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Abstract

The global incidence of obesity and its comorbidities continues to rise along with a demand for
novel therapeutic interventions. Brown adipose tissue (BAT) is attracting attention as a therapeutic
target because of its presence in adult humans and high capacity to dissipate energy as heat, and
thus burn excess calories, when stimulated. Another potential avenue for therapeutic intervention
is to induce, within white adipose tissue (WAT), the formation of brown-like adipocytes called
brite (brown-like-in-white) or beige adipocytes. However, understanding how to harness the
potential of these thermogenic cells requires a deep understanding of their developmental origins
and regulation. Recent cell labeling and lineage tracing experiments are beginning to shed light on
this emerging area of adipocyte biology. Here, we review adipocyte development giving particular
attention to thermogenic adipocytes.
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New frontiers in adipose tissue biology

Great progress is being made towards understanding the role of adipose tissue in metabolic
health largely driven by the obesity pandemic. It is now clear that in addition to its primary
role in energy storage white adipose tissue (WAT) is a central controller of glucose and lipid
homeostasis that communicates locally and with distant tissues through complex metabolite
and protein based signals. It is also clear that different WAT depots and even adipocytes
within the same depot can have quite different functional properties. One example is the
higher risk for metabolic disease associated with excess visceral fat compared to
subcutaneous fat. A more recent addition to the broad discussion of adipose tissue in health
and disease is the role of brown adipose tissue (BAT). Interest in brown fat has been
reinvigorated by recent descriptions of adult human BAT, its positive correlation with
metabolic health, and prospects of harnessing properties of energy expenditure in brown fat

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sanchez-Gurmaches et al. Page 2

as a therapeutic approach for obesity. Understanding the mechanisms linking these diverse
types of adipose tissue to metabolic health is critical to fighting metabolic disease, diabetes,
cardiovascular disease and even some cancers.

Central to understanding adipose tissue diversity is its developmental origins, which remains
one of the least understood aspects of adipose tissue biology. However, it is an area that has
seen tremendous interest and progress in the last few years. Defining adipocyte origins
could: i. help explain the variable fat distribution patterns seen in the human population,
particularly in obese or lipodystrophic individuals; ii. provide clues to the metabolic
differences between some fat depots; iii. reveal the identity of adipocyte precursor cells and
the mechanisms that promote or block their expansion; and iv. offer insight into strategies to
engineer the development of specific types of adipocytes (such as brown adipocytes) for
cell-based therapies aimed at fighting fat with fat. Below we discuss the different classes of
adipocytes and current opinions and controversies regarding their origins. We aim to provide
a framework for future investigations in this important, expanding and exciting area of
research.

Types of Adipocytes

Brown Adipocytes

Many features of brown adipocytes distinguish them from energy-storing white adipocytes
including more abundant mitochondria, the presence of many small lipid droplets, and high
expression of uncoupling protein 1 (UCP1) [Figure 1A]. UCP1 is an inner mitochondrial
membrane protein that when active uncouples the mitochondrial respiratory chain from ATP
production to dissipate heat—a process called non-shivering thermogenesis [1]. In un-
stimulated brown adipocytes, UCP1 is thought to be inactive due in part to the inhibitory
action of purine nucleotides (ATP or GDP) [2, 3]. In response to cold stress, adrenergic
stimuli like noradrenaline activate G-protein coupled -adrenergic receptors. This stimulates
cyclic-AMP/PKA signaling to increase UCP1 expression and trigger lipolysis, which
liberates fatty acids that both bind and activate UCP1 and provide fuel for thermogenesis [2—
5]. Active BAT also imports glucose and fatty acids to provide additional fuel for sustained
thermogenesis [6, 7]. Exactly how BAT coordinates fuel selection and usage under different
physiological states remains incompletely understood. Whether BAT has critical functions
beyond thermal regulation is also not clear although BAT can secrete adipokines such as
IL6, FGF21 and chemerin [8, 9]. Although these adipokines are not BAT specific it suggests
that BAT might have additional endocrine functions.

In humans and mice, brown adipocytes concentrate in discrete depots strategically clustered
in regions with high blood flow. The largest depots in mice are in the inter-scapular, sub-
scapular and cervical regions [Figure 1B] [10-12]. Smaller depots are present at the hilum of
the kidney and around the aorta [10, 13]. Post-mortem analysis of adult humans originally
revealed human BAT deposits around the carotid artery, aorta, and subscapular region [Box
1]. Surprisingly however, the existence of adult human BAT was largely ignored until
recently when 18FDG PET-CT analysis of glucose uptake was used to image human BAT
deposits [14-25]. These studies collectively revealed the widespread existence of BAT in
humans and an inverse correlation between BAT amount and BMI (body mass index). This
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ignited interest in the prospect of therapeutically increasing BAT activity to fight obesity.
The extent to which BAT amount varies in the population remains unclear but should be
clarified as new tracer methods are developed [26].

Box 1
Do humans have brown or brite fat?

