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Abstract

Obesity, defined as an excessive increase in white adipose tissue (WAT), is a global health
epidemic. In obesity, WAT expands by increased adipocyte size (hypertrophy) and number
(hyperplasia). The location and cellular mechanisms of WAT expansion greatly affect the
pathogenesis of obesity. However, the cellular and molecular mechanisms regulating adipocyte
size, number and depot-dependent expansion in vivo remain largely unknown. This perspective
summarizes previous work addressing adipocyte number in development and obesity and
discusses recent advances in the methodologies, genetic tools, and characterization of in vivo
adipocyte precursor cells allowing for directed study of hyperplastic WAT growth in vivo.

Introduction

White adipose tissue (WAT) is a highly plastic and dynamic tissue, accounting for less than
5% of body weight in some individuals to over 60% in others, with a capacity to change
many fold in mass within the same individual (Drgyvold et al., 2006; Guo et al., 1999).
Excessive accumulation of WAT is the defining feature of obesity, which is clinically
defined as a body-mass-index (BMI = kg/m?) exceeding 30 (WHO, 2013). Over the last
three decades the prevalence of obesity has risen dramatically throughout the world and now
more than 35% of adults within the US are obese (Ogden et al., 2012; WHO, 2013). This
worldwide increase in adiposity has become a major public health concern as obesity is a
risk factor for several pathologies including type Il diabetes, cardiovascular disease and
some forms of cancer (WHO, 2013). For these and other reasons, the American Medical
Association has recently classified obesity as a disease, further highlighting the importance
of understanding WAT mass regulation in vivo.

The development of obesity has largely been attributed to overconsumption of food and
decreased physical activity, as chronic positive energy balance results in the expansion of
WAT due to the storage of excess energy as triglycerides within WAT (Spiegelman and
Flier, 2001). It is well appreciated that regulation of food intake and energy expenditure is
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controlled by neuronal signaling within the hypothalamus and dysregulation of this signaling
leads to energy imbalance and obesity (Friedman, 2004; Sternson et al., 2013). However, the
WAT-intrinsic mechanisms that lead to the increase in tissue mass in response to positive
energy imbalance are unknown. Even in cases of extreme positive energy balance such as
the massively obese leptin-deficient ob/ob mouse, there must be molecular processes active
within WAT that regulate tissue expansion.

Expansion of WAT occurs through both increased lipid filling within existing mature
adipocytes to increase adipocyte size (hypertrophic WAT growth) and increased
differentiation of adipocyte precursor cells to increase adipocyte number (hyperplastic WAT
growth; also referred to as adipogenesis) (Joe et al., 2009; Wang et al., 2013). While
genetics and obesogenic stimuli can affect the relative contribution of these mechanisms to
the total accumulation of WAT in obesity (Jo et al., 2009), the WAT-intrinsic mechanisms
involved in regulating adipocyte size and number in vivo are largely unknown.

The location of WAT accumulation can affect the pathogenesis of obesity. Specifically,
WAT accumulates throughout the body in several distinct subcutaneous (SWAT) and
visceral (VWAT) depots (Cinti, 2005). In humans the accumulation of VWAT and deep
abdominal SWAT correlates with increased risk of diabetes, cardiovascular disease and
mortality (Carey et al., 1997; Goodpaster et al., 1997; Kelley et al., 2000; Nicklas et al.,
2006; Wang et al., 2005). Conversely, the accumulation of gluteofemoral SWAT, which is
more prevalent in females, is associated with insulin sensitivity and decreased risk of
diabetes and cardiovascular disease (Manolopoulos et al., 2010; Misra et al., 1997; Snijder et
al., 2003; Tanko et al., 2003). In rodents, inguinal (posterior) SWAT is associated with
improved metabolic parameters (Tran et al., 2008), similar to human gluteofemoral SWAT,
while mouse perigonadal VWAT is associated with decreased insulin sensitivity (Foster et
al., 2010). Therefore, determining how WAT accumulation affects metabolic disease
requires understanding how WAT mass is regulated at specific anatomical sites in vivo.

Recent advances in the identification and isolation of in vivo adipocyte precursor cells now
allows for directed study of the cellular and molecular mechanisms regulating adipocyte
number in both development and obesity (Lee et al., 2012; Rodeheffer et al., 2008; Tang et
al., 2008). Here we detail the current knowledge of adipocyte precursor cells including their
developmental lineage, tissue localization, and abundance within WAT depots. We will also
summarize previous work on the contribution of adipocyte number to the development and
obesogenic expansion of WAT. Finally, we will discuss common approaches used to study
these cells in vitro and in vivo, with a specific focus on genetic models useful for labeling
and manipulating the adipocyte cellular lineage in vivo.

Establishment of Adipocyte Number during Development

It is established that WAT forms early in life, initially arising from highly vascularized
‘primitive organs’ that are observed at sites of WAT depot development (Birsoy et al., 2011,
Clara, 1927a; Han et al., 2011; Wassermann, 1927, 1929). In humans, lipid filling of
adipocyte precursors is first visible in loose connective tissue structures called ‘fat lobules’
during the second trimester (starting at 14 weeks) (Poissonnet et al., 1983). These primitive
adipose tissue depots progressively increase in both size and number until gestational week
23 when fat lobule number begins to plateau. In the following weeks, fat lobule growth is
almost exclusively accomplished through hypertrophy of existing adipocytes (Berg, 1911,
Poissonnet et al., 1983; Poissonnet et al., 1984). Postnatally, the SWAT depot in non-obese
children remains relatively quiescent until 10yrs of age when adipocyte humber increases
again through the teenage years before plateauing at the end of adolescence (Knittle, 1978;
Knittle et al., 1979; Spalding et al., 2008). Less is known about the timing of VWAT
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establishment in humans, but there is little VWAT mass in non-obese individuals prior to
puberty (Fox et al., 1993; Siegel et al., 2007) and at least some WAT within the abdominal
cavity does not form until after birth (Wassermann, 1927).

