did not reach to
significance (Fig. 10D). In line with this, mRNA expression levels of Ppary, Adipg and Fabp4 were
similar between IGF2 neutralizing antibody and IgG Control under physiological mimetic culture

conditions (Fig. 10E).
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Figure 10: Blocking of IGF2 does not alter adipogenesis in subcutaneous preadipocytes of pre-weaned mice. (A)
Western blot of p/total AKT and p/total ERK of 24 h serum starved pre-weaned subcutaneous preadipocytes in the
presence of 1 pg/mL IgG (IgG Cnt) or IGF2 neutralizing antibody (IGF2 neutalising antibody) (n=1). Primary adult
preadipocytes (Pre) were isolated from C57BL/6 wild-type mice and differentiated in the presence of 1 pug/mL IGF2
neutralizing antibody (Dif Adip + IGF2 neutalising antibody) for 8 days. As a control condition 1 pug/mL IgG isotype
control was used (Dif Adip + 1gG Cnt). Igf2 mRNA expression level of cells differentiated in (B) 10% FBS or (C) 1% Adult
MS culture conditions (n=4). Adipogenesis marker expression levels of cells differentiated in (D) 10% FBS or (E) 1%
Adult MS culture conditions (n=4). P values are indicated in the graph. Data analyzed by mean + SEM. Analysis was
done using One-Way ANOVA, with Tukey’s multiple comparisons test.

5.4 Neutralization of IGF2 affect neither the beiging nor the mitochondrial

function of pre-weaned subcutaneous preadipocytes
Interestingly under normal culture conditions (10% FBS) Tfam and Ucp1 mRNA levels were slightly
upregulated in IGF2 neutralizing antibody compared to IgG Control treated pre-weaned adipocytes,
but this did not reach statistical significance (Fig 11A left and middle panels). There was also no
difference in Pgcla expression levels (Fig. 11A right panel). Similar to this, expression level of
beiging markers were unchanged under physiological mimetic culture conditions (1% Adult MS)
(Fig. 11B). To understand the effect of IGF2 on mitochondrial function further, we performed
seahorse extracellular flux analysis on pre-weaned preadipocytes differentiated under normal cell
culture conditions. However, there was no difference between differentiated adipocytes with IGF2
neutralizing antibody or IgG Control in terms of oxygen consumption rate (OCR) (Fig. 11C).
Preadipocytes differentiated in the presence of 1% Adult MS culture condition also did not show

differences in the OCR between treatment conditions (Fig. 11D).

Taken together, consistent with adult preadipocytes, these data indicate that IGF2 does not

regulate either the adipogenesis or mitochondrial function in pre-weaned preadipocytes.
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Figure 11: IGF2 does not affect mitochondrial function. Primary adult preadipocytes (Pre) were isolated from C57BL/6
wild-type mice and differentiated in the presence of 1 ug/mL IGF2 neutralizing antibody (Dif Adip + IGF2 neutalizing
antibody) for 8 days. As a control condition 1 pg/mL Goat IgG was used (Dif Adip + IgG Cnt). mRNA expression level of
beiging markers of cells differentiated in (A) 10% FBS or (B) 1% Adult MS culture conditions (n=4). OCR plot of
differentiated adipocytes in (C) 10% FBS and (D) 1% Adult MS culture conditions (n=3). P values are indicated in the
graph. Data analyzed by mean = SEM. Analysis was done using One-Way ANOVA, with Tukey’s multiple comparisons test.

5.5 IGF2 enhances proliferation of adult subcutaneous preadipocytes

To investigate the function of IGF2 in preadipocytes, further analysis was performed on the scRNA-
seq data. We identified two main clusters in pre-weaned SCF preadipocytes, from which Igf2
expressing cells were enriched in cluster 0 (P value of 4.07E-13, t-test). There were 2,561
differentially expressed genes between these clusters (Fig. 12A). Gene set enrichment analysis for
KEGG Pathways showed that PI3K/Akt and MAPK signaling pathways were upregulated in /gf2
enriched cells (Fig. 12B), which was in line with the data shown above (Fig. 6A). This was further
confirmed by checking the phosphorylation state of AKT and ERK, downstream components of
MAPK and PI3K pathways. Subcutaneous preadipocytes of adult preadipocytes were stimulated
with 10 nM IGF2 over a time course (2, 5, 10, 20 and 60 min). Western blot analysis of phospho-
AKT (P-AKT) and phosphor-ERK (P-ERK) showed that even though media change induced a basal
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Figure 12: IGF2 enhances proliferation of adult SCF preadipocytes. Re-clustering of Pdgfra* pre-weaned SCF cells
revealed two cluster (0 and 1). (A) Igf2 expression represented as violin plot in these two clusters. Gene enrichment
analysis of Igf2 high vs low cell clusters (from Figure A) for (B) KEGG pathways. (C) Western blot of adult preadipocytes
stimulated with 10 nM IGF2 over a time course (n=3). Gene enrichment analysis of Igf2 enriched vs low cell clusters
(from Figure A) for (D) GO terms. MTT assay represented as Absorbance (OD 570) vs time (days) of adult SCF
preadipocytes cultured in (E) 10% FBS (n=3) and (F) 1% Adult MS (n=5) supplemented with or without 10 nM IGF2. (G)
Fluorescent in situ hybridization by RNAscope staining of /gf2 (Red) and immunofluorescence staining of KI67 (grey) of
pre-weaned SCF depot (n=3). Igf2*KI67* cells were pointed with white arrow, only Igf2-KI67* cells were pointed with
yellow arrow. Scale bar 25 um. *=0.0222, ***=0.0002 ****<0.0001. Data analyzed by mean * SEM. Analysis was done
using Two-Way ANOVA, with Tukey’s multiple comparisons test.