Until recently it was widely assumed that adult humans lack significant brown fat
deposits. This view changed in 2007 when the Cannon and Nedergaard lab reported that
some adult human fat exhibits BAT characteristics [20]. Several labs later confirmed
these findings [21-24, 84], thereby inspiring the idea that activating thermogenic fat in
humans could be a strategy to fight obesity [14-19]. In fact, administration of a $3-
adrenergic agonist to humans increases BAT glucose uptake and increases resting
metabolic rate by 13% [85]. A question currently under debate is whether humans have
classic brown or brite/beige fat. Importantly, because humans typically live in
thermoneutral conditions, the distinction between “brown” and “brite” may be difficult to
make [See also Figure 1C]. Thus, understanding both brown and brite adipocyte biology
in mice (the only genetic model currently available) is of equal interest at present.

Human infants have a large interscapular BAT depot that shares both molecular and
functional features with brown adipocytes in rodents indicating that newborn humans
have classic brown fat [86]. In humans, interscapular BAT disappears with age. In adults,
thermogenic adipocytes concentrate in smaller cervical, supraclavicular, paravertebral
depots [Figure 1]. Some groups conclude that adult human BAT depots are composed of
brite/beige adipocytes, based on marker genes that express selectively in murine beige/
brite adipocytes [71, 87, 88]. Other groups propose that thermogenic adipocytes isolated
from the deep neck and supraclavicular region most closely resemble classic murine
brown fat but that some brite-like adipocytes might also be present [89-91]. Collectively,
these studies suggest heterogeneity in the prevalence of human brown and brite
adipocytes that varies with anatomical location and other inter-subject variations such as
gender, age, and genetics. Importantly, studies of human BAT origin often rely on gene
expression signatures using markers identified in mice. However, whether these markers
are informative in humans is unclear and only a few—2jc (brown), Cd137, Epstid,
Tbx1, TmemZ26 (brite/beige) and 7¢721 (white)—have been carefully validated [10].
Because murine brown fat appears similar to white/brite fat in mice living in their
thermoneutral zone [See Figure 1C] it may be informative to revisit gene expression
comparisons between human and murine fat using samples isolated from mice living
without thermal stress.
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Figure I.
The distribution of brown adipose tissues in human adults (left) and infants (right)

BAT can expand both by increasing cell number (hyperplasia) and cell size (hypertrophy).
Hypertrophic growth is largely mediated by changes in intracellular lipid content. For
example, brown adipocytes in mice living without thermal stress (i.e. in their thermoneutral
zone) are less metabolically active and therefore accumulate lipids in a single large
unilocular lipid droplet. Under these conditions, brown adipocytes appear characteristically
more similar to that of a classic white adipocyte [Figure 1C]. In contrast, the brown
adipocytes in mice living at standard mouse facility temperatures (e.g. ~22°C), a temperature
in which mice are cold-stressed, have the familiar multi-locular lipid droplet morphology
[Figure 1C]. This morphology is exaggerated at more extreme cold temperatures [Figure
1C]. In response to high caloric (fat) diets or increasing age, brown adipocytes also become
characteristically more like white adipocytes, increasing their intracellular lipid content and
overall size [27, 28]. Although cold exposure reduces brown adipocyte size by triggering
lipolysis and p-oxidation, prolonged cold exposure also increases total BAT mass by
triggering the proliferation and differentiation of brown adipocyte precursors, thereby
increasing the number of brown adipocytes [29-31].

White Adipocytes

White adipocytes, the most abundant type of adipocyte, contain a single large lipid droplet
and mostly concentrate in discrete depots [Figure 1B]. White adipocytes primarily function
to store fuel and release adipokines such as leptin and adiponectin that regulate systemic
energy homeostasis. WAT expansion (e.g. in obesity) also protects organs like muscle and
liver from lipotoxicity [32]. The major WAT depots are generally distinguished anatomically
as being subcutaneous or visceral, with excess of the latter being linked to metabolic disease
while excess of the former being protective [33, 34]. Why subcutaneous and visceral fats
have seemingly opposing metabolic properties is incompletely understood. The largest
subcutaneous (sc) depots in mice are the anterior, interscapular, and posterior inguinal
SCWATS. The largest visceral depots are the perigonadal, mesenteric, and retroperitoneal
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WATSs. Most studies focus on the inguinal sScWAT and perigonadal visceral WAT in male
mice as representative depots and thus the distinctions between subcutaneous and visceral
are often oversimplified. WAT can also expand by increasing in size or number though the
mechanism varies depending upon the depot and stimulus [35].

Brite/Beige Adipocytes

Considerable attention has recently shifted to understanding a potential third class of
adipocyte known as a “brite” (brown-like-in-white) or “beige” adipocyte [Figure 1A] [36,
37]. As the brite nomenclature implies, these are brown-like adipocytes (i.e. multilocular and
UCP1*) that appear within certain white fat depots (those in the inguinal SCWAT being the
most studied) when the body experiences cold stress. When un-stimulated, brite adipocytes
appear characteristically similar to white adipocytes [Figure 1C]. Although it is widely
argued that brite adipocytes in SWAT are completely different from the white adipocytes
they reside with, it has been suggested that the entire inguinal SCWAT depot may be a brite
adipocyte organ [38, 39].

