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A mesodermal fate map for adipose tissue
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ABSTRACT
The embryonic origin of distinct fat depots and the role for ontogeny in
specifying the functional differences among adipocyte lineages
between and within depots is unclear. Using a Cre/Lox-based
strategy to track the fate of major mesodermal subcompartments in
mice we present evidence that <50% of interscapular brown
adipocytes are derived from progenitors of the central
dermomyotome. Furthermore, we demonstrate that depot-specific
adipocyte lineages spatially diverge as early as gastrulation, and
that perigonadal adipocytes arise from separate mesodermal
subcompartments in males and females. Last, we show adipocyte
precursors (APs) of distinct lineages within the same depot exhibit
indistinguishable responses to a high fat diet, indicating that
ontogenetic differences between APs do not necessarily correspond
to functional differences in this context. Altogether, these findings
shed light on adipose tissue patterning and suggest that the behavior
of adipocyte lineage cells is not strictly determined by developmental
history.
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Mesoderm

INTRODUCTION
Appropriate developmental patterning of adipose tissue results in a
stereotyped anatomical configuration of white and brown fat
depots. The main white adipose tissue (WAT) depots are
positioned within the abdominal cavity (i.e. viscerally) and
subcutaneously around the hips and thighs, whereas brown
adipose tissue (BAT) is predominately constrained to
interscapular and thoracic regions of the body (Cypess et al.,
2009; de Jong et al., 2015; Lee et al., 2013; Nedergaard et al.,
2007; Shen et al., 2003). The primary role of WAT is to store
energy in the form of triglycerides, whereas BAT metabolizes fatty
acids, producing heat (Cannon and Nedergaard, 2004; Rosen and
Spiegelman, 2014). Proper WAT and BAT function depends on
constituent endothelial, hematopoietic and fibrotic cell populations
(Khan et al., 2009; Marcelin et al., 2017; Rupnick et al., 2002; Xu
et al., 2003). However, the defining feature and essential unit of all
adipose tissue is the adipocyte. These ‘fat cells’ are known to arise
from depot-resident adipocyte precursors (APs) in adults (Berry
and Rodeheffer, 2013; Rodeheffer et al., 2008), yet the embryonic

progenitor pools from which depot-specific adipocyte lineages
originate are not clear.

Early studies suggested that brown adipocytes arise from
progenitors residing in the central dermomyotome, a
subcompartment of somites that makes important contributions
to the dorsal dermis and epaxial muscle (Atit et al., 2006; Lepper
and Fan, 2010; Seale et al., 2008). From these data it was inferred
that BAT and WAT are derived from completely distinct
embryonic progenitor pools. However, the tracing systems
leveraged to make these conclusions used cytoplasmic markers,
which have since been shown to be ineffective for labeling
adipocytes (Jeffery et al., 2014; Sanchez-Gurmaches et al., 2016).
More recent data, gathered using membrane-targeted fluorescent
markers coupled to the Myf5- and Pax3-Cre drivers (Lang et al.,
2005; Tallquist et al., 2000), indicate that several major BAT
depots and, surprisingly, WAT depots share a common origin in
the somites (Sanchez-Gurmaches and Guertin, 2014). Despite this
progress, the particular regions within the somites from which
these depots arise, and the lineage hierarchy of the progenitors
involved, remain undetermined.

A similar strategy with the inducible WT1-CreERT2 driver (Zhou
et al., 2008) was used to show that the visceral, but not
subcutaneous, adipocyte lineage arises from embryonic
mesothelial cells, which line organs of the abdominal cavity late
in gestation (Chau et al., 2014). In a complementary study, the
subcutaneous adipocyte lineage was selectively labeled when limb
bud mesenchyme was traced by Prx1-Cre (Logan et al., 2002;
Sanchez-Gurmaches et al., 2015). Taken together, these
observations indicate that visceral and subcutaneous adipocyte
lineages are segregated by late embryogenesis. However, to identify
the time period and embryonic subdomain in which this lineage
bifurcation takes place, tracing from earlier time points is required.