level of phosphorylation, IGF2 treatment upregulated this (Fig. 12C). Moreover, Gene ontology
(GO) analysis identified enrichment of terms associated with cell proliferation and extracellular

matrix remodeling indicating a potential role of Igf2 in niche formation (Fig. 12D). Therefore, we
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performed a MTT assay to investigate whether IGF2 affects preadipocyte proliferation. Adult SCF
preadipocytes were cultured with or without 10nM IGF2 under normal (10% FBS) or physiological
mimetic culture conditions (1% Adult MS). Interestingly, while there was no difference observed in
cells cultured under normal culture conditions, IGF2 supplemented cells were significantly more
proliferative compared to control under physiological conditions (Fig. 12E-F). Next, we co-stained
cryo-sections of pre-weaned SCF with Igf2 (RNAscope) and a proliferation marker (KI67).

Surprisingly, only few of the Igf2 expressing cells were KI67 positive (Fig. 12G).

5.5.1 Some of the Igf2 expressing cells sit in close proximity to vasculature
Next, since GO enrichment analysis identified terms related to angiogenesis and cell mobility, we
visualize the location of some of the Igf2 expressing cells in the tissue. Fluorescent in situ
hybridization of Igf2 was performed on subcutaneous cryo-sections of pre-weaned mice. These
sections were then co-stained with endothelial marker (CD31) because several proliferating
adipocyte progenitor cells were reported to reside in a vascular niche (Jiang et al., 2017, Tang et
al.,, 2008). We have identified some of the Igf2 expressing cells sitting in close proximity to
vasculature (Fig. 13). Together these data propose a potential role of IGF2 on supporting or acting

on adipose progenitor niches through upregulating the proliferative capacity of APCs.

Igf2 CD31 Igf2/CD31/DAPI

Figure 13: Igf2* cells sit close to blood vessels. Fluorescent in situ hybridization by RNAscope staining of /gf2 (Red) and
immunofluorescence staining of CD31 (grey) of pre-weaned SCF depot (n=2). Scale bar 25 um.
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5.6 ASC-1 regulates beige vs white lineage decision of subcutaneous
preadipocytes

ASC-1 was identified as a surface marker for mature white adipocytes (Ussar et al., 2014). scRNA-
seq data showed that it was one of the most differentially expressed genes in pre-weaned SCF
preadipocytes similar to Igf2 (Fig 14A-B). In the second part of this thesis, we aimed to further study
the function of Asc-1 in WAT. For this purpose, immortalized subcutaneous preadipocytes were
infected with lentivirus carrying shAsc-1 expressing plasmid (Dr. Lisa Siu-Lan Lehmann generated
this cell line). Non-targeting shScr was used as control. All parts of this chapter were already

recently published (Suwandhi et al., 2021).
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Figure 14: Asc-1 is differentially highly expressed in SCF preadipocytes of pre-weaned mice. (A) t-SNE plot of Pdgfra*
SCF cells marked by age. Blue cells are from pre-weaned and yellow cells are from adult C57BL/6 wild-type mice. (B)
Differential gene expression analysis of SCF preadipocytes represented as a volcano plot. Asc-1 is marked by a red dot.

5.6.1 ASC-1* cells differentiate into white adipocytes
Initially, since ASC-1 is a surface protein immortalized subcutaneous preadipocytes were sorted by
MACS with an ASC-1 antibody. Asc-1 mRNA expression levels were confirmed in ASC-1* and ASC-1
cells (Fig. 15A). However, further passaging resulted in re-expression of Asc-1 in ASC-1" cells (Fig.
15B). Sorted cells were differentiated in three different differentiation protocols: only insulin
(insulin), standard differentiation cocktail with (+Rosi) or without (Adipo) rosiglitazone. Ppary
expression levels, a marker for adipogenesis, did not show differences between the cell populations
(Fig. 15C). ASC-1" cells induced with the PPARy agonist (rosiglitazone) showed increased Ucpl
expression, whereas this was blunted in ASC-1* cells (Fig. 15D). These findings indicate that Asc-1

favor white over beige adipocyte differentiation.
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Figure 15: Subpopulation of cells expressing ASC-1 differentiate into white adipocytes. Immortalized subcutaneous
preadipocytes were sorted with ASC-1 antibody (10A11). (A) Asc-1 expression level of sorted cells (n=1). Relative (B)
Asc-1, (C) Ppary and (D) Ucp-1 expression of ASC-1* and ASC-1- cells differentiated with only insulin or normal
differentiation media (Adipo) with or without rosiglitazone (+Rosi) for 8 days (d8) (n=4). Day 0 is the preadipocyte on
the day of induction. P values are indicated in the graph. Data analyzed by +SEM. Analysis was done using Two-Way
Anova with Turkey’s multiple comparison post hoc test.