The formation of brite adipocytes (or remodeling of SCWAT) in response to cold is called the
“browning” of WAT. Browning is also associated with cancer cachexia and severe burns
[40-42]. 1t is generally accepted that brite adipocytes are distinct from classic brown
adipocytes, but that their primary function is also to generate heat to help maintain body
temperature. This is supported by studies showing that individual active brown and brite
adipocytes express similar levels of UCP1 mRNA [43]. However, in cold acclimated mice
the total amount of UCP1 in whole inguinal WAT is still much lower than that of whole BAT
indicating that the bulk of thermogenesis still occurs in BAT [44]. Multiple reports also
indicate that the presence of brite adipocytes positively affects whole body glucose
regulation, which has important implications in treating type 2 diabetes [45]

Although the model that WAT browning evolved to maintain body temperature seems
intuitive, an alternative possibility is that browning occurs secondary to a change in the
intracellular metabolic environment. For example, browning associates with physiological
states characterized by increased systemic energy demand (e.g. cold stress; exercise). As
high sympathetic activity increases lipolysis in WAT to meet those systemic demands,
intracellular fatty acid availability also rises imposing a significant metabolic stress on the
small number of mitochondria in white adipocytes [46], which could trigger UCP1-mediated
uncoupling. This could also explain why browning is observed in cancer cachexia and
burning. Brite cells might also produce specific adipokines although this requires further
investigations [Box 2].

Box 2
Temperature matters for metabolic studies

Therapeutics that can enhance thermogenesis may be useful in fighting obesity. Several
agents and genetic models have been proposed to improve metabolism by inducing
thermogenesis [45]. However, several criteria need to be considered when interpreting
these results [38]. First, non-shivering thermogenesis and UCP1 expression (brown and
brite) is linked to ambient temperature and most studies perform experiments at 22°C,
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well below the thermoneutral zone for mice, which is between 29-31°C [92]. At 22°C,
mice are cold stressed and have an approximately 50% higher metabolic rate and
consume more food than at thermoneutrality [92]. To accurately assess the effect of a
thermogenic agent, metabolic experiments should be performed at thermoneutral
temperatures to ensure that any non-shivering thermogenesis and improved metabolic
performance is due only to the treatment. Moreover, thermogenic agents may indirectly
cause cold stress and browning, for example by affecting insulation via the alteration of
fur density or dermal adipocyte layering [38].

Case in point: FGF21 is a cytokine secreted by brown and white fat and liver that
profoundly affects metabolism by significantly improving glucose homeostasis. In
various studies FGF21 induces browning, leading to the model that increased
thermogenesis is at least partially causing its beneficial effects [93-95]. However, when
mice living at thermoneutrality or genetically ucpI-deficient are treated with FGF21, the
same beneficial metabolic effects are observed in the absence of WAT browning or UCP1
induction [47, 96], suggesting that neither brite adipocytes nor non-shivering
thermogenesis are required for the beneficial effects of FGF21. However, these results
may depend on the conditions used (e.g. lean versus obese mice) [97]. Importantly, the
influences of temperature are also beginning to be recognized in other fields [98-100]
suggesting that housing mice at current standard laboratory conditions may actually
compromise the ability to model certain human diseases.

The distinction between brown, white, and brite adipocytes is based largely on depot
morphology and gene expression analysis of whole depots isolated from cold-stressed
rodents (e.g. housed at 22°C). However, using whole depots rather than purified adipocytes
may mask the gene expression changes most relevant to the metabolic state of each cell type
because mature adipocytes comprise only a fraction of the total cells in fat depots. Moreover,
when mice are housed under thermoneutral conditions (e.g. 30°C) in which thermal stress is
eliminated, classic brown adipocytes appear unilocular and have a more WAT-like gene
expression signature [Figure 1C][27, 47] further blurring the adipocyte color spectrum. As
temperature progressively decreases, classic BAT depots are activated first (e.g. at 22°C),
followed by the appearance of brite adipocytes in the SCWAT at colder temperatures,
suggesting that both BAT and scWAT have similar remodeling capacity and that they
respond in a hierarchical manner in response to cold [38]. Perigonadal visceral WAT (at least
in C57BI6 mice) is largely resistant to browning under these conditions [Figure 1C]. The
ability of rodent brown adipocytes to switch between unilocular and multilocular states is
relevant to the study of human thermogenic adipocytes because it is under debate as to
whether humans possess brown or brite adipocytes [Box 1]. For example, comparisons are
often made between human brown fat and the brite/beige adipocytes in SCWAT; however, the
BAT of mice living at thermoneutral conditions, which is more similar to scCWAT, may be a
better comparison.

Tissue Resident Adipocyte Progenitors

All defined adipose tissue depots appear to have a pool of adipocyte progenitor cells that
reside in the stromal vascular fraction and can be enriched for by fluorescence activated cell
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sorting (FACS) [48-51]. Several groups have developed slightly varied cell surface marker
profiles useful for isolating adipocyte progenitor cells. They often include the positive
selection markers PDGFRa, CD34, Scal, CD29 and CD24, and negative selection markers
CD31, Terl119 and CD45. Prefl (Preadipocyte factor 1) also expresses in adipocyte
precursors and is a trans-membrane protein suggesting it might also be useful for isolating
adipocyte progenitors [52]. Similar protocols can also be used to isolate human adipogenic
precursor cells for study and for cell-based therapies. However, with the exception of CD24,
these markers label a large fraction of the total SVF population and it remains unclear
whether they capture the true adipocyte progenitor pool. Moreover, most of the markers do
not have obvious functional roles in adipocyte development, nor are they informative about
the developmental origins of adipocytes. Therefore, in vivo lineage tracing has been adopted
to understand developmental origins [Box 3].