Here, we use a somite-specific driver, Meox1-Cre (Jukkola et al.,
2005), to show that white and brown adipocyte lineages that
populate dorso-axial depots, along with a major proportion of the
male perigonadal lineage, are derived from somitic mesoderm. We
show that a subpopulation of interscapular white and brown
adipocytes arise from Pax7+ progenitors, and integrate this
observation with data from previous reports to argue that the
epaxial dermomyotome, not the central dermomyotome, is the
major source for interscapular adipocytes. We use constitutive and
inducible Cre/Lox systems to track the fate of posterior lateral plate
mesoderm from the time of its formation during gastrulation, and
show that, with the exception of the male perigonadal depot,
visceral and subcutaneous adipocytes are derived from this tissue.
Furthermore, we present evidence that APs of distinct ontogenies
within the male perigonadal depot respond equivocally to a high fat
diet (HFD) stimulus, despite clear positionally dependent responses
along the anterior-posterior axis of the depot. Finally, we propose a
unified model to describe adipocyte lineage relationships between
and within depots and suggest that the depot microenvironment, and
not merely developmental history, is an important regulator of
adipocyte lineage cell function.Received 20 April 2018; Accepted 30 June 2018
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RESULTS
Tracing mesoderms of the whole somite, central
dermomyotome and posterior lateral plate
Upon completion of gastrulation the mesodermal germ layer takes
on a compartmentalized architecture, with the somites and lateral
plates comprising the bulk of the tissue. Somites are paired blocks of
progenitor cells that form in parallel tracks along the anterior-
posterior axis of the embryo and give rise predominately to
vertebrae and muscle, as well as a subset of dermis (Atit et al., 2006;
Brent and Tabin, 2002; Buckingham et al., 2003). The central
dermomyotome is contained within somitic mesoderm and is
known to contribute to dermal and epaxial muscle lineages, but not
vertebral lineages (Atit et al., 2006; Lepper and Fan, 2010). Lateral
plate mesoderm is not physically associated with somites and forms
as two bilaterally symmetrical sac-like structures (Fig. 1A). These
eventually generate, among other things, the serous membranes that
line body cavities, the spleen and the cardiovascular system (Brand,
2003; Thors and Drukker, 1997; Tribioli and Lufkin, 1999).
In order to distinguish the mesodermal subcompartments from

which different adipose depots arise, we first selected two Cre driver
strains, Meox1-Cre and HoxB6-Cre, with mesodermal expression
domains largely restricted to the somites (Jukkola et al., 2005) and

lateral plates (Lowe et al., 2000), respectively. Moreover, it has been
reported that interscapular brown adipocytes originate from Pax7+

progenitors in the central dermomyotome (Lepper and Fan, 2010).
However, that study used a cytoplasmicmarker and did not trace BAT
postembryonically, when adipocytes fill with lipid and become
morphologically distinguishable from stromal cells. In contrast, we
chose to perform lineage-tracing experiments into adulthood with a
Pax7-Cre knock-in that recapitulates the endogenous expression
pattern of the Pax7 gene without disrupting Pax7 function (Keller
et al., 2004). In all experiments, we coupled the designated Cre
recombinase with the mTmG reporter, which is highly effective in
labeling adipocytes (Berry and Rodeheffer, 2013; Jeffery et al., 2014;
Sanchez-Gurmaches and Guertin, 2014; Sanchez-Gurmaches et al.,
2016). Briefly, the mTmG cassette tandemly encodes membrane-
localized tdTomato (mTomato) and membrane-localized GFP
(mGFP) elements. In every cell in which Cre recombinase is active,
the tdTomato element is excised, thereby permitting expression of the
GFP element; this indelibly switches the affected cell and its progeny
from a red to a green fluorescent signature (Muzumdar et al., 2007).

To validate the reported mesodermal expression domains for
these Cre lines, we harvested several tissues known to be derived
from either the somites or lateral plates from adult Meox1-Cre:

Fig. 1. Fate-mapping mesodermal
subcompartments using the Cre/
Lox system. (A) Cre drivers used in
this study and the unique
mesodermal subcompartments in
which they are active. (B,D,F) Tracing
of somite-derived tissues (triceps and
tibialis anterior) in the Meox1-Cre:
mTmG system (B), in the Pax7-Cre:
mTmG system (D) and in the HoxB6-
Cre:mTmG system (F).
(C,E,G) Tracing of anterior lateral
plate (heart) and posterior lateral
plate (spleen) derived tissue in the
Meox1-Cre:mTmG system (C), in the
Pax7-Cre:mTmG system (E) and in
the HoxB6-Cre:mTmG system (G).
Data are from males and females
aged 4-10 weeks of age. Scale bar:
100 µm. Green, traced cells; red,
untraced cells.
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mTmG (somite), Pax7-Cre:mTmG (central dermomyotome and
myotome) and HoxB6-Cre:mTmG (lateral plate) animals. As
expected, Meox1-Cre tracing strongly marked the somite-derived
triceps and tibialis anterior muscles in mGFP but not the spleen or
heart, which arise from lateral plate mesoderm (Fig. 1B,C). The
mesodermal expression domain for the Pax7 gene extends from the
central dermomyotome to the myotome in the embryo, ultimately
being constrained to satellite cells in the adult (Relaix et al., 2005;
Seale et al., 2000). As expected, Pax7-Cre tracing mirrors that of
Meox1-Cre in these tissues (Fig. 1D,E). Thus, the Meox1-Cre:
mTmG and Pax7-Cre:mTmG tracing systems label overlapping cell
populations in the somites and derivatives thereof, but not lateral
plate cells and their derivatives. HoxB6-Cre tracing did not
appreciably label either skeletal muscles or the heart, but did
strongly label the spleen in mGFP (Fig. 1F,G). The heart is derived
from the anterior portion of the lateral plates (cardiac mesoderm)
whereas the spleen is derived from the posterior portion (Brand,
2003; Onimaru et al., 2011; Roberts et al., 1994; Tribioli and Lufkin,
1999). Therefore, the HoxB6-Cre:mTmG system effectively labels
posterior lateral plate mesoderm (PLPM) and its derivatives, but not
cardiac mesoderm or the somites and their derivatives.