5.6.2 Loss of Asc-1 induced differentiation of UCP1 expressing adipocytes in vivo
Next, we aimed to perform a functional study. Asc-1 expression was significantly upregulated upon
differentiation. In contrary, treatment with rosiglitazone significantly reduced its expression in
shScr cells (Fig. 16A). On the other hand, Ucpl mRNA expression levels showed indirect correlation
with Asc-1 expression. Its expression was significantly increased with both differentiation and
rosiglitazone treatment in shAsc-1 compared to shScr cells (Fig. 16B), which was in line with the

findings of the sorted cells above (Fig. 16D).

In order to characterize the behavior of Asc-1 deficient cells in vivo, shAsc-1 and shScr cells were
injected into Balb/c nude mice over the sternum. These mice were housed at thermoneutrality due
to the regulation from our animal protocol, which normally negatively affect beiging. Nevertheless,
both histology and PERILIPIN-1 staining revealed smaller and multilocular lipid droplet formation
in shAsc-1 transplants, whereas shScr cells showed predominantly unilocular and bigger lipids (Fig.
16C-D). Moreover, UCP1 staining of engrafted tissue sections confirmed formation of UCP1
expressing adipocytes in shAsc-1 transplants, which was absent in shScr (Fig. 16E). These findings

further demonstrate the role of Asc-1 in in white adipocyte formation.
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Figure 16: Transplanted shAsc-1 preadipocyte differentiate into beige adipocytes. Asc-1 was knockdown (shAsc-1)
inimmortalized subcutaneous preadipocytes. Control cells were transfected with scramble shRNA (shScr). Relative (A)
Asc-1 (n=6, only shAsc-1 preadipocytes n=5) and (B) Ucpl (n=10, only shScr preadipocytes and shAsc-1 Rosi n=9)
expression levels of shAsc-1 and shScr cells differentiated with normal differentiation media (Adipocyte) with or
without rosiglitazone (Rosi). Total RNA of preadipocytes were collected on the day of induction. (C) Balb/c nude mice
were injected with shAsc-1 or shScr preadipocytes. H&E staining of engrafted tissue (n=1). Scale bar 20 um.
Immunofluorescence staining of (D) PERILIPIN-1 (grey, n=1 for shScr and n=2 for shAsc-1) and (E) UCP1 (green) with
lipids (red) (n=2). Scale bar 100 um. Figure A and B were generated by Dr. Lisa Siu-Lan Lehmann.

5.6.3 D-serine regulates beige vs white adipocyte fate decision
In our publication, we have shown that transport activity of ASC-1 in proliferating preadipocytes is
essential for inhibiting differentiation of white preadipocytes into beige adipocytes (Data
generated by Dr. Lisa Siu-Lan Lehmann) (Suwandhi et al., 2021). Next, since ASC-1 transports D-
serine with high affinity, intracellular and extracellular D-serine levels were measured in
subconfluent and confluent preadipocytes. Interestingly, while intracellular D-serine levels were
very high in proliferating shAsc-1 compared to shScr preadipocytes, after reaching confluence this

effect was blunted (Data generated by Dr. Lisa Siu-Lan Lehmann) (Suwandhi et al., 2021). In order
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to test if intracellular D-serine levels regulate beiging in vitro, the enzyme (serine racemase, Srr)
that converts L-serine to D-serine was transiently knockdown in proliferating shAsc-1 and shScr
cells (Fig. 17A and D). Cells were differentiated in the presence of rosiglitazone to further induce
beiging. Srr knockdown (DsiSrr) did not alter differentiation capacity of both shAsc-1 and shScr
compared to transfection control (Control) (Fig. 17B and E). In line with the findings above, Srr
knockdown significantly reduced Ucpl expression in shAsc-1 compared to Control (Fig. 17C).
Moreover, it had no effect on shScr Ucp1 mRNA levels, potentially due to low intracellular D-serine
levels (Fig. 17F). These findings imply that loss of Asc-1 increase intracellular D-serine accumulation,

which contributes to commitment of subpopulation of SCF preadipocytes to beige adipocytes.
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Figure 17: Transient knockdown of serine racemase (DsiSrr) reduced Ucpl expression only in shAsc-1 cells. shAsc-1
and shScr cells were reverse transfected with either DsiSrr or control siRNA (control). Relative (A/D) Srr, (B/E) Ppary and
(C/F) Ucp1 expression levels in shScr (top) and shAsc-1 (bottom) cells differentiated in normal differentiation with
rosiglitazone (adip+Rosi) (n=4). RNA of preadipocytes (preadip) were collected on the day of induction. P values are
indicated in the graph. Data analyzed by mean + SEM. Analysis was done using Two-Way ANOVA with Turkey’s multiple
comparison post hoc test.
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6 Discussion

Adipose tissue (AT) is an endocrine organ that is critical for energy homeostasis and insulin signaling
(Friedman, 2019, Scheja and Heeren, 2019). Therefore, its proper development is crucial for a
functional metabolism. Metabolic syndrome arises from massive AT expansion in overweight and
obese individuals. Despite this, there are several animal and human studies reporting MHO (Ahl et
al., 2015, Kloting et al., 2010, Kim et al., 2007, Franckhauser et al., 2002). A common phenotype in
MHO is a higher fat accumulation in legs and hips, indicating an enhanced fat storage capacity of
subcutaneous depot and increased adiponectin levels. Moreover, these individuals displayed
insulin sensitivity, no hypertension, lower inflammation and did not show lipid accumulation in the
liver (Ahl et al., 2015, Primeau et al., 2011, Kloting et al., 2010). Many researchers aim to
understand ways to improve unhealthy metabolism by identifying potential pathophysiological
pathways during the ‘disease’ progression. However, there are other ways one can learn about the

mechanisms regulating healthy expansion of the tissue that naturally occur upon development.