In mice, SWAT primitive organs become populated by cells expressing adipogenic markers
relatively late in embryogenesis, with overt lipid filling of white adipocytes being initiated at
birth (Birsoy et al., 2011). The visceral perigonadal WAT (GWAT) depot forms after birth,
with determined adipocyte precursors first appearing at postnatal day (P) 4 and lipid
accumulation in developing GWAT evident at P7 (Han et al., 2011). The relative
contribution of adipocyte size and number to murine WAT development is not well
characterized, but studies in rats show increases in both adipocyte number and size early in
life, followed by a plateau in adipocyte number by 3 months of age with WAT mass
increases thereafter resulting from increased adipocyte size (Greenwood and Hirsch, 1974;
Hirsch and Han, 1969; Johnson et al., 1971). A recent study using inducible indelible
labeling specifically in mature adipocytes via the adiponectin promoter (termed
AdipoChaser mice) supports these findings, showing that the vast majority of mature
adipocytes in mouse SWAT are formed prenatally. Conversely, in VWAT adipocytes are
formed during the first few weeks of life, with little formation of new adipocytes in early
adulthood (Wang et al., 2013). Similar cellular mechanisms of WAT mass establishment
have been reported in birds, ruminants and fish (Anderson and Kauffman, 1973; Flynn et al.,
2009; Hood and Allen, 1973; Imrie and Sadler, 2010; Pfaff, 1975). This collection of studies
indicates that there is an overarching framework of WAT development in which WAT
depots are initially formed, both embryonically and postnatally, through a combination of
hyperplastic and hypertrophic mechanisms that culminate in the stabilization of adipocyte
number by the end of adolescence (Greenwood et al., 1979; Greenwood and Hirsch, 1974;
Knittle and Hirsch, 1968), and the stabilization of adipocyte size in early adulthood
(Hemmeryckx et al., 2010; H&ger et al., 1977; Stiles et al., 1975).

In non-obese conditions, adipocyte number remains relatively constant in adult animals
(Stiles et al., 1975), even during starvation and refeeding (Hirsch and Han, 1969; Yang et
al., 1990), suggesting that the plateau in adipocyte number at the end of adolescence
establishes an adipocyte number ‘set point’ in some conditions. In support of this idea,
excision of inguinal SWAT from rats prior to the end of adolescence results in compensation
by the remaining SWAT to generate the same total number of SWAT adipocytes as control
animals (Faust et al., 1977a), a response not observed when WAT is excised from adult
animals (Faust et al., 1977b; Kral, 1976). Additionally, indirect dietary manipulation
through modulation of litter size during early development can lead to long-lasting decreases
in adipocyte number (Knittle and Hirsch, 1968). These findings support that there is a
critical developmental period for the establishment of adipocyte number and that there is an
adipocyte number ‘set point” under normal conditions. Thus, increased adipocyte number
generated during adolescence may enhance the capacity to store lipid in adult life (Spalding
et al., 2008). Additionally, it was recently shown that mature adipocytes turnover at a
constant, albeit slow, rate in adulthood (Spalding et al., 2008; Wang et al., 2013), indicating
that maintenance of the adipocyte number normally involves a tightly regulated balance of
adipogenesis and adipocyte death. The mechanisms involved in the maintenance of
adipocyte number throughout life are not known, but in obesity this balance can be at least
temporarily disturbed, leading to increased adipocyte hyperplasia in many models of
obesity.

Regulation of Adipocyte Number in Obesity

While adipocyte hypertrophy is a common feature of obesity, studies have shown varying
contributions of increased adipocyte number to obesogenic increases in WAT mass. Some
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early studies in rodents and humans showed no increase in adipocyte number in obesity,
indicating that the observed WAT mass accumulation was solely due to adipocyte
hypertrophy (Hirsch and Han, 1969; Hirsch and Khnittle, 1970; Johnson and Hirsch, 1972;
Salans et al., 1973). Given the upper limit on adipocyte size (Clara, 1927b; Leonhardt et al.,
1972), expansion by hypertrophy alone would limit WAT gain. Therefore in order to
achieve the WAT mass increase seen in cases of extreme (morbid) obesity, increased
adipocyte number must accompany adipocyte hypertrophy.

Many studies have since shown that hyperplasia and hypertrophy both contribute to WAT
mass expansion in obesity. Some studies show that hyperplasia only occurs in early onset
obesity, prior to the developmental establishment of adipocyte number (Lemonnier, 1972;
Salans et al., 1973). Others have shown that increased adipocyte number can also contribute
to WAT mass gain in adult onset obesity, including both genetic (Hirsch and Batchelor,
1976; Johnson and Hirsch, 1972; Johnson et al., 1971) and dietary induced obesity (Ellis et
al., 1990; Faust et al., 1978; Faust et al., 1984; Klyde and Hirsch, 1979). It is also important
to note that several of these studies show that hyperplastic WAT growth is not restricted to
severe obesity. The studies referenced above, and numerous others confirm there is often an
increase in adipocyte number in obesity, but the results from these studies have been varied
and the precise contribution of increased adipocyte number to obesity in different contexts
remains unclear.

Several potential explanations exist, both experimental and biological, for the disparate
results with regard to adipocyte hyperplasia in obesity. Previous attempts to directly assess
adipocyte production in vivo have taken two approaches. One is to digest WAT to single
cells, float mature adipocytes and quantify the amount of newly synthesized DNA in the
adipocyte fraction, usually via incorporation of thymidine analogs (Ellis et al., 1990; Miller
et al., 1984). In this technique it has been shown that other cell types, such as macrophages,
may contaminate the floating fraction to confound results (Tchoukalova et al., 2012). The
alternative approach is to label newly synthesized DNA and then determine the location of
the ‘new’ nuclei in situ, via autoradiography or immunohistochemistry (Joe et al., 2009;
Miller et al., 1984). This technique is problematic as the majority of adipocytes within a
single WAT section will not display a nucleus, due to the relatively large size of the cell
compared to the nucleus. In addition, while adipocytes compose the vast majority of WAT
mass/volume, they account for less than 20% of the total cells in WAT (Eto et al., 2009).
Therefore, the majority of nuclei in a WAT section belong to non-adipocytes that lie in close
proximity to the adipocyte lipid droplet. Due to these issues, the association of a labeled
nucleus with a particular adipocyte can only be made after ruling out the presence of a
plasma membrane between the nucleus and the adipocyte lipid droplet through electron
microscopy or plasma membrane labeling (Figure 1).