Central dermomyotome contributes to a small subset of
somite-derived adipocytes
After confirming that predicted adult tissues are labeled according to
the reported mesodermal expression domains for Meox1-Cre,
HoxB6-Cre and Pax7-Cre in our models, we applied these tools
to better understand the developmental relationships among
adipocyte lineages that populate major adipose depots. In all
conditions, whole adipose tissue was imaged by confocal
microscopy and adipocytes designated as either mGFP+ or
mTomato+ using ImageJ software (Schindelin et al., 2015;
Schneider et al., 2012). In Meox1-Cre:mTmG animals, major
dorso-axial depots (i.e. retroperitoneal WAT, interscapular WAT
and interscapular BAT) were labeled with mGFP, ranging from 85.9
to 96.2% of adipocytes, depending on the depot (Fig. 2A-C,
Fig. S5A). In contrast, virtually no adipocytes were traced in
adipose depots positioned more peripherally and ventrally in the
body (Fig. 2D-G, Fig. S5A). A striking exception, however, is the
male perigonadal adipose depot, in which 59.5% of adipocytes are
mGFP+. In females, only 4.2% of adipocytes display mGFP
fluorescence, indicating that the somites significantly contribute to
the male, but not female, perigonadal adipocyte lineage.
Interestingly, the Meox1-Cre tracing pattern of adipose tissue is
very similar to the reported pattern for Pax3-Cre, from strong
labeling of dorso-axial depots to the sexually dimorphic labeling of
adipocytes in perigonadal fat (Sanchez-Gurmaches and Guertin,
2014). As Pax3 expression overlaps with Meox1 in the
dermomyotome of somites (Relaix et al., 2005), these data
suggest that the mGFP+ adipocytes in these tracing systems
originate from progenitors in the dermomyotome.
Unlike Meox1 and Pax3, which are broadly expressed in the

dermomyotome, Pax7 expression is restricted to progenitors in the
central dermomyotome (Relaix et al., 2005). In the Pax7-Cre:mTmG
tracing system, <50% of adipocytes were labeled in interscapular
white and brown depots (Fig. 3A,B, Fig. S5B) with no labeling in
other depots examined (Fig. 3C-G, Fig. S5B). As previous findings
indicated that Pax7+ progenitors contributed to all brown adipocytes
present in late-stage embryos (Lepper and Fan, 2010), it is possible
that two distinct progenitor pools exist for brown adipocytes: one for
establishing the depot during organogenesis (Pax7+) and one that
infiltrates the depot and maintains the adipocyte lineage thereafter

(Pax7−) (Jiang et al., 2014). If this were the case, we would predict a
high percentage of brown adipocytes to be mGFP+ perinatally, with
a gradual decreasewith age. To test this possibility, we compared the
percentage of mGFP+ brown adipocytes in 1- to 2-day-old pups with
that observed in adults. We found no difference between these
groups in adipocyte labeling or AP labeling, indicating that Pax7+

embryonic progenitors contribute equally to the establishment and
maintenance of the brown adipocyte population (Fig. S1A,B). From
these data, we also suggest that a minority of interscapular white and

Fig. 2. Dorso-axial adipocytes and male perigonadal adipocytes
predominately arise from somitic mesoderm. (A-G) Images and
quantification of Meox1-Cre:mTmG reporter in interscapular brown adipose
tissue (inscBAT) (A), interscapular white adipose tissue (inscWAT)
(B), retroperitoneal white adipose tissue (rWAT) (C), triceps white adipose
tissue (triWAT) (D), inguinal white adipose tissue (ingWAT) (E), mesenteric
white adipose tissue (mWAT) (F), perigonadal white adipose tissue (pgWAT)
(G). n=6-8, depending on the depot. Data are from males aged 4-6 weeks
and from females aged 5-6 weeks. For each image, the boxed area is shown in
black and white for the red (top) and green (bottom) channels. Error bars
represent s.e.m. Scale bar: 100 µm.
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brown adipocytes arise from progenitors that reside in the central
dermomyotome,with the rest being derived from a separate region of
the dermomyotome.

PLPM contributes to subcutaneous and visceral adipocyte
lineages
Because several adipose depots were untraced in the Meox1-Cre
system, we determined whether adipocytes also arise from PLPM