Studies have reported a rapid fat mass increase of infants in the first few months post-birth that
does not cause any metabolic deterioration (Orsso et al., 2020, Wells et al., 2020, Fomon et al.,
1982). High amounts of fat accumulation resulting in massive expansion of AT is crucial for the
healthy development of human infants and mouse pups for adaptation of the body temperature
to the temperature changes between the womb and outside world (Bruder and Fromme, 2022,
Orsso et al., 2020). In this thesis, we also showed a similar phenomenon in mice. Pre-weaned mice
(15 £ 2 days old) showed 2.5 and 15-fold increase in SCF and PGF tissue weights, respectively,
compared to adult mice (58 + 2 days old). Despite this massive expansion, mouse pups were
metabolically healthy. Adult mice in our study were also metabolically healthy when fed a regular
chow diet, but were predisposed to become metabolically unhealthy when fed with a high-fat diet
(Buettner et al., 2007). Thus, in this study, we aimed to understand the compositional differences
between pre-weaned and adult adipose depots to identify factors that can contribute to a
metabolically healthier adipose tissue expansion and function. We focused on SCF since it has been

reported to have a more protective effect on metabolism than PGF (Vishvanath and Gupta, 2019).

6.1 IGF2 does not alter adipogenesis in subcutaneous preadipocytes

Our scRNA-seq analysis of SCF, PGF and BAT of pre-weaned and adult SVC revealed 14 clusters,
which consisted of various cell types including endothelial cell, immune cells and preadipocytes.
Interestingly projection of age showed distinct separation of Pdgfra® cells, which is a commonly

used marker for fibroblasts and preadipocytes (Sakers et al., 2022, Berry and Rodeheffer, 2013).

62



Further re-clustering of only Pdgfra® cells and differential gene expression analysis of each depot
individually revealed Igf2 as one of the most differentially expressed gene in subcutaneous
preadipocytes of pre-weaned mice. Interestingly, according to the differential gene expression
analysis, Igf2 was also differentially expressed in PGF and BAT preadipocytes of adult mice. One
explanation for the case of PGF might be because of the differences in the developmental stage.
Even though BAT and SCF develop prenatally in mice, PGF develops postnatally (Wang et al., 2013).
Thus, at birth it is very immature. This might be delaying the gene expression profiles of certain
genes responsible for tissue expansion. In the case of BAT, it is harder to explain the difference in
gene expression profiles of Igf2 compared to SCF, since both depots develop prenatally and are
derived from different lineages. However, this finding propose that there might be depot specific

actions of IGF2, which requires further evaluation.

IGF2 is a well-known fetal growth promoter. It regulates placental growth and nutrient transfer
(Gicquel and Le Bouc, 2006). Thus, making it a strong candidate in studying ‘healthy’ adipose tissue
expansion. Depletion or knockout of /Igf2 in mice results in growth retardation and reduction in
body weight (Lopez et al., 2018, DeChiara et al., 1990). In contrast, overexpression of IGF2 during
embryonic development leads to overgrowth and increased birth weight (Sun et al., 1997). These
findings indicate a potential correlation between IGF2 levels and body weight. Nevertheless, there

is still little known about the postnatal role of IGF2, which is a recently emerging research field.

InsR and IGF1R are tyrosine kinases expressed in both preadipocyte and adipocytes but with
different expression profiles (Boucher et al., 2010b, Back and Arnqvist, 2009). They carry a similar
structural homology and are reported to regulate adipogenesis (Boucher et al., 2010b). IGF2 binds
to both IGF1R and InsR with high affinity (Kadakia and Josefson, 2016). In line with the literature,
immunoprecipitation of 10 nM IGF2 stimulated preadipocytes showed activation of both receptors.
Moreover, insulin promotes differentiation of committed preadipocytes to adipocytes. Insulin
activates InsR inducing glucose uptake and activating AKT pathway, which inhibits lipolysis and
induces lipogenesis (Cignarelli et al., 2019, Kadakia and Josefson, 2016, Kahn and Flier, 2000). Thus,
these findings indicate a potential role of IGF2 in promoting preadipocyte differentiation through
InsR and IGF1R pathways. In order to study this, we supplemented primary subcutaneous
preadipocytes of adult mice with 10 nM (75 ng/mL) recombinant IGF2. Our data showed that
supplementation has no effect on differentiation capacity of subcutaneous preadipocytes from
adult mice compared to untreated cells when cultured in normal cell culture conditions (10% FBS).
This was confirmed by mRNA and protein levels of adipogenic markers (Ppary, Adipq and Fabp4),

immunofluorescence staining of lipids and lipid quantification by ORO. Interestingly, there are