Other indirect methods have been used to assess adipocyte formation in adult animals in
vivo. One approach is to determine adipocyte hyperplasia by extrapolating the total number
of adipocytes from the average size of adipocytes - determined by direct measures of cell
sizing or average diameter via histology - and the total weight/volume of the WAT depot
(Hirsch and Han, 1969; Jo et al., 2009). A more recent genetic approach has used the
AdipoChaser mouse to directly label all mature adipocytes and then assess the formation of
non-labeled adipocytes (Wang et al., 2013). While these methods provide good estimates of
adipocyte number and allow indirect tracing of adipocyte formation, respectively, they do
not inform on the timing of the signals that initiate adipogenesis. Rather, they can only be
used to measure adipocyte formation after differentiation has progressed enough to allow
morphological characterization of the new adipocytes.
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Recent studies of the depot-specific responses to HFD feeding highlight in the importance of
the experimental approach taken to study hyperplasia in vivo. A study that assessed
adipocyte hyperplasia via immunohistochemical analysis of incorporation of the thymidine
analog bromodeoxyuridine (BrdU) concluded that SWAT undergoes more hyperplastic
growth than VWAT (Joe et al., 2009). However, the study of hyperplasia in response to
HFD with the AdipoChaser mouse demonstrated that a significant number of new
adipocytes form in VWAT after 8 weeks of HFD feeding (Lee et al., 2012; Wang et al.,
2013), but there is little to no contribution of new adipocytes to the increase in SWAT mass
through at least 12 weeks of HFD feeding (Wang et al., 2013). While timing differences
between these studies likely contribute to some of the discrepancies, these data suggest that
despite increased cellular proliferation in SWAT, adipogenesis is restricted to VWAT at the
onset of diet-induced obesity.

Although experimental limitations have made it difficult to accurately and reproducibly
determine the precise contribution of hyperplastic WAT growth to different obesogenic
contexts, the breadth of studies implicating increased adipocyte number as a contributor to
WAT mass accumulation indicate that it is an important depot-dependent component of
obesity that is influenced by a host of factors, including species/strain, sex, and obesogenic
stimulus (genetic, dietary, etc.). However, the mechanisms that control adipogenesis in
obesity are not clear. Whether increased adipocyte number is induced in adulthood or
earlier, the similar turnover rates of adipocytes in obese and non-obese adults (Spalding et
al., 2008) suggests that increases in adipocyte number results either from transient
induction(s) of adipogenesis that alters the adipocyte set point, minimal increases in
adipocyte formation over long periods, or both of these mechanisms. Several studies have
suggested that new adipocytes form several weeks after the initiation of HFD feeding, as
adipocytes begin to reach their maximal size (Faust et al., 1978; Joe et al., 2009; Wang et al.,
2013). Based on this concept it has been hypothesized that an adipogenic signal is generated
as mature adipocytes reach maximal size and can no longer expand to meet the increased
demand for lipid storage (Faust et al., 1978). While the nature of this potential regulatory
mechanism in obesity is not known, it has been shown that factors secreted by mature
adipocytes can affect adipogenesis (Janke et al., 2002).

There are many different paths that can lead to obesity, with synergy between genetics and
environment playing a pivotal role. It is important to understand how adipocyte number is
regulated in WAT as adipocyte number and size are the two main contributors to WAT
mass. While increased adipocyte size is associated with insulin resistance (Salans et al.,
1968), the physiological ramifications of increased adipocyte number in obesity is not clear.
Increased adipocyte generation has been postulated to be the mechanism that leads to
increased insulin sensitivity with Thiazolidinedione (TZD) treatment (Lehmann et al., 1995),
suggesting that having more adipocytes can be beneficial. However, the morbidly obese
have increased adipocyte number and significantly worse health outcomes (Calle et al.,
1999). In order to determine how increased adipocyte number impacts the development of
obesity-associated disease we must understand the processes that regulate adipocyte number
in vivo. However, the majority of our understanding of the process of adipogenesis has come
from in vitro studies.

In Vitro Adipogenesis

Several approaches have been taken to study adipogenesis in cell culture. Rodbell pioneered
the digestion of rodent WAT to single cells for study of isolated mature adipocytes in vitro
(Rodbell, 1964). Subsequently, culturing of the remaining non-adipocyte cell fraction,
referred to as the stromal-vascular fraction (SVF), resulted in the differentiation of adherent
fibroblastic SVF human cells into lipid-laden cells after 2 months (Ng et al., 1971). These
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studies were the first to describe the presence of a WAT resident adipogenic stromal cell
population appropriate for the study of human adipogenesis in cell culture. Today, the
culture of whole SVF is routinely applied to tissue engineering (Lin et al., 2010; Zuk et al.,
2001), where the resulting adherent cells are referred to as adipocyte-derived stem/stromal
cells (ADSCs) or adipose stem cells (ASCs). Several studies have demonstrated that ADSC/
ASC cultures can differentiate into many cell types in vitro, including adipocytes,
osteoblasts, chondrocytes and skeletal myocytes (Gimble et al., 2007). However, analysis of
cell surface marker expression indicates that ADSC/ASC cultures are a heterogeneous
population of cells, even after several rounds of passage (Guilak et al., 2006; Mitchell et al.,
2006; Zuk et al., 2002). Clonal analysis and colony formation studies have shown that most
of the differentiation of ADSC/ASC cultures toward any particular lineage is provided by
subpopulations of cells that are restricted to one or two fates, with very few cells displaying
multipotency (Mitchell et al., 2006). Adherent cell populations are even more restricted in
vivo, with mouse ADSCs readily forming chondrocytes and bone, but displaying little or no
de novo adipogenic capacity when transplanted in mice (Zheng et al., 2006). Moreover,
human ADSCs require prior stimulation of adipogenesis in vitro to form adipocytes after
transplantation into SCID mice (Hong et al., 2006). These findings demonstrate that
selection of WAT resident SVF cells by adherence alone results in a mixed population of
cells with the majority of cells unable to form adipocytes in vitro, and no significant
adipogenic activity in vivo. Regardless of whether this limited adipogenic capacity is the
result of insufficient enrichment of adipocyte precursors or alterations in cell function during
prolonged cell culture (Boquest et al., 2005), these results suggest that the study of adherent
whole SVF provides little insight into the adipocyte cellular lineage in vivo.