with the HoxB6-Cre:mTmG model. Indeed, we found remarkable
complementarity in the tracing patterns for the Meox1-Cre:mTmG
and HoxB6-Cre:mTmG systems, with all depots being reciprocally
labeled between them. HoxB6-Cre tracing showed virtually
complete labeling of adipocytes in the inguinal subcutaneous
depot, as well as in the mesenteric depot, in both males and
females (Fig. 4D-F, Fig. S5C), indicating that these visceral and
subcutaneousWAT depots share a common developmental origin in
the PLPM. The perigonadal depot again showed dramatic sexually
dimorphic labeling, with 99.8% of adipocytes in females being
mGFP+, whereas in males a mere 5.3%were mGFP+ (Fig. 4G). This
indicates that the female perigonadal adipocyte lineage arises from
PLPM, but that in males, PLPM contributes only minimally to these
cells. These data are consistent with previous findings showing that
a substantial proportion of visceral adipocytes, but not
subcutaneous adipocytes, are derived from WT1+ progenitors
between embryonic day (E) 14.5 and E16.5 (Chau et al., 2014).
From these observations it was proposed that most visceral
adipocytes arise from lateral plate mesoderm, with a possible
contribution from intermediate mesoderm (Chau et al., 2014).
However, by E14.5 the lateral plate mesoderm and intermediate
mesoderm no longer exist (Diez-Roux et al., 2011), and their roles
as tissues-of-origin can only be inferred. Furthermore, WT1-tracing
was unable to inform an ontogeny for subcutaneous adipocytes and
was performed exclusively in male mice, preventing the
identification of sexual dimorphism among adipocyte lineages.

To test whether adipocytes traced in the HoxB6-Cre:mTmG
system arise from bona fide gastrulation-stage PLPM, we used a
tamoxifen-inducible tracing system (HoxB6-CreERT:mTmG) to
perform a pulse-chase experiment, in which we transiently induced
Cre activity at E8.5, the time at which PLPM takes on its
characteristic sac-like architecture (Lowe et al., 2000; Nguyen
et al., 2009). At 4-6 weeks of age, adipose depots were harvested
and analyzed for mGFP+/mTomato+ adipocytes. We observed an
overall reduction in mGFP+ cells in the inducible HoxB6-CreERT

system compared with the constitutive HoxB6-Cre system (Figs 4
and 5), which is likely due to the abbreviated window of Cre activity
(∼12 h) in the inducible system (Nakamura et al., 2006).
Interestingly, the reduction in labeling was proportionally greater
in the depot directly overlying the tricep (triWAT) relative to the
other depots (Fig. 4D-G and 5D-G). As no tracing is observed in
adipose tissue when tamoxifen is administered to adult HoxB6-
CreERT:mTmG animals (Fig. S6A-C), this can be explained if
triWAT (an internal, though not visceral, adipose depot) is mainly
derived from the most antero-dorsal domain of PLPM, which
appears not to have appreciable Cre activity in either tracing system
at E8.5 (Lowe et al., 2000; Nguyen et al., 2009). Rather, triWAT
labeling in the constitutive HoxB6-Cre system may be reflective of
later embryonic Cre activity in the limb bud mesenchyme (Lowe
et al., 2000). This would corroborate the pattern of tracing observed
in the Prx1-Cre:mTmG model, in which subcutaneous adipocytes
closest to the forelimb display a greater proportion of Prx1 lineage
tracing than those more dorsally positioned (Sanchez-Gurmaches
et al., 2015). Taken as a whole, these data support the notion that
PLPM establishes adipocyte lineages that populate subcutaneous,
internal and visceral adipose depots.

Anatomical distribution and developmental lineage-
independent activity of APs
In conjunction with adipocyte tracing, we quantified the percentage of
mGFP+/mTomato+ APs residing in each depot by flow cytometry,
according to their cell surfacemarker profile (CD45−, CD31−, CD29+,

Fig. 3. A minority of interscapular white and brown adipocytes originate
in the central dermomyotome. (A-G) Images and quantification of the Pax7-
Cre:mTmG reporter in interscapular brown adipose tissue (inscBAT) (A),
interscapular white adipose tissue (inscWAT) (B), retroperitoneal white
adipose tissue (rWAT) (C), triceps white adipose tissue (triWAT) (D), inguinal
white adipose tissue (ingWAT) (E), mesenteric white adipose tissue (mWAT)
(F), perigonadal white adipose tissue (pgWAT) (G). n=3-7, depending on the
depot. Data are from males aged 4-10 weeks and from females aged
4-9 weeks. For each image, the boxed area is shown in black and white for the
red (top) and green (bottom) channels. Error bars represent s.e.m. Scale bar:
100 µm.
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CD34+, Sca1+ andCD24+/−) (Fig. S2A) (Berry and Rodeheffer, 2013;
Rodeheffer et al., 2008). APs were designated mGFP+ or mTomato+

according to a stringent gating strategy (Fig. S2A) in which cells not
meeting these criteria were designated unlabeled. Notably, double-
positive (mGFP+ and mTomato+) APs were common in the inducible
HoxB6-CreERT:mTmG system, which was likely because of mono-
allelic recombination at the mTmG locus in homozygous animals.
Thus, we included double-positive APs in the mGFP+ count
(Fig. S2B) as the presence of mGFP indicates Cre was active in an
ancestor of those cells.