63



some contradictory data in literature on this topic. Alfares et al. showed treatment of normal
weight children SCF preadipocytes with recombinant IGF2 enhanced differentiation capacity in a
dose dependent manner (7.5 and 62.5 ng/mL). Same study also reported an inhibitory effect of
IGF2 on VWAT adipogenesis through downregulation of GLUT4 and InsR-A expression levels (Alfares
et al.,, 2018). Moreover, recombinant IGF2 treatment increased adipogenic differentiation of
patient derived hemangioma-derived stem cells (Zhang et al., 2019). In contrast, a 4.5-year follow-
up study on non-diabetic individuals reported a negative correlation between circulating IGF2 levels
and weight gain and development of obesity (Sandhu et al., 2003). Furthermore, comparison of
First-Degree Relatives of T2D (FDR) to no family history of T2D patients revealed reduced
differentiation of adipose precursor cells of FDRs in the presence of 100 ng/mL IGF2. They also
found a negative correlation between adipogenesis and Igf2 mRNA levels (Mirra et al., 2021). The
opposing findings to the literature could be due to several reasons: (i) some studies focused on the
young state while we studied adult state. (ii) We based our study on primary mouse preadipocytes,
while others studied human preadipocytes, which highlights the complexities between species that
might play a role in IGF2 function. (iii) In vitro culture systems use FBS as a media supplement,
which contains high levels of fetal growth hormones including IGF2 that might have blunted the

real effect in our study.

Harcuch and Green discussed in 1978 that adipogenic factors present in the serum regulates the
extend of differentiation in 3T3-F442A cells. They showed that cells cultured under 10% calf serum
yielded in less lipid accumulation compared to 10% fetal calf serum (Kuri-Harcuch and Green, 1978).
In other words, circulating adipogenic factors were higher prenatally compared to postnatal. In
order to reduce the impact of unknown factors contained in the FBS, we this time performed the
same experiment of IGF2 supplementation in 1% mouse serum from adult mice (physiological
mimetic culture conditions), since adult (9.0 + 0.6 ng/mL) mice had significantly lower circulating
IGF2 compared to pre-weaned mice (239.4 + 28.2 ng/mL). This also allowed the mimicry of in vivo
conditions. We pooled 27 C57BL/6 wild-type adult male mice to obtain a batch of mouse serum,
which the availability and the quantity of mouse serum were one of the limitations of this study.
Moreover, we substituted DMEM+GlutaMAX with Opti-MEM in the mouse serum culture
conditions because our preliminary observations showed better differentiation capacity of the
immortalized subcutaneous preadipocytes (Fig. 18, Appendix). Interestingly, immunofluorescence
staining of lipids showed less number of cells that accumulated lipid droplets under physiological

mimetic (1% Adult MS) compared to normal culture conditions (10% FBS). Nevertheless, similar to
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10% FBS experiment, cells supplemented with 10 nM IGF2 under 1% Adult MS did not show

differences in their differentiation capacity compared to no treatment.

Whole body /gf2 knockout (Igf27") mice, despite born with decreased body weight (40% reduction)
compared to wild-type littermates displayed increased hepatic triglyceride levels possibly due to
an upregulation in genes associated with lipid metabolism in the liver, especially the master
regulator of hepatic lipid content (peroxisome proliferator-activated receptor alpha, Ppara) (Lopez
et al., 2018). Thus, to further evaluate the correlation between IGF2 and adipogenic capacity,
subcutaneous preadipocytes of pre-weaned mice were this time treated with 1 pg/mL anti-IGF2
neutralizing antibody (IGF2 neutralizing antibody) due to their significantly high Igf2 expression
compared to adult mice. In line with the supplementation experiments, cells treated with the IGF2
neutralizing antibody differentiated similarly to control. Altogether, these findings indicate that

IGF2 does not promote adipogenesis in primary murine subcutaneous preadipocytes.

6.2 IGF2 does not affect mitochondrial activity

Several studies imply the role of IGF2 in mitochondrial function and biogenesis. Knockdown of Igf2
in skeletal muscle cells from 2-5 days old mice significantly reduced mitochondrial respiration, mass
and mtDNA levels suggesting impaired mitochondrial function in a SIRT1-PGCla dependent
pathway (Zhu et al., 2021). In line with this, loss of Igf2 function in HepG2 and AML12 cell lines
disrupted mitochondrial biogenesis by significantly downregulating the expression levels of genes
related to mitochondrial function, such as; Sirt1, Tfam and Pgcla, as well as mtDNA numbers (Gui
et al., 2021b). Even though overexpression of IGF2 in breast cancer cells did not affect Pgcla
expression levels, 10 nM IGF2 supplementation to cells overexpressing InsR in the absence of IGF1R
(MCF7'F1Rve/IR-A) upregulated Pgcla significantly more than insulin. Overall, IGF2 contributed to
increased mitochondrial biogenesis markers and activity in breast cancer cell line (Vella et al.,
2019). Since it was also shown that retroperitoneal fat displays increased Ucp1 expression between
P10 and P30 (Xue et al., 2007), which is around similar time points as upregulated Igf2 expression
in pre-weaned mice, along with the findings discussed above, we investigated the effect of both
IGF2 supplementation and neutralization on Tfam, Pgcla and Ucp1 mRNA expression levels. There
was no difference in their mRNA expression levels when subcutaneous preadipocytes of adult mice
were supplemented with 10 nM IGF2 regardless of the serum conditions. In contrast to what has
been reported in the literature, there was no significant difference in beiging markers (Tfam, Pgcla
and Ucp1) expression levels in pre-weaned mice treated with IGF2 neutralizing antibody compared
to the control regardless of the culture conditions. Furthermore, seahorse analysis also did not