In another approach to in vitro adipogenesis, adipogenic clones of the spontaneously
immortalized Swiss mouse 3T3 fibroblast cell line, including 3T3L1 and 3T3-F442A, were
isolated and shown to accumulate lipid after being maintained at confluence in culture
(Green and Kehinde, 1975, 1976; Green and Meuth, 1974). Many factors have since been
demonstrated to affect adipogenesis of these cells, but the addition of insulin (Green and
Kehinde, 1975), 1-methyl-3-isobutyl xanthine (IBMX) (Russell and Ho, 1976) and
glucocorticoid (e.g. dexamethasone) (Miller et al., 1978; Rubin et al., 1978), enhances
adipogenesis, and these factors together are now considered the common adipogenic
cocktail. However, it should be noted that while this adipogenic cocktail is effective in
rodent models of adipogenesis, the differentiation of human primary cells and cell lines has
required the addition of PPARY agonists or indomethacin, which alters prostaglandin
synthesis and, similar to PPARy agonists, can drive lipid accumulation even in
mesenchymal stem cells that are not committed to an adipogenic lineage (Styner et al.,
2010). The requirement for these compounds limits the mechanistic studies of adipogenesis
(Church et al., 2012), and suggests that improved culture models are required for human
adipogenesis in vitro, either via improved enrichment of adipogenic cell populations,
isolation procedures and/or identification of improved culture conditions.

Study of 3T3 cell lines has provided a wealth of knowledge on the molecular pathways that
regulate adipogenesis. To summarize, a well-characterized transcription factor cascade leads
to the induction of the transcription factor PPARy2 (Tontonoz et al., 1994), which drives
adipogenesis through the induction of several lipogenic genes (for review see (Rosen and
MacDougald, 2006)). In addition to characterizing the adipogenic transcription factor
cascade, cell culture studies have implicated a host of signaling factors as regulators of
adipogenesis, including BMPs, WNTSs, and IGFs (reviewed in (Cristancho and Lazar, 2011;
Tang and Lane, 2012)). However, the study of adipogenesis in vitro does not inform if or
when specific factors participate in adipogenesis in vivo. For example, the in vivo adipogenic
role for the cyclic AMP and glucocorticoid-mediated signaling pathways, which are
respectively stimulated by IBMX and dexamethasone during induction of adipogenesis in
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vitro, remains unclear. The gene expression program induced by the adipogenic cocktail in
3T3L1 cells mirrors that observed in developing murine SWAT (Birsoy et al., 2011), but
there are a number of differences between 3T3L1 adipogenesis and the gene programs
observed in adult mouse WAT (Soukas et al., 2001). Additionally, while overt lipid filling is
observed within 48 hours during in vitro adipogenesis, rodent adipocyte precursors may take
more than 35 days to fill with lipid in vivo (Greenwood and Hirsch, 1974; Wang et al.,
2013). Based on these observations, it is possible that adipogenesis in vivo is regulated by
unappreciated molecular pathways that are modulated well in advance of overt lipid filling.
Therefore, understanding the timing of adipogenesis in various physiological contexts is
necessary for focused study of the molecular mechanisms regulating adipocyte formation in
vivo. Recent studies have identified in vivo adipocyte precursor cells as subpopulations of
WAT SVF, allowing for directed study of the temporal, cellular and molecular mechanisms
that regulate in vivo adipogenesis.

Adipocyte Precursors In Vivo

Several studies have now isolated different cell subpopulations from freshly isolated WAT
SVF in effort to identify adipocyte precursors. Initial studies that used magnetic bead
separation to isolate of cell subpopulations from human WAT SVF found the CD31-:CD34+
population is enriched for adipogenic capacity (Sengenes et al., 2005), but appropriate
markers for significant further enrichment have not been clearly identified in human WAT.

Adipogenic cell populations have been characterized in greater detail from mice using flow
cytometry and fluorescence-activated cell sorting (FACS) to isolate populations of live cells
based on expression of cell surface proteins. Although this technology has long been used to
characterize cell populations in stem cell fields and immunobiology, it has only recently
been applied to WAT for identification of adipogenic SVF subpopulations through
prospective analysis of adipogenesis both ex vivo in adipogenic cell culture conditions and in
vivo following transplantation (Bénézech et al., 2012; Daquinag et al., 2011; Lee et al.,
2012; Rodeheffer et al., 2008; Tang et al., 2008). In this approach, the SVF is labeled with
fluor-conjugated antibodies recognizing cell-surface proteins to allow for separation and
isolation of adipose stromal cell subpopulations. Using FACS, two stromal cell populations
with in vitro adipogenic capacity were identified within murine subcutaneous WAT. These
populations are negative for blood and endothelial specific markers (CD45, CD31, Ter119),
positive for mesenchymal and stem-cell markers (CD29, CD34, Sca-1) and are separated
based on their expression of CD24. One population, characterized by the cell surface marker
profile CD45-;CD31-;Ter119-;,CD29+;CD34+;Sca-1+;CD24-(CD24-), is highly adipogenic
in culture, yet has restricted adipogenic capacity when transplanted into the underdeveloped
peri-gonadal (VWAT) adipose tissue of lipodystrophic A/Zip mice. In contrast, the other
population, characterized by the cell surface marker profile
CDA45-;,CD31-;Ter119-;CD29+;CD34+;Sca-1+;CD24+ (CD24+), is highly adipogenic in
culture and capable of considerable expansion prior to differentiation, leading to
reconstitution of an entire functional WAT depot with correction of hyperglycemia and
hyperinsulinemia when transplanted into fatless mice (Rodeheffer et al., 2008).

Through flow cytometry analysis of CD24+ cells following transplantation into A/Zip mice,
it was demonstrated that the CD24+ population gives rise to the CD24~- population in vivo,
while the CD24- population does not produce CD24+ cells. When these populations are
transplanted into a non-adipogenic tissue microenvironment, the CD24- population retains a
low adipogenic capacity that fails to correct A/Zip hyperglycemia, while the CD24+
population is surprisingly not adipogenic (Berry and Rodeheffer, 2013). Based on these
results, we have proposed the following model for in vivo adipogenesis (Figure 2). The
CD24+ population contains early adipocyte progenitors that have high adipogenic capacity
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within the WAT microenvironment and are capable of extensive expansion prior to terminal
differentiation, but require the WAT microenvironment for their adipogenic capacity.
During adipogenesis, the CD24+ adipocyte progenitor loses CD24 expression to become
CD24- preadipocytes. The CD24- preadipocyte population contains cells committed to the
adipocyte lineage, which have low adipogenic capacity that is not dependent on the WAT
microenvironment.