The depot-specific labeling patterns for APs in respective
tracing systems mirrors patterns observed for adipocytes (Fig. 6),
which indicates that embryonic progenitors from a given
mesodermal subcompartment establish the AP and adipocyte
populations in equal proportions for each adipose depot to which
they contribute. To assess this relationship further, we generated
scatter plots in which mGFP+ adipocytes and mGFP+ APs from
individual animals were plotted on the x- and y-axes, respectively
(Fig. S3). If the percentage of mGFP+ adipocytes and APs are
similar for a particular depot across different animals then data

Fig. 4. Adipocytes populatingmajor ventro-lateral adipose depots share a
common lineage. (A-G) Images and quantification of HoxB6-Cre:mTmG
reporter in interscapular brown adipose tissue (inscBAT) (A), interscapular
white adipose tissue (inscWAT) (B), retroperitoneal white adipose tissue
(rWAT) (C), triceps white adipose tissue (triWAT) (D), inguinal white adipose
tissue (ingWAT) (E), mesenteric white adipose tissue (mWAT) (F), perigonadal
white adipose tissue (pgWAT) (G). n=4-6, depending on the depot. Data are
frommales aged 5 weeks±3 days and from females aged 5-7 weeks. For each
image, the boxed area is shown in black and white for the red (top) and green
(bottom) channels. Error bars represent s.e.m. Scale bar: 100 µm.

Fig. 5. Posterior lateral plate mesoderm establishes ventro-lateral
adipocytes. (A-G) Images and quantification of HoxB6-CreERT:mTmG
reporter in interscapular brown adipose tissue (inscBAT) (A), interscapular
white adipose tissue (inscWAT) (B), retroperitoneal white adipose tissue
(rWAT) (C), triceps white adipose tissue (triWAT) (D), inguinal white adipose
tissue (ingWAT) (E), mesenteric white adipose tissue (mWAT) (F), perigonadal
white adipose tissue (pgWAT) (G). n=3-5, depending on the depot. Data are
frommales aged 5 weeks±2 days and from females aged 4-5 weeks. For each
image, the boxed area is shown in black and white for the red (top) and green
(bottom) channels. Error bars represent s.e.m. Scale bar: 100 µm.
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points will cluster together. If the percentage of mGFP+ adipocytes
and APs are similar in a single animal, but not across different
animals, a linear relationship in data points for a given depot will
be observed. Most depots follow one of these patterns in all tracing
systems (Fig. S3). However, the male perigonadal depot of the
Meox1-Cre:mTmG system stands as a noteworthy exception.
Here, mGFP+ adipocyte populations range from 19.7% to 89%
between animals, whereas the mGFP+ AP population is

consistently around 50% in every animal analyzed (Fig. S3A,
orange). This observation can be explained if two conditions are
met: an unequal distribution of mGFP+ (i.e. somite-derived)
adipocytes exists within the depot and the quantification of
somite-derived adipocytes was unintentionally skewed for each
animal due to non-uniform sampling across the depot.

To test whether somite-derived adipocytes and APs are
differentially distributed in the male perigonadal depot, we

Fig. 6. Lineage tracing patterns for depot-resident APs. (A-D) AP
tracing for seven major adipose depots, according to the gating
strategy shown in Fig. S2A,B: Meox1-Cre:mTmG, in males (n=7-8)
and females (n=6-7) (A), Pax7-Cre:mTmG, in males (n=5-7) and
females (n=3-5) (B), HoxB6-Cre:mTmG, in males (n=4) and females
(n=5-6) (C), HoxB6-CreERT:mTmG, in males (n=4) and females (n=3-
5) (D). Green, mGFP+ APs; red, mTomato+ APs; blue, unlabeled APs.

6

RESEARCH ARTICLE Development (2018) 145, dev166801. doi:10.1242/dev.166801

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/doi/10.1242/dev.166801.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.166801.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.166801.supplemental


divided the depot into tip (anterior), middle, and base (posterior)
and analyzed tracing for each region separately (Fig. 7A,B).
Remarkably, we found a gradient of somite-derived adipocytes
along the depot axis (Fig. 7C). In addition, APs follow the same
pattern along the anterior-posterior axis of the depot, with higher
levels of somite-derived cells in the tip compared with in the base
(Fig. 7D). Adipocyte and AP tracing are concordant in each
region of the depot (Fig. 7E). These data indicate that pooling APs
from the whole depot, as in Fig. 6, masked our ability to detect this
aspect of patterning in the male perigonadal adipocyte lineage.
Given these observations, we next aimed to gauge the relative

contribution of ontogenetic and microenvironmental factors that
control the activity of APs that reside in a single depot, yet are derived
from different developmental lineages. We have previously shown

that male perigonadal APs respond to a HFD by proliferating and
differentiating into adipocytes (Jeffery et al., 2015), but it is unclear
whether this response is biased to a particular AP lineage or region of
the depot. We thus sought to identify whether HFD-induced AP
proliferation is influenced by the developmental origin or intra-depot
location of APs, by quantifying bromodeoxyuridine (BrdU)
incorporation into these AP subpopulations upon HFD stimulus.
Surprisingly, APs from the tip of the depot proliferate more in
response to a HFD compared with those in the base (Fig. 7F).
However, the APs from the somite-derived and non-somite-derived
lineages proliferate at comparable rates throughout the depot
(Fig. 7G), indicating that the regional response of APs to a HFD
within the male perigonadal depot is independent of developmental
origin. Taken together, these data suggest that, under obesogenic