show differences in mitochondrial respiration between IGF2 neutralizing antibody and IgG
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treatments. Since AT is more susceptible to insulin resistance, presence of insulin might suppress
the signaling transduction of IGF2-InsR axis in preadipocytes and thus, might blunt changes in
mitochondrial function by IGF2 supplementation or neutralization in contrast to reported
previously (Vella et al., 2019, Turner et al., 2013). Furthermore, it was shown that even though the
differentiation yield is very low, some 3T3-L1 cells could still differentiate in the absence of insulin.
However, studies in brown preadipocytes showed that between 172-860 nM insulin significantly
enhances adipogenesis and depot specific gene expression profiles compared to only IBMX and
dexamethasone (Wang et al., 2018). Therefore, insulin is essential in the induction and
differentiation media for evaluation of adipogenesis and function. Presence of insulin was one of
the potential limitations of this study. Nevertheless, together these data show that IGF2 does not
regulate mitochondrial activity in subcutaneous preadipocytes, subsequently indicating increased

pre-weaned subcutaneous AT beiging is not associated with Igf2.

6.3 IGF2 supplementation enhances proliferative capacity of preadipocytes potentially
via PI3K/AKT and ERK pathways

Obesity related complications are attributed to hypertrophic expansion of AT. Adipocyte size is
positively correlated with insulin resistance and chronic inflammation. In contrast to MUO, MHO
individuals display increased recruitment of new fat cells (Vishvanath and Gupta, 2019, Longo et
al., 2019, Gustafson et al., 2009). Furthermore, adipocyte turnover is around 10% annually and is
tightly regulated by death or generation of adipocytes (Spalding et al., 2008). This highlights the
importance of APC niche maintenance that give rise to committed preadipocytes later
differentiating into adipocytes. This is also important to overcome the exhaustion on lipid storage
capacity of the mature adipocytes during tissue expansion (Altun et al., 2022). Over activation of
APCs and maintenance of healthy tissue function are regulated through several processes, one of

which is through induction or inhibition of proliferation.

In accordance with our findings, studies showed that IGF2 activates both PI3K/AKT and MAPK/ERK
pathways in various cell types (Zhu et al., 2014, Hamamura et al., 2008). These pathways have been
associated with many biological processes including cell proliferation and survival (Yu and Cui,
2016, Zhang and Liu, 2002). Furthermore, studies showed that IGF2 stimulates proliferation in
various cell types. Igf2 overexpression in breast cancer cell line (MCF7) or 10 nM supplementation
in IGF1R-ablated MCF7 IR-A overexpressing cell (MCF7'°F1Rve/|R-A) stimulated proliferation and
invasion. This was due to increased glycolysis and mitochondrial respiration (Vella et al., 2019).
Moreover, Giudice and colleagues showed that IGF2 promoted InsR isoform B (InsR-B)

internalization in Hela cells, which stimulated cell proliferation. In contrast, insulin binding to the
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IR-B maintained it in the cell membrane and facilitated metabolic regulation (Giudice et al., 2013).
Along with these findings and since adipose tissue express more IR-B than IR-A (Westermeier et al.,
2016), we investigated whether Igf2 promotes hyperplastic adipose tissue expansion via
preadipocyte proliferation. For this purpose, primary subcutaneous preadipocytes of adult mice
were supplemented with 10 nM IGF2 in either normal (10%) or physiological mimentic (1% Adult
MS) culture conditions for several days. MTT assay was performed to evaluate proliferation
capacity. Similar to what was reported, we have shown that adult preadipocytes supplemented
with 10 nM IGF2 proliferated significantly more compared to without IGF2. This was observed only
when cells cultured with 1% Adult MS, where there were no excess fetal growth hormones like in

FBS.

KI67 is highly expressed in cells going through mid-G1 and early M phase, therefore it is a well-
accepted marker for studying proliferative cells (Zhang et al., 2021). Co-staining of pre-weaned SCF
cryo-sections with Igf2 and K167 surprisingly showed that while few Igf2* cells were KI67 positive,
majority of the Igf2* cells were KI67 negative in vivo, indicating that majority of the Igf2 expressing
cells do not proliferate. This highlights a more complex regulatory mechanism of IGF2 in tissue
expansion, potentially implying a regulatory role of secreted IGF2 in the mitogenic activity of SVCs.
Furthermore, CD31 staining revealed that some of the Igf2 expressing cells were sitting in close
proximity to blood vessels. Several APC populations have been reported to reside in a vascular
niche (Jiang et al., 2017, Tang et al., 2008). Furthermore, a study also showed that interaction of
APCs with vasculature is necessary for the maintenance and expansion of the progenitor niche
(Jiang et al., 2017). Circulating IGF2 levels in mouse embryos positively correlated with endothelial
cell proliferation. Fetal endothelial specific Igf2 deletion resulted in disrupted placental
microvasculature expansion (Sandovici et al., 2022). Thus, due to the localization of Igf2 expressing
cells and IGF2 enhancing proliferation capacity of preadipocytes in vitro might suggest that these

cells regulate APC pool expansion in subcutaneous white adipose tissue.