Consistent with adipogenic commitment, the CD24~- cell population is enriched for
expression of PPARjy2 and C/EBPa (Berry and Rodeheffer, 2013). These data suggest that
the CD24+ and CD24~ cell populations contain the adipocyte precursors, from early
progenitors with substantial capacity to expand prior to differentiation to cells that are
primed to fill with lipid to form mature adipocytes. Since mature adipocytes are post-
mitotic, adipocyte precursors must exit the cell cycle at some point during adipogenesis.
However, it is unclear precisely where in the in vivo adipocyte lineage cells become post-
mitotic, and it may be difficult to determine given the rapid differentiation of CD24+ cells
into CD24~ cells in vivo (Berry and Rodeheffer, 2013). In vitro, cultured confluent
preadipocytes undergo two rounds of synchronous cell division before permanently exiting
the cell cycle in a process referred to as ‘mitotic clonal expansion’ (MCE) (Tang et al.,
2003). However, it remains unclear if MCE is an important component of hyperplastic WAT
growth in vivo. Given the relatively high abundance of CD24~- adipocyte precursors in WAT
depots (Figure 3), it is possible that post-mitotic adipocyte precursors contribute
significantly to increased adipocyte number. At the other end of the lineage, it is unknown if
the CD24+ population harbors bona fide adipocyte stem cells, capable of self-renewal and
contributing mature adipocytes to maintain or expand WAT mass, or if the CD24+
population is maintained by another, currently unidentified adult stem cell population.
Similar cell populations are found within all major WAT depots in mouse (Berry and
Rodeheffer, 2013) (Figure 3), suggesting that these adipocyte precursors play a general role
in the maintenance and expansion of WAT and that differential regulation of these cells
leads to the depot-specific responses observed in obesity.

A benefit of using FACS and flow cytometry to isolate and analyze adipocyte precursors
from WAT is that the technique is accessible, making use of commercially available
reagents. Additionally, this approach can be applied to any mouse line or strain, as well as to
other species, including human. CD34 has been shown to be expressed on adipocyte
precursors in mice (Rodeheffer et al., 2008) and has also been used to enrich for adipogenic
cells from human WAT SVF (Sengenes et al., 2005). However, at least one of the cell
surface factors used for the isolation of mouse adipocyte precursors, Sca-1, does not have a
clear human homolog (Holmes and Stanford, 2007), indicating that the human adipocyte
precursors will likely require different markers for isolation. In addition, these markers do
not have known functions in adipocyte precursor regulation in vivo. For example, while
CD24 and Sca-1 are critical cell surface markers for identification of murine adipocyte
progenitors, mice deficient in CD24 or Sca-1 do not display overt adipose phenotypes
(Nielsen et al., 1997; Stanford et al., 1997). Furthermore, the use of several cell surface
markers is currently required to significantly enrich for adipocyte precursors. A
complimentary approach to studying adipogenesis in vivo is to develop tools based on
functional markers of adipogenesis. Toward this end several genetic mouse models have
been generated.

Genetic Approaches for Studying Adipogenesis in vivo

The most widely used genetic factor for studying WAT in vivo has been the aP2 promoter,
which drives expression of Fatty Acid Binding Protein 4 (FABP4). However, in vitro studies
have shown that aP2 is induced late in adipogenesis (Bernlohr et al., 1985) and A-Zip mice,
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which have a block in adipogenesis via expression of a dominant negative transcription
factor from an aP2 promoter, accumulate more adipocyte precursors (Rodeheffer et al.,
2008). This suggests that aP2 is not necessarily expressed in adipocyte precursor
populations in vivo. In addition, the aP2 promoter is known to drive gene expression in
many other tissues/cell lineages, including macrophages (Mullican et al., 2013). Therefore,
other genetic strategies have been employed to characterize adipocyte precursor populations
invivo.

Ppar ywas hypothesized to be a genetic marker of adipogenic cells in vivo, due to its
expression pattern and role as the master regulator of adipogenesis in vitro. To identify
Ppar y expressing cells in vivo, a mouse model was generated in which a tetracycline
transactivator (tTA) gene was knocked into exon 2 of the Ppar y locus. This strain was
crossed to reporter lines under control of tet-response elements to show that Ppar y
expressing stromal cells undergo adipogenesis to form WAT during development and
following transplantation into nude mice (Tang et al., 2008). Additionally, Tang et al
concluded that adipocyte precursors are associated with adipose tissue vasculature as GFP
labeled cells were found lining blood vessels in WAT of Ppar »~H2BGFP mice.

However, Ppary expression is induced late in adipogenesis and therefore may not be
appropriate for studying the regulation of early adipogenic events in vivo. A novel
preadipocyte determination factor, Zfp423, was identified through transcriptome comparison
of adipogenic and non-adipogenic clonal sublines of 3T3 Swiss fibroblasts prior to
adipogenic expansion in vitro (Gupta et al., 2010). Zfp423 is enriched in adipogenic 3T3
sub-clones, and induces adipogenesis in non-adipogenic 3T3 sub-clones through induction
of Ppary2. To elucidate the function of Zfp423 on adipogenesis in vivo, a mouse was
generated that expresses GFP from the Zfp423 locus (Gupta et al., 2012). Using these mice,
it was demonstrated that FACS purification of GFP-expressing cells from whole SVF
cultures enriched for cells with adipogenic capacity upon re-plating. While the role of
Zfp423 in adipogenesis in vivo has yet to be assessed, the isolation of in vivo adipocyte
precursors prior to expression of late adipogenic genes (PPAR)2, aP2, etc.) using an early
functional marker, such as Zfp423, would facilitate the study of adipogenesis in vivo by
simplifying the isolation and visualization strategies. However, the expression of Zfp423 in
endothelial cells (Gupta et al., 2012) precludes the use of Zfp423 as a single marker of in
vivo adipocyte precursors. Regardless, a combination of functional early and late stage
adipocyte precursor markers would greatly facilitate the functional analysis of adipogenesis
in vivo.