Fig. 7. The tissue microenvironment, not developmental lineage, controls obesogenic AP proliferation in male perigonadal fat. (A) Anatomy of male
perigonadal white adipose tissue (pgWAT) with tip, middle and base indicated. (B) Representative confocal images of tip, middle and base of pgWAT from male
Meox1-Cre:mTmG animals. (C) Quantification of mGFP+/mTomato+ adipocytes in noted regions of male Meox1-Cre:mTmG pgWAT (n=4). (D) Quantification of
mGFP+/mTomato+ APs in noted regions of male Meox1-Cre:mTmG pgWAT (n=3-4). (E) Scatterplot indicating concordant tracing of adipocytes and APs in each
region of male Meox1-Cre:mTmG pgWAT. Each dot represents the percentage of APs and adipocytes that are mGFP+ for the indicated region of the depot in one
animal (n=3-4). As the pgWAT depot exists in a pair, one depot was used for quantifying adipocyte labeling and the other for AP labeling. Significance was
determined using Pearson’s two-tailed correlation analysis. (F) BrdU incorporation into APs of tip, middle and base of male pgWAT after 1 week of HFD (n=5).
(G) BrdU incorporation into somite-derived (mGFP+) and non-somite-derived (mTomato+) APs of male Meox1-Cre:mTmG pgWAT (n=6). Error bars represent
s.e.m. *P<0.05, **P<0.01, ***P<0.001 (unpaired two-tailed Student’s t-test on indicated groups in C,D,F,G, significance determined using mGFP+ cells in C and
D). B, base; HFD, high fat diet; M, mid; NS, not significant; SD, standard diet; SM, somitic mesoderm; T, tip. Scale bar: 100 µm.
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conditions, the adipose tissue microenvironment overrides
developmental origin effects onAP behavior inmale perigonadal fat.

DISCUSSION
Here, we show adipocyte lineage-tracing patterns for several Cre lines
with well-defined mesodermal expression domains, and leverage
obesogenic AP proliferation to gauge functional differences between
distinct AP lineages in the male perigonadal fat depot. We
present evidence that indicates interscapular white and brown
adipocyte lineages arise from somitic mesoderm, but only a

minority of these cells arise from Pax7+ progenitors in the central
dermomyotome. Moreover, we demonstrate complementary labeling
patterns in non-overlapping adipocyte lineages for the Meox1-Cre:
mTmG and HoxB6-Cre:mTmG tracing systems. These data strongly
suggest that both brown and white adipocytes of the dorso-axial
adipocyte lineages, and a large proportion of the male perigonadal
adipocyte lineage, arise from somitic mesoderm and therefore
share a common progenitor pool with muscle, whereas adipocyte
lineages populating other major depots mainly originate from PLPM
(Fig. 8A).

Fig. 8. A mesodermal fate map for adipose tissue. (A) Schematic showing the mesodermal fate map for adipose tissue based on tracing with Meox1-Cre:
mTmG, Pax7-Cre:mTmG and HoxB6-Cre:mTmG systems. Red, somitic mesoderm and derivative adipocyte lineages; yellow, central dermomyotome and
derivative adipocyte lineages; blue, posterior lateral platemesoderm and derivative adipocyte lineages. (B) Schematic showing amodel fatemap for interscapular
adipocyte lineages based on Pax7-Cre:mTmG tracing in this study and Pax3/Myf5-Cre:mTmG tracing by Sanchez-Gurmaches andGuertin (2014). It is proposed
that a subset of Pax3+ progenitors in the epaxial dermomyotome and Pax7/Pax3+ progenitors in the central dermomyotome are fated to the interscapular
adipocyte lineage. These Pax3+ or Pax7/Pax3+ cells acquire Myf5 expression in a Pax3-dependent manner (Sato et al., 2010) and go on to establish
interscapular white and brown adipocytes. (C) Schematic of somite subcompartments. (D) Model lineage hierarchy for interscapular adipocytes based on Pax7-
Cre:mTmG tracing in this study and Pax3/Myf5-Cre:mTmG tracing by Sanchez-Gurmaches and Guertin (2014).
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The finding that Pax7+ progenitors of the central dermomyotome
do not contribute to the majority of the interscapular brown
adipocyte lineage is surprising given the intense staining of BAT
observed by Lepper and Fan (2010) in late-stage Pax7-CreERT2:
lacZ embryos. A possible explanation for this discrepancy is the
use of different reporters (lacZ versus mTmG), as noted previously.
The use of different Cre strains could also contribute to this.
Our group used a constitutive Pax7-Cre knock-in that does not
disrupt endogenous Pax7 function (Keller et al., 2004), whereas
the previous report used a knock-in strain that disrupts the Pax7
locus; animals were therefore heterozygous for a functional Pax7
gene in this tracing paradigm (Lepper and Fan, 2010), which could
potentially alter lineage specification if gene dosage is affected
(Buckingham and Relaix, 2007; Graf and Enver, 2009). Indeed,
similar to our findings here, Atit and colleagues previously cited
unpublished data suggesting that not all BAT arises from
progenitors of the central dermomyotome (Atit et al., 2006).
Meox1-Cre:mTmG lineage tracing in this study, and the previously