6.4 ASC-1 expressing preadipocyte differentiate into white adipocytes

Here, like Igf2, we have detected Asc-1 as one of the differentially expressed gene in SCF
preadipocytes of pre-weaned mice. In addition to this, our group previously identified ASC-1 as a
surface marker for white adipocytes (Ussar et al., 2014). Moreover, its physiological role is well
studied in the brain (Ehmsen et al., 2016, Safory et al., 2015, Rutter et al., 2007, Matsuo et al.,
2004), however little is known about its role in adipose tissue. This made it a strong candidate to
further unravel its function in white adipose tissue. We initially sorted immortalized subcutaneous

preadipocytes with an ASC-1 antibody. We did not see differences in the differentiation capacity of
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ASC-1*and ASC-1" cells. In line with this, stable knockdown (shAsc-1) in immortalized subcutaneous
preadipocytes and overexpression of Asc-1 (Asc-1-HA-2a-4F2HC) in immortalized brown
preadipocytes, or treatment of preadipocytes with ASC-1 inhibitor (BMS-466422) during
differentiation did not show differences in their adipogenic capacity compared to their respective
control conditions measured by mRNA expression levels (Suwandhi et al., 2021). In contrast to this,
Jersin et al. showed that treatment of preadipocytes with BMS-466422 increased lipid
accumulation quantified by ORO. This difference might be because we have studied physiological
function of Asc-1 in preadipocytes with stable cell lines while Jersin et al. studied transport activity

of ASC-1 after the induction of 3T3-L1 and human adipose stromal cells (Jersin et al., 2021).

Since Asc-1 was not involved in adipogenesis in our study, we wanted to further investigate its
function in white adipocytes. Interestingly, sorted ASC-1* cells showed significant reduction in Ucp1
expression compared to ASC-1" cells when induced with rosiglitazone, which enhances beiging.
Moreover, stable knockdown of Asc-1 in subcutaneous preadipocytes induced beige adipocyte
formation, that was assessed by browning markers including Ucp1 (Suwandhi et al., 2021). Addition
to this, injection of shAsc-1 preadipocytes over the sternum of Balb/c nude mice gave rise to
multilocular adipocyte formation that expressed UCP1 compared to shScr cells, which showed
unilocular fat cells. These findings indicated that Asc-1 is involved in beige vs white adipocyte

commitment in our study.

The cell-fate decision is tightly regulated in the proliferating preadipocytes. Inhibition of ASC-1 with
BMS-466422 in sub-confluent preadipocytes 2 days before reaching confluency induced beige
adipocyte formation. However, this effect was gone when confluent preadipocytes on the day of
induction were treated with the ASC-1 inhibitor (Suwandhi et al., 2021). Therefore, the timing of
intervention to ASC-1 function could lead to different findings in adipocytes, Arianti et al. also
showed that BMS-466422 treatment of mature adipocytes alone compared to untreated condition
did not affect mitochondrial respiration. However, when the cells were treated with cAMP to
induce thermogenesis, addition of ASC-1 inhibitor reduced mitochondrial respiration in
differentiated subcutaneous adipocytes of humans (Arianti et al., 2021). In contrast to this, we have
shown that stable knockdown of Asc-1 in preadipocytes increased basal respiration (Suwandhi et
al., 2021). Moreover, another study showed that overexpression of Asc-1 in 3T3-L1 cell line after
induction significantly increased mitochondrial respiration (Jersin et al., 2021). Although these
findings highlight the differences between preadipocyte and adipocyte cell programing, the
discrepancy between our findings and literature might be due to the difference in adipocyte models

used: we used established cell lines, whereas others used primary cells or the location of the
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depot’s cells were isolated from: abdominal vs deep neck (Jersin et al., 2022). Nevertheless, our
results show an important role of Asc-1 in a subtype of preadipocytes regulating white vs beige

adipocyte differentiation.

6.5 Intracellular D-serine accumulation is one of the key players in determining white vs
beige adipocyte fate decision
ASC-1is a neutral amino acid transporter. It has high affinity to alanine, cysteine, glycine and serine
(Rutter et al.,, 2007, Fukasawa et al., 2000). Analysis of amino acid levels showed reduced
intracellular and extracellular D-serine in shAsc-1 preadipocytes compared to shScr (Suwandhi et
al.,, 2021). In line with this, Arianti et al. and colleagues showed significantly reduced serine
consumption of human deep neck subcutaneous adipocytes 10 h after BMS-466422 treatment
compared to control (Arianti et al., 2021). This shows that similar to brain, ASC-1 play an important

role in bidirectional D-serine transport in adipose tissue.

Next, the mechanism behind the ASC-1 transport activity on beige vs white adipocyte commitment
was tested. Depletion of cargo amino acids; glycine, alanine, glutamine and serine, did not influence
the differentiation capacity or beiging markers (Ucpl and Pgcla) expression in shAsc-1 cells
compared to control medium condition. However, 10 g/L D-serine supplementation in drinking
water of CD fed wild-type mice showed reduced Ucp1 expression in BAT compared to control mice
(Suwandhi et al., 2021). This result along with increased intracellular D-serine accumulation in
shAsc-1 cells encouraged further studying of D-serine metabolism. Serine racemase (Srr) is an
important enzyme that converts L-serine to D-serine (Graham et al., 2019). Knockdown of Srr in
shAsc-1 and shScr cells did not alter adipogenesis compared to knockdown control. It significantly
reduced Ucpl expression in shAsc-1 cells compared to knockdown control, while shScr cells did not
show any difference in Ucp1 expression with Srr knockdown. This was in line with the intracellular
D-serine levels discussed above (Suwandhi et al., 2021). Altogether, these data suggest that loss of
Asc-1 function induces intracellular D-serine accumulation and regulates beiging of subpopulation
of SCF preadipocytes. However, it is important highlight here that ASC-1 has other cargo amino

acids and their role in the observed beiging needs further investigation.
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7 Conclusion and Outlook

Obesity is a worldwide epidemic. It has major health and economic burdens on the society.
Therefore, it attracts great attention of public health system. Over the past decade researchers
have tried to find mechanisms to improve obesity related comorbidities by studying animal models
that compare diseased state to healthy state. There have been several potential treatment options
found, however either these are costly or decrease life quality of the patients. Therefore, new

treatment strategies need to be found.