The Developmental Origins of White Adipose Tissue

Although flow cytometry and the previously mentioned genetic mouse models allow for
study of adipocyte precursor populations, complete understanding of WAT formation
requires understanding of the lineage(s) adipocytes are derived from during development.
While adipocytes that form in depots in the head region have been shown to derive from the
neural crest (Billon et al., 2007; Lemos et al., 2012), the developmental origin of adipocyte
in major WAT depots has not been characterized. It has long been posited that adipocytes
are of mesenchymal origin, based on their initial formation within connective tissue
(Hammar, 1895), the morphology of adipocyte precursors (Napolitano, 1963) and the ability
of mesenchymal cells to form adipocytes in culture (Taylor and Jones, 1979). In effort to
further refine the developmental origin of adipocytes in the major WAT depots, recent
studies have investigated if white adipocytes are derived from endothelial (Tran et al., 2012)
or hematopoietic (Crossno et al., 2006; Sera et al., 2009) lineages.
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There are many observations from early work on adipose tissue that showed adipocytes form
in close proximity to vasculature (for review see (Wassermann, 1965)). Additionally,
vascular propagation and adipogenesis are closely linked in vivo (Fukumura et al., 2003;
Han et al., 2011; Rupnick et al., 2002). These observations have led to the hypothesis that
adipocytes are derived from a vascular cell lineage. Recent studies have directly addressed
whether adipocytes are derived from endothelial lineages through lineage tracing using the
Cdh5 (VE-cadherin)-cre mouse model. Through analysis of X-gal stained WAT and BAT
sections from Cdh5-cre:LacZ mice, it was concluded that mature brown and white
adipocytes expressed the LacZ reporter and were therefore derived from Cdh5 expressing
precursor cells (Tran et al., 2012). However, use of the LacZ reporter line for study of
adipose tissue is confounded by the paucity of cytoplasm in mature adipocytes and the high
vascularity of adipose tissue. In addition, neither the LacZ reporter or GFP reporter
experiments in this study were combined with direct staining of endothelial cells to ensure
the observed staining was not due to signal from capillaries in close association with mature
adipocytes. To overcome the difficulties associated with reporters expressed in the adipocyte
cytoplasm, we crossed the same Cdh5-cre mouse line to the fluorescent membrane dTomato/
membrane eGFP (mT/mG) reporter mouse. In mT/mG reporter mice, Cre mediated excision
causes a permanent switch from expression of plasma membrane targeted dTomato to
plasma membrane targeted eGFP (Muzumdar et al., 2007). The dual labeling of both non-
cre expressing cells (red fluorescence) and Cre expressing cells (green fluorescence) not
only permits clear distinction of Cre tracing via fluorescent microscopy, it also facilitates cre
tracing of SVF cell populations via flow cytometry. Analysis of adipose depots from Cdh5-
cre:mT/mG mice produced results that conflicted with data from the LacZ tracing, as all
adipocytes and previously characterized adipocyte precursor populations in all major WAT
and brown adipose depots remained dTomato+ and eGFP-, while vasculature and isolated
CD31+ endothelial cells clearly expressed eGFP due to expression of cre-recombinase from
the Cdh5 promoter. This result was found both for adipocytes generated during normal
development and in diet induced obesity (DIO). These results from Cdh5-cretracing,
coupled with similar findings in another endothelial-driven Cre-recombinase model, the
Tie2-cre mouse, indicate that adipocytes are not derived from cells of the vascular
endothelium during development or early onset obesity (Berry and Rodeheffer, 2013). Both
of the mature endothelial cell markers Cdh5 and Tie2 are initially expressed in angioblasts
during embryonic vasculogenesis, and new endothelial cells are derived from mature
endothelial cells during angiogenesis (Ferguson et al., 2005). Thus, the lack of mature
adipocyte labeling in Cdh5-cre and Tie2-cre mice suggests that the close relationship
between angiogenesis and adipogenesis in WAT does not result from regulation of a
common progenitor, but is instead restricted to paracrine crosstalk between adipocyte
lineage cells and vascular cells (Fukumura et al., 2003) to maintain proper vascularization
and WAT morphology.

The hematopoietic lineage has also been proposed as a potential source of mature adipocytes
(McCollough, 1944). Studies that followed the fate of transplanted bone marrow cells and
genetically labeled myeloid-lineage cells found that up to 25% of mature adipocytes isolated
through fractionation of whole WAT come from the hematopoietic lineage under certain
conditions (Crossno et al., 2006; Majka et al., 2010; Majka et al., 2012). These studies also
demonstrated that the floating myeloid lineage-derived cells were negative for macrophage
markers, such as CD11b, and positive for the adipocyte markers perilipin and adiponectin.
They also demonstrated that WAT was luminescent in HFD-fed mice that received bone
marrow transplants from aP2-Cre;LSL-Luciferase mice (Majka et al., 2012). However, in a
separate study, in situ analysis demonstrated that WAT-resident bone marrow transplant-
derived cells expressed multiple macrophage markers and did not express markers of mature
adipocytes (Koh et al., 2007). This study also showed that the bone marrow derived cells
formed classic crown-like structures, indicative of macrophages responding to adipocyte
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death. Similar results were found in non-injury conditions by Vavl-Cre lineage tracing of
hematopoietic stem cell-derived populations (Berry and Rodeheffer, 2013). The data from
the different groups are contradictory with regard to the ability of the hematopoietic lineage
to contribute to mature adipocytes. However, the case for a hematopoietic origin of mature
adipocytes is largely based on the identification of hematopoetic lineage derived cells in the
floating WAT fraction, which is often contaminated with macrophages (Tchoukalova et al.,
2012). Furthermore, the additional evidence for a hematopoietic origin of adipocytes used
the aP2-cre model, which has been shown to drive cre expression directly in macrophages
as well as mature adipocytes (Mao et al., 2009).

Although adipocytes are not normally of endothelial or hematopoetic origin, cells with the
morphology of differentiating preadipocytes are found to reside within the vascular
compartment (Cinti et al., 1984; Wassermann, 1926). Additionally, vascular associated
PPARYy-expressing cells have been shown to express the pericyte (mural cell) markers
PdgfRB, NG2 and aSMA (Tang et al., 2008). These observations have led to the hypothesis
that a subpopulation of pericytes are adipocyte precursors (Cinti et al., 1984). In support of
this theory, whole WAT depots stain positive for -galactosidase expression in PdgfR4-
cre:R26R-LacZ mice and PDGFRp+ cells can form adipocytes when transplanted into mice
(Tang et al., 2008). The possibility that a subpopulation of pericytes function as adipocyte
precursors is appealing given that the well-characterized interplay between pericytes and
endothelial cells during vascular growth is consistent with the close relationship between
vascular growth and adipogenesis in vivo (Fukumura et al., 2003; Rupnick et al., 2002).