published adipocyte fate map for Pax3-Cre:mTmG (Sanchez-
Gurmaches and Guertin, 2014), do, however, strongly suggest a
dermomyotomal origin for cells of the interscapular adipocyte lineage
(including those of the intrascapular WAT depot). In support of this
notion, Myf5-Cre:mTmG tracing largely overlaps with Meox1-Cre
and Pax3-Cre based paradigms, except there is no labeling of male
perigonadal adipocytes in this system (Sanchez-Gurmaches and
Guertin, 2014). It is known that Myf5 is expressed along a
dorsoventral gradient in the dermomyotome, with the strongest
expression occurring in progenitors of the epaxial dermomyotome
(Teboul et al., 2002). Indeed, Pax3 activity precedes, and is required
for,Myf5 expression in the epaxial dermomyotome (Sato et al., 2010).
Taking these observations together, we propose a fate map in which
interscapular brown adipocytes predominately arise from a Pax3+/
Myf5+ lineage originating in the epaxial dermomyotome, with aminor
contribution from progenitors in the central dermomyotome that
express Pax7, Pax3 and Myf5 as they proceed through development
(Fig. 8B-D).
It follows that Meox1Lin+ and Pax3Lin+ adipocytes in the male

perigonadal depot arise from hypaxial dermomyotome, as neither
Pax7 or Myf5 are appreciably expressed in this domain (Fig. 8A,B)
(Lepper and Fan, 2010; Relaix et al., 2005; Sato et al., 2010; Teboul
et al., 2002). Even so, the developmental origin for a significant
proportion (35-40%) of male perigonadal adipocytes remains unclear.
As this depot is tightly associated with the epididymis, it is possible
that these cells are derived from intermediate mesoderm, which is
known to give rise to most organs of the urogenital tract (Davidson,
2009; Torres et al., 1995). However, precise lineage-tracing tools that
specifically mark intermediate mesoderm, and no other mesodermal
subcompartments, will need to be developed in order to determine if
this is the case. Moreover, inducible tracing from E8.5 with the
HoxB6-CreERT:mTmG system clearly demonstrates that several
visceral adipocyte lineages share a common developmental origin in
the PLPM with the inguinal subcutaneous adipocyte lineage. It is not
until later in fetal development, possibly during limb bud formation
between E9.5 and E11.5 (Logan et al., 2002), that visceral (WT1Lin+)
and subcutaneous (Prx1Lin+) adipocyte lineages diverge (Fig. S4)
(Chau et al., 2014; Sanchez-Gurmaches et al., 2015).
Finally, the observation that HFD-induced AP proliferation in

male perigonadal fat is positionally dependent, but not lineage
dependent, supports the notion that the depot microenvironment
plays a significant role in AP behavior. Indeed, it has been shown
that reciprocal transplantation of APs between perigonadal and
subcutaneous depots results in transplanted APs taking on the

behavior of host-depot APs when challenged with HFD (Jeffery
et al., 2016). This is particularly fascinating given that, in males,
perigonadal and subcutaneous APs arise from distinct mesodermal
progenitor pools. Despite these findings, the local signaling events
required to mediate the differential responses of APs to HFD within
and between depots remain unknown. Furthermore, whether the
anterior-posterior gradient of somite-derived adipocyte lineage cells
is functionally relevant in the adult or simply reflects developmental
patterning is not clear.

Altogether, these data provide insight into the developmental
ancestry of major adipose depots and show that AP behavior
in the obesogenic conditions assessed here is reliant on
microenvironmental factors, not ontogeny. Further studies will be
required to identify the mechanisms by which distinct adipocyte
lineages are specified in the embryo and whether such lineage
heterogeneity confers stable functional divergence among them. It
will also be crucial to account for crosstalk among adipocyte,
hematopoietic and endothelial cell lineages between and within
depots to further understand adipose tissue homeostasis and how it
is deranged in diseases such as obesity and lipodystrophy.