Box 3
Lineage tracing tools and technical considerations

For typical Cre/Lox-based lineage tracing, Cre is expressed under control of a cell/tissue-
specific promoter to indelibly activate a reporter gene—usually a Lox-Stop-Lox
fluorescent or LacZ reporter—that is used to track the fate of the original Cre-expressing
cell. Although this is currently the gold standard for lineage tracing in mice [101], there
are important caveats to consider when designing and interpreting such studies,
particularly for adipocytes. Mature adipocytes contain little cytoplasm and are composed
primarily of triacylglycerol. Having such little cytoplasm reduces the resolution of
cytoplasmic reporters, such as LacZ or GFP. LacZ has an additional caveat of relying on
indirect staining for imaging in which the XGal precipitate can “drift” from the cellular
region in which it is generated, often clumping with lipid droplets where it is not
expressed. Membrane targeted fluorescent reporters (such as the membrane targeted
eGFP, tdTomato, and mTmG reporters) seem to be preferred tools for labeling precursor
and mature adipocytes because they concentrate at the plasma membrane and can
faithfully resolve individual adipocytes. These reporters are also useful for single cell
purification experiments [29, 48, 58, 67, 102]. For example, in the dual fluorescent
reporter system called the “LoxP-membrane targeted tdTomato-LoxP-membrane targeted
GFP” or mTmG reporter, any cell expressing Cre and its descendants are indelibly
labeled with membrane targeted GFP; all other cells are labeled with membrane targeted
tdTomato.

There are also several considerations concerning the Cre driver. First, Cre activity is
strictly a measure of promoter activity not of the gene product that the promoter normally
encodes. The use of knock-in Cre drivers is ideal because Cre is under control of the
endogenous promoter, while transgenic Cre drivers are more susceptible to influences by
the genomic region in which they integrate. Second, while a constitutive Cre often has
high recombination efficiency, it cannot be turned off, making it difficult to determine
when and where Cre first expresses in a particular lineage. These caveats also apply to
transgenic reporters (e.g. when a promoter is coupled to GFP and inserted into randomly
into the genome). The use of tamoxifen or doxycycline inducible Cre systems can
circumvent concerns with constitutive expression by allowing for transient labeling and
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subsequent tracking of the original labeled cells. In this approach, all existing mature
adipocytes can be labeled tdTomato* following a short tamoxifen-treatment; therefore, if
new adipocytes formed after tamoxifen washout they should be tdTomatonegative,
However, efficiency relies on penetration of the inducer. Moreover, tamoxifen may
remain present in adipose tissue after the washout period and it has transient toxic effects
on fat [77]. Doxycycline, by contrast, can affect mitochondrial function and is toxic to
gut microbiota [103]. In sum, Cre-Lox based lineage tracing is a powerful method for
tracking cell fate but should be interpreted cautiously.

Brown Adipocyte Development

Due to clear differences in metabolism and anatomical distribution it seemed empirically
evident that brown adipocytes originate from a cellular lineage distinct from all white
adipocytes. Early evidence supporting this model came from lineage tracing experiments in
which embryonic mesenchymal precursor cells expressing the transcription factor Engrailed
1 (En1) were found to give rise to interscapular brown adipocytes, skeletal muscles, and
dermis [53, 54]. Gene expression profiling studies further revealed that brown preadipocytes
isolated from the stromal vascular fraction of the interscapular BAT depot have a signature
more similar to skeletal muscles than to stromal vascular fraction cells from pgWAT,
including expression of myf5and myoD (which encode muscle differentiation factors) [55].
The independent lineage model of brown and white adipocyte development seemed
incontrovertible following a lineage tracing study reporting that interscapular brown
adipocytes and skeletal muscles but no inguinal or perigonadal white adipocytes were
labeled by the Myf5-Cre knock-in allele [Box 3] [56]. Similar results were subsequently
reported with Pax7-Cre [57] and it rapidly became widely assumed that brown adipocytes
share a common myr5* and pax7* precursor cell with muscle while white adipocytes arise
from a different lineage.

The independent myf5* lineage model of brown and white adipocyte origins was elegant in
its simplicity; however, recent studies indicate the situation is more complex. Genetic studies
of BAT using the same Myf5-Cre knock-in allele observe targeting in the interscapular and
anterior SCWATS as well as the retroperitoneal WAT, depots not examined in earlier studies
[27, 49, 58-63] [Figure 2A]. To comprehensively map the Myf5-Cre labeling pattern, Myf5-
Cre was combined with a dual fluorescent reporter called the “LoxP-membrane targeted
tdTomato-LoxP-membrane targeted GFP” or mTmG reporter, which is particularly useful
for labeling adipocytes [Box 3] [50, 58, 64]. These studies confirm that white unilocular
adipocytes in the anterior SCWAT, interscapular sSCWAT, and retroperitoneal WAT also
originate from Myf5-Cre expressing precursors. This approach also revealed that many
brown adipocytes do not have a history of Myf5-Cre expression [58]. Indeed only about half
of the adipocytes in cervical BAT are marked with Myf5-Cre, and no brown adipocytes in
the periaortic or perirenal BAT depots are labeled, while all brown adipocytes in the
interscapular and subscapular depots are labeled [58]. Similar observations in both BAT and
WAT were made with a Pax3-Cre knock-in driver (Pax3 is muscle transcription factor) [58]
[Figure 2A].
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Collectively, these studies suggest distinct pools of brown and white adipocytes descend
from embryonic En1*, Pax3* and Myf5* mesenchymal precursor cells [Figure 2B]. Being
that these factors express early in embryonic development, it is likely that they express in
multipotent precursors prior to adipocyte commitment. Notably however, the
aforementioned studies cannot determine when these Cre drivers first express in adipocyte
lineages, or exclude the possibility that Myf5/Pax3-Cre labeled brown and white adipocytes
descend from different precursor cell pools that independently express them [Box 2].
Nevertheless, the evidence argues that there is likely more than one origin of both brown and
white adipocytes, and that a lineage marker unique to only brown adipocyte precursors
remains elusive.