Platelet-derived growth factor receptor alpha, PdgfRa, has also been implicated in the
adipocyte lineage as it is expressed by adipogenic stromal cells from muscle and craniofacial
adipose tissue that share several cell surface markers of CD24+ and CD24- adipocyte
precursors (Joe et al., 2010; Lemos et al., 2012). Using PdgfRa-cre:mT/mG mice we showed
that all adipocytes in all major WAT depots are derived from PdgfRa expressing precursors
(Berry and Rodeheffer, 2013). This result supports the model for adipogenesis presented
above as the CD24+ adipocyte progenitor cells and CD24- preadipocytes are the only
adipogenic SVF populations that express PdgfRa (Berry and Rodeheffer, 2013).
Additionally, WAT resident PdgfRa expressing cells have recently been shown to
proliferate and differentiate into brown-like adipocytes in response to 3-3 adrenergic agonist
treatment and white adipocytes in response to high fat diet feeding (Lee et al., 2012). Taken
together, these results indicate that mature adipocytes are derived from the CD24+ and
CD24- adipocyte precursors in the formation, maintenance, expansion and remodeling of
WAT. However, the tracing of mature adipocytes by PdgfRa does not inform on their
developmental origin as PdgfRa is expressed in adipocyte precursors (Berry and
Rodeheffer, 2013). Therefore the precise origin of white adipocytes remains
uncharacterized.

of Mouse Models for Genetic Manipulation of Adipocyte
Cells

The studies detailed above implicate PPAR)~tTA, PdgfRA-cre, and PdgfRa-cre mice as
candidate models for genetic targeting of adipocyte precursor cells in vivo. However, each of
these models has inherent limitations. Primarily, none of these models are capable of
specifically targeting adipocyte precursor cells. The PPAR)~tTA model lacks specificity as
the tTA cassette was knocked into exon 2 of the PPARy locus, which is shared by at least
two isoforms of PPARy (PPARy1 and PPARY?2) that are generated through alternative
splicing (Tang et al., 2008; Tontonoz et al., 1994; Zhu et al., 1995). Although PPARY2 is
expressed specifically in adipose tissue (Tontonoz et al., 1994), PPARY1 is expressed in
many cell types, including macrophages, colon epithelium, liver, heart, and adipose
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(Hevener et al., 2007). This lack of specificity limits the interpretation of adipocyte
precursor cell function and localization using this model. Furthermore, Ppar y knock-in mice
are heterozygous for Ppar y. As Ppar y heterozygosity is known to produce adipose
phenotypes (Miles et al., 2000), data obtained from these mice need to be confirmed in wild
type backgrounds.

Both PdgfRa-cre and PdgfRA-cre mouse lines are also complicated by non-specificity.
While PdgfRg is a well-characterized marker of pericytes, it is only expressed on a subset of
pericytes. More importantly, PdgfR#+ pericytes are not specific to WAT as they are found
throughout the body and have been well characterized as important neurovascular regulatory
cells (Dore-Duffy, 2008). Through flow cytometry analysis of PdgfRa-cre:mT/mG mice, we
found that PdgfRa-cre labels small populations of CD45+ and CD31+ cells in WAT (Berry
and Rodeheffer, 2013). PdgfRa is also known to label glial lineage cells in the brain and
retina (Rivers et al., 2008). Finally, the use of any model for genetic manipulation of
adipocyte precursor cells must take into consideration that cells with similar cell surface
marker profiles and functions have been located in brown adipose tissue (BAT) (Sanchez-
Gurmaches et al., 2012), skeletal muscle (Birbrair et al., 2013; Joe et al., 2010; Uezumi et
al., 2010), skin (Festa et al., 2011), and bone marrow (Morikawa et al., 2009) (Table 1).

The lack of specificity of these genetic models complicates the targeting of white adipocyte
precursor cells and highlights that care must be taken in interpreting studies performed with
these genetic models. It is possible that estrogen responsive versions of PdgfR-cre mice,
such as the recently published PdgfRa-ERCre mouse model may allow for less disruptive
genetic manipulation (Lee et al., 2012). However, given the known effects of estrogen on
WAT (Mattsson and Olsson, 2007), experiments involving tamoxifen have to be carefully
considered. By using adipocyte precursor targeting models (PdgfRa-cre, PdgfRa-ERCre) in
conjunction with mouse models specifically labeling mature adipocytes (Adiponectin-cre)
(Eguchi et al., 2011), it will theoretically be possible to distinguish whether observed
phenotypes are the result of gene function within adipocyte precursors or mature adipocytes.
While the recent advances in tools and methodologies will surely prompt a variety of
directed studies of in vivo adipogenesis, interpretation of data must consider possible
limitations of the models that are used to study adipocyte precursor function in vivo.

Beige Adipocyte Formation

Although the majority of WAT mass is composed of classical lipid storing white adipocytes,
studies have shown that increasing sympathetic tone through chronic cold exposure (Cousin
et al., 1992) or direct stimulation of B3-adrenergic receptors via agonist treatment (Ghorbani
and Himms-Hagen, 1997) results in the presence of lipolytic, multi-locular adipocytes
within classical WAT depots in rodents. Due to their morphological and functional
similarities to classical brown adipocytes and their location within WAT depots, these cells
have been termed ‘beige’ or ‘brite’ adipocytes. Since genetic manipulations resulting in
large increases in the number of beige adipocytes within WAT have been shown to protect
against the development of obesity (Seale et al., 2011), beiging of WAT may be a potential
treatment for obesity. However, the mechanisms of beige adipocyte formation are an area of
current debate.

The two proposed mechanisms of beige adipocyte formation are trans-differentiation of
mature white adipocytes to acquire a multi-locular lipolytic phenotype and de novo
formation of beige adipocytes from adipocyte precursor cells (Lee and Cowan, 2013). A
recent study using Ucpl-CreER:tdRFP (Ucpl-Tracer) mice to induce permanent fluorescent
labeling of beige adipocytes provided evidence for the trans-differentiation of mature
adipocytes. This study showed that labeling of beige adipocytes only during cold treatment
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resulted in RFP+ adipocytes expressing white adipocyte genes after several weeks of
recovery. A second round of chronic cold treatment without re-labeling resulted in the
presence of RFP+ beige adipocytes (Rosenwald et al., 2013). These experiments indicate
that beige adipocytes can trans-differentiate to take on a white phenotype and that
‘whitened’ beige adipocytes can re-acquire their beige phenotype under beiging conditions.
A separate study utilizing the AdipoChaser mouse concluded that the majority of beige
adipocytes arise from de novo differentiation of adipocyte precursors. In these experiments,
mature adipocytes in the AdipoChaser mice were permanently labeled prior to challenge
with either cold exposure or p3-adrenergic receptor agonist treatment. Analysis of WAT
depots revealed that most newly formed beige adipocytes were not labeled and were
therefore not the result of trans-differentiation of previously labeled mature white adipocytes
(Wang et al., 2013). While the latter study did not directly follow the differentiation of
adipocyte precursors into beige adipocytes, transplantation studies have shown that FACS-
isolated PDGFRa+ adipocyte precursors are capable of forming both white adipocytes in
response to HFD and brown adipocytes in response to B3-adrenergic receptor agonist
treatment (Lee et al., 2012), further supporting the model of de novo beige adipocyte
formation from adipocyte precursors.