MATERIALS AND METHODS
Animals
Meox1-Cre mice (Jukkola et al., 2005) were a generous gift from Dr Maria
Barna at Stanford University, CA, USA. HoxB6-Cre (Lowe et al., 2000)
and HoxB6-CreERT mice (Nguyen et al., 2009) were generous gifts from
Dr Scott Weatherbee at Yale University, CT, USA. Pax7-Cre mice (Keller
et al., 2004) (stock 010530) were acquired from The Jackson Laboratory.
Mice were 4-10 weeks of age unless otherwise noted. For AP proliferation
assays, mice were treated with 0.8 mg/ml BrdU (United States Biological,
B2850) in drinking water for 1 week using lightproof bottles. Fresh BrdU
water was administered every 2 days. For gestational tamoxifen treatment of
HoxB6-CreERT:mTmG mice, pregnant dams were intraperitoneally
injected with 50 mg/kg tamoxifen (Sigma-Aldrich, T5648) and 25 mg/kg
progesterone (Sigma-Aldrich, P3972) dissolved in vegetable oil at E8.5.
Progesterone was co-administered with tamoxifen in order to offset
tamoxifen’s estrogenic activity in the uterus, which can result in
endometrial hyperplasia, late fetal abortion and dystocia (Nakamura et al.,
2006; Shang and Brown, 2002). The standard chow diet was from Harlan
Laboratories (2018S) and the HFD from Research Diets (D12492). All
experiments followed guidelines outlined by Yale University’s Institutional
Animal Care and Use Committee (IACUC).

Whole-mount and confocal imaging
Adipose depots were dissected and cut into ∼1.5×1.5 cm chunks. These
were immediately mounted onto microscope slides with Fluoromount-G
(SouthernBiotech, 0100-01) and imaged on a Leica TCS SP5 confocal
microscope. Images were taken with either 40× or 20× objectives and
cropped to scale accordingly. Brightness and contrast were adjusted for
select images to improve the visibility of cell membranes, and mGFP+/
mTomato+ adipocytes were quantified using the multi-point tool in ImageJ
software (Schindelin et al., 2015; Schneider et al., 2012).

Flow cytometry
Adipose tissue digestion and isolation of stromal vascular cells were
performed as described previously (Berry and Rodeheffer, 2013; Church
et al., 2014; Jeffery et al., 2015). These cells were then stained with the
following antibodies on ice in the dark for 30-60 min in 1× Hank’s Buffered
Salt Solution (HBSS) (Gibco, 14185-052)+3% bovine serum albumin
(BSA) (AmericanBio, 9048-46-8): CD29 Alexa Fluor 700 (BioLegend,
102218, clone HMβ1-1, 1:400), CD31 PE-Cy7 (eBioscience, 25-0311-82,
clone 390, 1:1000), Sca-1 V450 (BD Biosciences, 560653, clone D7,
1:500), CD45 APC-eFluor 780 (eBioscience, 47-0451-80, clone 30-F11,
1:2000), CD24 PerCP-Cyanine 5.5 (eBioscience, 45-0242-82, cloneM1/69,
1:400) and CD34 Alexa Fluor 647 (BioLegend, 119314, clone MEC14.7,
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1:400). Following antibody staining, the cells were washed with HBSS+3%
BSA and analyzed on a BD Biosciences LSRII flow cytometer. For BrdU
analysis, the same tissue digestion procedurewas carried out as noted above.
Cells were then stained with the following antibodies for 30 min on ice in the
dark: CD29 Alexa Fluor 700 (BioLegend, 102218, clone HMβ1-1, 1:400),
CD31 PE-Cy7 (eBioscience, 25-0311-82, clone 390, 1:500), Sca-1 V500
(BD Biosciences, 561229, clone D7, 1:250), CD45 APC-eFluor 780
(eBioscience, 47-0451-80, clone 30-F11, 1:500). Following this, cells were
washed in HBSS+3% BSA, then fixed and permeabilized with Phosflow
Lyse/Fix (BD Biosciences, 558049) and Perm Buffer III (BD Biosciences,
558050) according to themanufacturer’s instructions. Cells were then treated
with DNase (Deoxyribonuclease I, Worthington Biochemical, ∼500 units/
ml) in dPBS with calcium and magnesium (Sigma-Aldrich, D8662) for
90 min in a 37°C water bath. Cells were washed in HBSS+3% BSA and
stained overnight in the dark at 4°C with anti-BrdU antibody (Alexa Fluor
647, Phoenix Flow Systems, AX647, clone 3D4, 1:30). The next day, cells
werewashedwithHBSS+3%BSA and stainedwith the following antibodies
for 60 min at room temperature in the dark: CD24 PerCP-Cyanine 5.5
(eBioscience, 45-0242-82, clone M1/69, 1:200), CD34 Brilliant Violet 421
(BioLegend, 119321, clone MEC14.7, 1:400), CD29 Alexa Fluor 700
(BioLegend, 102218, clone HMβ1-1, 1:400), CD31 PE-Cy7 (eBioscience,
25-0311-82, clone 390, 1:500), Sca-1V500 (BDBiosciences, 561229, clone
D7, 1:250), CD45 APC-eFluor 780 (eBioscience, 47-0451-80, clone
30-F11, 1:500).

Statistical analysis
Statistical analyses are denoted in each figure legend. All tests were
performed using GraphPad Prism version 7.0. Data are presented as mean±
s.e.m. and P<0.05 was considered statistically significant. A minimum
number of three biological replicates (i.e. three mice) were used for each
experiment. Experiments were not blinded, as genotypes of mice were
known prior to analysis. Samples were excluded if mice displayed fight
wounds, appeared otherwise unhealthy or if technical error occurred during
an experimental procedure.
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