Subcutaneous White and Brite (or Beige) Adipocyte Development

The unique browning capacity of scWAT [Figure 1C] raises several questions. Why do
SCWATS possess a higher capacity for browning than visceral pgWAT in response to cold?
Avre brite adipocytes a unique class of adipocytes that masquerade in SCWAT as unilocular
white adipocytes and acquire thermogenic properties only when stimulated; or rather do they
arise de novo from precursor cells following stimulation? Do brite adipocytes originate from
a unique lineage, different from that of both brown and white adipocytes? Can all white
adipocytes become brite if appropriately stimulated? There are no definitive answers yet to
these questions and the emerging picture suggests they are likely complex and multifactorial.

Is there a brite/beige adipocyte lineage?—Myf5/Pax3-Cre lineage tracing
experiments indicate that brite adipocytes in the inguinal sScWAT do not arise from a Myf5/
Pax3 lineage [49, 56, 58]. However, most brite adipocytes in the anterior SCWAT and
retroperitoneal WAT are positively marked with Myf5-Cre and Pax3-Cre [58]. Thus,
previous expression of Myf5-Cre and Pax3-Cre is not a distinguishing factor between brown
and brite adipocyte origin. Transient labeling with the PDGFRa-CreER T2 driver led to the
description of a bipotential progenitor cell residing in visceral WAT that could give rise to
brite adipocytes in response to $3-adrenergic stimulation. However, later lineage tracing
experiments could not confirm these findings, negating PDGFRa™ expression as a potential
distinguishing feature of a brite adipocyte lineage [30, 48, 65].

The Paired Related Homeobox transcription factor 1 Cre (Prx1-Cre) transgene, which
expresses in the early embryonic limb bud mesenchyme [66], is highly selective at labeling
the pre- and mature adipocytes only in inguinal and anterior SCWAT and not in visceral white
or brown fat depots [Figure 2A][67, 68]. Consistent with its selective labeling of SCWAT,
conditional deletiion the SHP-2 phosphatase, a key adipogenic factor, with Prx1-Cre resulted
in mice that lack subcutaneous fat [69, 70]. In response to f3-adrenergic receptor agonist
(CL316,243) treatment, all multilocular adipocytes that arise in the posterior subcutaneous
WAT also arise from a Prx1-Cre expressing cell. Thus, Prx1-Cre labeling, while selective for
SCWAT, does not distinguish between nascent brite adipocytes and existing white adipocytes.
Prx1-Cre may express in an early precursor pool that gives rise to both subcutaneous brite
and white adipocytes in addition to chondrocytes and osteoblasts. However, Prx1-Cre could
also express in separate precursor pools that give rise to these different cell types.
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Presently, the strongest evidence favoring the existence of a brite adipocyte lineage comes
from clonal cell isolation studies. In these studies, adipogenic precursor cell lines were
generated from the stromal vascular fraction of inguinal WAT and found to have different
propensity to express either brite/beige or white adipocyte specific markers (such as ucpl)
upon differentiation in culture [71]. However, definitive existence of a brite/beige lineage
still awaits confirmation by in vivo lineage tracing.

Brite adipocytes reportedly possess a smooth muscle cell like gene expression profile not
observed in brown adipocytes [43]. However, after two weeks at 4°C, constitutive and
inducible Cre drivers under the control of the Myh11 promoter (a selective marker smooth
muscle-like cells) labeled approximately 10% of the brite adipocytes in inguinal SCWAT.
Thus, a subset of brite adipocytes may originate from smooth muscle-like cells, but Myh11
is neither a universal nor dominant marker of a brite adipocyte lineage [43].

One candidate marker, though not a specific marker, for a committed brite adipocyte
precursor, is the Ebf2 transcription factor [50]. Ebf2 is highly expressed in early brown
adipogenic cells isolated from embryos based on positive Myf5-Cre labeling and PDGFRa
expression. Ebf2 also regulates the expression of thermogenic genes in mature brown
adipocytes [72]. Inducing WAT browning in mice via cold exposure increased the expression
of Ebf2 in a subpopulation of ScWAT stromal vascular fraction cells that also express
PDGFRa [50]. Moreover, while all of the PDGFRa™ precursor cells in SCWAT are
adipogenic in vitro, only those expressing Ebf2 are capable of displaying a brown fat gene
expression signature. Thus, £b672may be an early functional marker of both brown and brite
preadipocytes.