In this study, we aimed to understand the naturally occurring developmental state of adipose tissue
and therefore, compared compositional differences of pre-weaned and adult mice adipose depots.
Both mice were metabolically healthy; however, the major difference was that pre-weaned mice
displayed rapid and massive expansion of AT without any metabolic deterioration. If the same
expansion was induced in adult mice by HFD feeding, then these mice would become metabolically
unhealthy, which has been the animal model studied in the field. Single cell RNA sequencing
analysis of whole SVCs revealed distinct separation by age between preadipocytes. Comprehensive
analysis of these cells showed /gf2 and Asc-1 as one of the abundantly expressed genes in SCF

preadipocytes of pre-weaned mice.

We have shown here that IGF2 did not alter adipogenic capacity of the preadipocytes but increased
preadipocyte proliferation. These findings indicated a potential role of IGF2 in regulating
hyperplasia via inducing preadipocyte pool expansion. However, a deeper understanding of
molecular mechanism by stable cell lines and transplantation of these subpopulation of cells is

required.

Moreover, Asc-1 was also identified as one of the differentially expressed genes in pre-weaned SCF
compared to adult. Here we showed that Asc-1 plays an essential role on white adipocyte formation
and loss of Asc-1 function induces beiging both in vivo and in vitro. The fact that there is a peak
UCP1 expression levels between postnatal days (P) 10 and 30 in SCF combined with our findings
indicate that Asc-1 plays an important role in the development of white adipose tissue. Most
importantly, it regulates white vs beige fate decision during differentiation partly by ASC-1
mediated D-serine transport in the preadipocytes. However, the role of other ASC-1 cargos on

beiging is still not well known, which requires further investigation.

Our findings highlight the heterogeneity in SCF preadipocytes. We propose here naturally occurring
mechanisms that enable healthy tissue remodeling. Thus, these results have major impacts on the

treatment of obesity and associated metabolic syndromes.
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lll. Abbreviations

Table 8: List of Abbreviations

Abbreviation Full Name

Adipqg Adiponectin

AKT Protein kinase B

ASC-1 Alanine/serine/cysteine transporter-1
APC Adipocyte progenitor cells

AT Adipose tissue

BAT Brown adipose tissue

CD Chow diet

CcT Computed tomography

Dif. Adip/ Adipo

Differentiated Adipocytes

ECM

Extracellular matrix

ERK 1/2 Extracellular signal-regulated kinase-1/2
FABP4 Fatty acid binding protein 4

FBS Fetal bovine serum

FFA Free fatty acid

FIGIRKO Adipose tissue specific double knockout of InsR/Igfir
FIRKO Adipose tissue specific double knockout of InsR
GO Gene ontology

GWAS Genome-wide association study

H&E Hematoxylin & Eosin

HFD High fat diet

IGF1 Insulin-like growth factor 1

IGF1R Insulin-like growth factor 1 receptor
IGF2 Insulin-like growth factor 2

IGF2R Insulin-like growth factor 2 receptor

IF Immunofluorescence

Ins Insulin

InsR Insulin receptor

InsR-A Insulin receptor isoform A

InsR-B Insulin receptor isoform B

IP Immunoprecipitation

MAPK Mitogen-activated protein kinase

MH Metabolically healthy

MHO Metabolically healthy obesity

mRNA Messenger ribonucleic acid

MS Mouse serum

MUO Metabolically unhealthy obesity

Neut Ab Neutralizing antibody

OCR Oxygen consumption rate

ORO Oilred o

PET Positron emission tomography

Pgcla Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PGF Perigonadal fat




PI3K

Phosphatidylinositol-3-kinase

Ppary

Peroxisome proliferator-activated receptor-y

Pre/ Preadip

Preadipocytes

Rosi

Rosiglitazone

scRNA-seq Single cell RNA sequencing

SCF Subcutaneous fat

shRNA Short hairpin RNA

Srr Serine racemase

svC Stromal vascular cells

Tbp TATA-box binding protein

Tfam Mitochondrial transcription factor A
t-SNE t-distribution stochastic neighbor embedding
T2D Type 2 Diabetes

ucp Uncoupling protein

vWAT Visceral white adipose tissue

WAT White adipose tissue

WB Western blot

WHO World health organization

wt Wild-type
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Figure 18: Differentiation trial using different media conditions. Immortalized subcutaneous preadipocytes were
differentiated in the presence of different adult mouse serum (MS) concentrations (0.5, 1 and 2%) for 8 days using
either DMEM+GlutaMAX or Opti-MEM. mRNA expression levels of Ppary and Adipg (n=1).
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