A major question that has yet to be addressed regarding the de novo formation of beige
adipocytes is whether these cells arise from identical or distinct populations of PdgfRa
expressing precursors residing within WAT. Tracing of mature WAT using Myf5-cre, which
labels brown adipocytes (Seale et al., 2008), has revealed that a subpopulation of white
adipocytes are also traced by this promoter (Sanchez-Gurmaches et al., 2012). This led to
the hypothesis that beige adipocytes arise from Myf5-cre traced adipocyte precursors.
However, 33-adrenergic receptor agonist treatment does not selectively increase the number
of Myf5-cre traced adipocyte precursors in WAT (Sanchez-Gurmaches et al., 2012).
Additionally, adipocytes derived from the differentiation of non-Myf5-cre traced precursors
displayed gene expression profiles more similar to brown and beige cells than adipocytes
derived from Myf5-cre traced precursors (Shan et al., 2013). While these results indicate that
Myf5 does not distinguish a population of beige adipocyte precursors, it is unclear if there is
a dedicated population of beige adipocyte precursors for which markers have yet to be
identified, or if the white adipocyte precursors described above are bi-potent, capable of
giving rise to beige and white adipocytes.

Conclusions

In the last 100 years, the field of adipose tissue biology has transitioned from gross
observation of WAT and molecular characterization of adipogenesis in vitro to the
identification and characterization of in vivo adipocyte lineage cells. This process has
provided a wealth of knowledge about the temporal and cellular mechanisms of WAT
accumulation. However, a lack of directed methodologies and genetic tools has limited our
ability to definitively determine the WAT-intrinsic mechanisms that regulate adipocyte size
and number in vivo. With the advent of new experimental models and the application of
methodologies to the field of adipose tissue biology, we now have the opportunity to study
the WAT-intrinsic molecular mechanisms regulating WAT mass in vivo.

While future studies will identify more specific markers of in vivo adipocyte precursors, the
contributions of many groups over the last few decades have provided thorough
characterization of many pro- and anti-adipogenic pathways regulating in vitro adipogenesis.
The application of genetic mouse models now allows for the study of these pathways during
WAT growth and remodeling in vivo. As the depot and cellular mechanisms of WAT
accumulation greatly affect the pathogenesis of obesity, the study of WAT expansion in vivo
has the potential to identify novel therapeutic targets for obesity. This would not only
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improve the health of those suffering from obesity and obesity associated pathologies, but
would also alleviate the economic burden that is a result of this disease.
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Lipid Plasma Membrane Nuclei

Figure 1. Identification of mature adipocyte nuclei in situ

Images of whole mounted white adipose tissue. The lipid is stained with LipidTox (green),
the plasma membrane with Cell Mask Orange (red), and the nuclei with DAPI (blue). Most
nuclei in WAT are in close proximity to lipid droplets. Therefore accurate identification of
adipocyte nuclei (white arrowheads) from non-adipocyte nuclei (yellow arrowheads)
requires staining of the plasma membrane. Nuclei that are not separated from the lipid
droplets by a plasma membrane are the mature adipocyte nuclei. Scale bars = 25pm.
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Figure 2. A model of in vivo adipogenesis

A schematic representation of the adipocyte cellular lineage is shown. The defined lineage,
cell surface, and transcriptional markers for each cell type are shown below each listed cell
type. Positive markers are shown in blue while negative markers are shown in gold. The
question marks highlight that it is currently unclear if the adipocyte progenitor population
contains self-renewing adipocyte stem cells or if the adipocyte progenitors are repopulated
by another, unidentified population of adipocyte stem cells in adults.
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Figure 3. Adipocyte progenitorsin WAT depots
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CD24+ adipocyte progenitor cells are a distinct population of WAT resident stromal cells.
Shown are dot plots of the Lin-:CD29+:CD34+ cell populations from the indicated depots.
The cells are present in levels as high at 2% in adult SWAT depots. Cells with an identical
cell surface marker profile are present in VWAT depots, but are less abundant (peri-gonadal

WAT (GWAT) is shown).
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Table 1
Cell surface markersof WAT resident adipocyte precursors and adipogenic cell
populations found in other murine tissues

Tissue Positive Negative

CD34%5, Scall4, PdgfRa23, CD29%2, | CD31%-5, CD45%5, Ter11914,
White Adipose | PdgfRB*°, ADecorin®, CD44% NG24, CD105'4, CD117%%, Mac1*
gp383, VCAM13, CD24" 13

Brown Adipose® | CD34, Scal, CD29 CD31, CD45
CD3479, Scal’9, PdgrRa’-?, PdgfRp®®, | CD317-9, CD457, a7-Integrin’8,
Skeletal Muscle | ~nog8 NG25, CDOOE, CD146° CD1178, SM/C-2.68
Skin10 CD34, Scal, CD29, CD24" CD31, CD45
Bone Marrow!! | Scal, PdgfRa CD45, Ter119

References for Table 1: 1. (Rodeheffer et al., 2008) 2. (Berry and Rodeheffer, 2013) 3. (Bénézech et al., 2012) 4. (Tang et al., 2008) 5. (Daquinag
etal., 2011) 6. (Sanchez-Gurmaches et al., 2012) 7. (Joe et al., 2009) 8. (Uezumi et al., 2010) 9. (Birbrair et al., 2013) 10. (Festa et al., 2011) 11.
(Morikawa et al., 2009).

*

CD24 is expressed by adipogenic cells in embryonic WAT, but is only expressed by the early adipocyte progenitors in adulthood, when they
represent of rare subset of the adipocyte precursors.
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