How do brite/beige adipocytes develop?—How brite adipocytes form is currently
under debate. Most published studies favor a model in which brite adipocytes in the SCWAT,
regardless of whether they originate from a unique lineage or not, normally arise from
preexisting unilocular/UCP1"%tive adipocytes. Fine imaging by light and electron
microscopy, DNA content analysis, and BrdU labeling studies in cold exposed or 33-
adrenergic receptor stimulated rodents support the hypothesis that brite adipocytes originate
from preexisting white adipocytes—a process we refer to here as “inter-conversion” though
it has also been referred to as “transdifferentiation” [30, 37, 65, 73-76].

One group tested the inter-conversion model in mice using a Cre-based cell labeling strategy
[29]. The authors in this study generated a “UCP1-tracer” mouse model that can label cells
currently expressing UCP1 as well as marked cells that had previously but no longer
expressed UCP1 (i.e. former brite adipocytes) with different reporters. The study found that
following an initial cold challenge, which induces UCP1* brite adipocytes, returning mice to
room temperature transforms the nascent brite adipocytes into UCP1"e9ative ynilocular white
adipocytes. More importantly, 75% of the cells that induce UCP1 and become multilocular
upon a second cold acclimation originate from the former brite adipocyte population. These
results provide strong evidence that brite adipocytes that have turned white have a “memory
of their former self and can rapidly interconvert between a unilocular/UCP1Megative white and
multilocular/UCP1* brown adipocyte-like states. This strategy however cannot determine
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how brite adipocytes arose in the first cold acclimation (e.g. by inter-conversion or de novo
from precursor cells).

Using a different Cre-based labeling strategy, a second study observed that brite adipocytes
forming in scWAT do not arise from PDGFRa* precursor cells or incorporate the
proliferation marker BrdU during their formation [30]. This led the authors to conclude that
brite adipocytes must arise from existing unilocular adipocytes. To test this directly, the
authors inducibly marked mature adipocytes (i.e. by combining the inducible Adipog-
CreERT2 driver with the ROSA26-tdTomato reporter mice [Box 3]) to determine whether
nascent brite adipocytes retained the label after tamoxifen washout. The study found that all
multilocular/UCP1* adipocytes induced by cold or CL316,243 after tamoxifen washout
retained the tdTomato* label. The combination of these results supports the hypothesis that
brite adipocytes in SCWAT arise by inter-conversion from existing unilocular adipocytes.
Similar observations were made using the mTmG reporter [30].

Despite strong evidence favoring inter-conversion, data equally as strong suggests the
alternative possibility that brite adipocytes originate de novo from precursors. For example,
another study employing a doxycycline-inducible Cre system to permanently label all
mature adipocytes (coined the AdipoChaser mouse) reported that most brite/beige
adipocytes arise de novo following a 3-day cold exposure or CL316,243 treatment [35].
Similar findings were noted using the mTmG reporter [77]. In the AdipoChaser mouse,
several nascent brite/beige adipocytes are also LacZ*, suggesting brite/beige adipocytes
might form both by de novo adipogenesis and inter-conversion in this model. Alternatively,
the reporter could be leaky.

The reason for these different conclusions is puzzling. One proposed explanation is that
detectable levels of tamoxifen remain in the adipose tissue several days after washout and
that the CreER T2 protein remains in the nucleus of white adipocytes weeks after treatment,
which would compromise the ability to use this approach to transiently label cells [77, 78].
However, this does not seem to impact the ability to shut off CreERT2 in BAT after
tamoxifen washout, nor after 6 weeks in the SCWAT [29, 30]. Another possibility is that the
mechanism of browning could depend on whether the mice were previously cold stressed
(e.g. in neonatal and/or early juvenile development). If this occurred, then some existing
white adipocytes could be former brite adipocytes and therefore rapidly interconvert upon
cold exposure. In contrast, mice that never had brite adipocytes might generate them ade novo
[29]. Another hypothesis is that a predetermined brite adipocyte lineage may give rise to
white-like unilocular adipocytes that reside alongside non-thermogenic white adipocytes
waiting for the appropriate stimulus. Further experiments are clearly required to test these
hypotheses. Notably, a discussion largely missing from the debate is the role of the
sympathetic nervous system and the vasculature. This should be further investigated.

Interestingly, de novo adipogenesis of UCP1Me9ative cel|s occurs in pgWAT following cold
exposure [35, 65] suggesting cold-induced preadipocyte activation in WAT is not specific to
brite cells. Why new visceral white adipocytes form is presently unknown.
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Visceral White Adipocyte Development

Although perigonadal WAT is largely resistant to browning induced by cold [Figure 1B]; the
retroperitoneal WAT (rWAT) displays different metabolic characteristics. For instance, the
capacity of rWAT to induce UCP1 and become multilocular after cold or CL316,263
treatment is quite high, on par with that of inguinal SCWAT [49]. Interestingly, all of the
mature white adipocytes in the rWAT of young (6 week old) mice are derived from Myf5-
and Pax3-expressing precursors [58], suggesting they originate in the paraxial mesoderm
along with most brown adipocytes and anterior WATS. With age, however, Myf5/Pax3-
lineage®9ative adipocytes increase in abundance in the rWAT, suggesting that two
populations of adipocytes, one of embryonic origin and one derived from adult precursor
cells, may contribute to this depot [58]. In addition, Pax3-Cre marked precursor cells, but
not those labeled with Myf5-Cre, also constitute about half of the adipocytes in the pgWAT
of male but not female mice, providing one of the first indications of a gender variation in
origins [58]. Whether there is functional relevance to this observation is unclear and there is
no correlation between Pax3-Cre labeling in male pgWAT and browning [58, 62].
Mesenteric WAT is completely Myf5 and Pax3 negative [58].

Some visceral white adipocytes in all major visceral depots (perigonadal, mesenteric,
omental, retroperitoneal, and perirenal) derive from precursor cells in the lateral plate
mesoderm that express the Wilm’s tumor (Wt1) gene promoter (ranging from 28% in the
mesenteric WAT to 77% in the perigonadal WAT) as determined by Wt1-Cre and Wt1-
CreERT? lineage tracing [Figure 2A] [79]. Interestingly, no subcutaneous white or brown
adipocytes arise from Wt1-Cre expressing precursors. Furthermore, a Wt1-GFP transgene is
expressed in a population of visceral CD34*Scal™ stromal vascular fraction that are enriched
for adipogenic progenitors suggesting Wt1 might also function in visceral adipocyte
development [79]. Wt1 precursors are multipotent, generating testicles, ovaries, kidneys,
spleen, adrenal glands, the mesothelial layer of visceral organs, and endothelial cells [79,
80]. Thus, a lineage marker that specifically labels all visceral white adipocytes has not been
identified. The picture emerging suggests that visceral adipocytes might have multiple
origins.

Concluding Remarks

One goal going forward is to determine when lineages become adipocyte committed and the
key determining factors (see also Outstanding Questions). Importantly, elucidating how
different adipocyte precursor pools sense and respond to environmental, nutritional, and
hormonal cues may be equally if not more crucial to understanding the adaptability of
adipose tissue. For example, external factors in the microenvironment could be major drivers
of adipocyte precursor identity and fate. Regardless, identifying fate determinants could lead
to therapeutic strategies that selectively expand or activate favorable adipocyte lineages
(such as brown or brite adipocytes). A major advance would be the definitive identification
of a true (human and rodent) adipocyte stem cell and genetic tools such as Cre drivers that
can be used in mice to selectively target them. Regarding the latter, a step in this direction is
the finding that Prx1-Cre and Wt1-Cre can selectively target subcutaneous and visceral
white preadipocytes respectively. However, in each case non-adipocyte lineages are also
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targeted. Whether markers truly unique to brown, white, and brite adipocyte precursors can
be identified remains to be seen. Human adipocyte precursor cells are also abundantly
available through minimally invasive procedures. Defining them may have implications for
cell-based therapies.

Outstanding questions

» Ishuman BAT a good target for an anti-obesity therapy? Now that it is clear
that adult humans have BAT, finding therapeutic strategies to increase BAT mass
and/or activity to burn excess energy is an exciting goal. But it remains unclear
if selectively activating human BAT is safely achievable, would be comfortably
tolerated, and is attractive pharmaceutically.

* What are all the lineages that give rise to brown and white adipocytes and
when is adipocyte identity determined? Adipocyte development is complex.
New tools and strategies will be important to determine when lineages become
committed into adipocytes.

»  Which features of murine adipose tissue development and function are
conserved in humans? The analysis of different kinds of adipocytes in mice is
providing new insight and molecular markers of adipocyte origins and identity;
however, many of these discoveries await validation in humans.

» Does developmental origin impact adult adipose tissue distribution and
function? What determines the set point for an individuals fat distribution
pattern is not known but could be influenced by where specific depots originate
from, as well as the adjacent tissues with which they develop.

e What is the primary evolutionary function of WAT browning? Conventional
wisdom favors thermogenesis; but whether WAT browning evolved to fight cold
temperature or whether this is the primary function of BAT - and WAT browning
has another purpose - is not clear.

e Are brite adipocytes definable by a distinct lineage, or do other cues
establish which adipocytes become thermogenic?

» Do brite adipocytes arise by transdifferentiation, de novo from precursors,
or both?

*  What other functions do adipocytes have, particularly those in less studied
locations such as the bone marrow and skin?

The study of adipocyte development is a relatively new area and the ideal tools and
techniques are still being devised. In addition, there are many, less studied depots for which
interest is rapidly growing [Box 4]. The emerging picture is that adipocyte development is
complex, with adipocytes likely having multiple developmental origins. It is noteworthy that
many lipodystrophy disorders are often characterized by selective adipose tissue atrophy
sometimes in combination with compensatory overgrowth in other depots [81], possibly
reflecting different origins. Adding to this complexity, emerging evidence also suggests
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neonatal/juvenile adipogenesis may be mechanistically different from adipogenesis in adults
[82, 83]. Characterizing adipocyte development is essential to understanding obesity and
those most at risk for obesity-related complications, as well as the set point determinants for
white versus brown or brite fat abundance, for which the depot distribution is highly variable
in the human population. Although recent years have seen great progress in understanding
adipose tissue development, we are just scratching the surface of everything that is to come.

Box 4
Other Adipocytes of Emerging Interest
Head adipocytes

Significant fat deposits exist in the head that contribute to facial shape and insulation. A
subset of these adipocytes originates from neural crest cells as indicated by lineage
tracing with Sox10-Cre* and Wnt1-Cre* [104, 105]. Subsets of muscles, cartilage, and
bones in the head also derive from neural crest derivatives, suggesting that some neural
crest precursors undergo an epithelial to mesenchymal transition to make key structural
components of the head [106]. Whether facial adipocytes have other functions is not
clear.

Skin adipocytes

Adipocytes exist in the skin layered between the dermis and panniculus carnosus, called
dermal white adipose tissue (AWAT). Emerging evidence suggests these adipocytes
regulate the hair follicle cycle, function as a barrier against infection, and contribute to
wound healing and thermo-insulation [107-110]. It has been calculated that dermal
adipocytes may represent 7% of body fat in women [111]. Skin adipocytes appear to
originate from a distinct subset of fibroblasts residing in the lower dermis that are also
marked by DIk1/Pref1-CreERT2 at E16.5 [112].

Intramuscular adipocytes

These adipocytes are highly abundant particularly in humans where they are interspersed
in limb muscles between the muscle cells. Their function is not clear, though their
presence correlates with insulin resistance and type 2 diabetes [113-115]. In mice, these
adipocytes appear to originate from PDGFRa*, Myf5-Crenedative and pax3-Crenegative
precursors suggesting they do not share a common precursor with skeletal muscle [51,
116].

Bone Marrow Adipocytes

Marrow adipose tissue (MAT) is thought to function as a support matrix for bone marrow
components and its relative amount may be related to fracture risk [117, 118]. Emerging
studies suggest multiple functional types of MAT exist (called constitutive and regulated
MAT) that differs in timing of adipocyte appearance, lipid composition, genetic
determinants and gene expression [119]. MAT is Myf5-Crenedative and \/ay1-Crenegative,
which labels hematopoietic stem cells [120]. Moreover, only about half of the marrow
adipocytes are marked with PDGFRa-Cre in contrast to all other adipocyte pools that
have been examined using this Cre [48, 120]. Marrow adipocytes but no others are
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labeled with Osx1-Cre (Osx1 is a transcription factor essential for osteoblast
differentiation) supporting their emergence from an embryonic precursor pool shared

Wi

th bone [120, 121].
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Trends Box

The developmental origins of adipose tissue and the mechanisms controlling its
expansion are just beginning to be revealed. Although the tools and techniques
used to study adipocyte development still need refinement, the emerging picture
is that adipocyte development is complex. Brown, brite (or beige) and white
adipocytes may have multiple developmental origins.

In addition to giving rise to brown adipocytes and skeletal muscle cells,
precursor cells expressing the Myf5 promoter also give rise to some white/brite
adipocytes.

It is currently under debate as to whether subcutaneous brite/beige adipocytes
arise by inter-conversion or transdifferentiation from certain existing mature
adipocytes, or de novo from precursors, and strong evidence supports both
models.

Whether brown or brite/beige adipocytes are more prevalent in adult humans is
also unclear. Emerging data suggests heterogeneity dependent upon multiple
factors.
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Figure 1. The Anatomy of adipose tissue and its plasticity in response to temperature
(A) General morphological and functional differences between brown, brite/beige and white

adipocytes. (B) Anatomical distribution of major adipose tissue depots. iBAT: interscapular
BAT; sBAT: subscapular BAT; cBAT: cervical BAT: asWAT: anterior subcutaneous WAT;
ingWAT: inguinal WAT; mWAT: mesenteric WAT; rWAT: retroperitoneal WAT; pgWAT:
perigonadal WAT. The peritoneum is represented by a dotted line (C) Brown and scWAT
remodeling in 13-week old male C57BI/6 mice is temperature sensitive. In mice living in
their thermoneutral zone (~30°C for 4 weeks), brown adipocytes appear characteristically
like white adipocytes, as shown here by H&E staining. At standard mouse housing
temperatures (~22°C), BAT assumes its familiar “active” appearance. At significantly colder
temperatures (progressively decreasing form 22 to 6°C in a period of 4 weeks), SCWAT
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remodels, and appears characteristically more like BAT in mice living in standard housing
conditions. Perigonadal visceral WAT is largely resistant to temperature-induced
remodeling.
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Figure 2. Current models depicting the developmental origins of adipocytes based on in vivo
lineage tracing/cell labeling studies

(A) Representation of Pax3-Cre, Myf5-Cre, Prx1-Cre, and Wt1-Cre labeling of mature
adipocytes in young mice. It should be noted that Cre-labeling is only a measure of promoter
activity. Although it is often assumed that Cre activity mirrors expression of the gene
product controlled by that promoter [See Box 3]. (B) Lineage model depicting the origin of
skeletal muscle, most brown adipocytes, and many white adipocytes from a common Myf5/
Pax3* multipotent precursor cell. It is alternatively possible that multiple lineages
independently express Myf5/Pax3. Lipid droplets in both brown and white adipocytes can
appear unilocular or multilocular depending upon the temperature. (C) Lineage model
depicting subcutaneous white and brite adipocyte origins. It remains unclear if and when
white and brite lineages diverge, and whether the primary mechanism of brite adipocyte
formation is by de novo adipogenesis from precursors or by inter-conversion from existing
mature adipocytes.
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