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Mouse strains to study cold-inducible beige
progenitors and beige adipocyte formation and
function

Daniel C. Berry"2*, Yuwei Jiang"2* & Jonathan M. Graff23

Cold temperatures induce formation of beige adipocytes, which convert glucose and fatty
acids to heat, and may increase energy expenditure, reduce adiposity and lower blood
glucose. This therapeutic potential is unrealized, hindered by a dearth of genetic tools to
fate map, track and manipulate beige progenitors and ‘beiging’. Here we examined 12
Cre/inducible Cre mouse strains that mark adipocyte, muscle and mural lineages, three
proposed beige origins. Among these mouse strains, only those that marked perivascular
mural cells tracked the cold-induced beige lineage. Two SMA-based strains, SMA-CreERT2
and SMA-rtTA, fate mapped into the majority of cold-induced beige adipocytes and
SMA-marked progenitors appeared essential for beiging. Disruption of the potential of the
SMA-tracked progenitors to form beige adipocytes was accompanied by an inability to
maintain body temperature and by hyperglycaemia. Thus, SMA-engineered mice may be
useful to track and manipulate beige progenitors, beige adipocyte formation and function.
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old temperatures and adrenergic agonists can stimulate

the formation of multilocular brown adipocytes in white

adipose depots!. These new brown adipocytes, referred to
as ‘beige’ or ‘brite’ adipocytes, dissipate heat and consume glucose
and fatty acids>>. Because of these attributes, beige adipocytes
hold therapeutic potential to combat obesity and diabetes*.
However, the source of beige adipocytes remains controversial
and transdifferentiation of unilocular white adipocytes to
multilocular beige adipocytes has been a conventional notion>®,
This is exemplified in recent work of Granneman and colleagues’,
indicating that cells marked by Adiponectin-CrefRT2; red
fluorescent protein (RFP), which include white adipocytes, can
fate map into beige adipocytes after cold exposure. In contrast,
work by Scherer and colleagues® and work from others have
suggested a different source; some imply a myogenic ancestry®!0,
Another alternative may be smooth muscle-like progenitors that
express myosin heavy chain 11 (Myhll), suggested by a recent
cell marking/fate-mapping study by Spiegelman and colleagues'!.
Granneman and colleagues'? have also identified a perivascular
platelet-derived growth factor receptor-oo (PDGFRa)-positive cell
as a possible source for B3 agonist-induced beige adipocytes.
These studies resonate with previous proposals of a mural cell
(for example, vascular smooth muscle cells and pericytes) origin
for white adipose progenitors, pointing to potential commonality
between white and beige adipocyte provenance!>!4. Yet, Sidossis
and Kajimura'® recently highlighted that in lieu of seminal
fate-mapping studies, the origin(s) of beige adipocytes is not well
defined and many pieces to the puzzle are missing such as age,
gender and location within the adipose depot where beige
adipocytes form at room temperature and after cold exposure.
These obscurities are critical roadblocks to manipulating these
cellular furnaces for therapeutic ends.

The Cre/loxP site-specific recombination system has provided
insight into tissue development, homeostasis and function'®.
Although ‘straight’ Cre drivers can be useful, they are limited for
fate mapping and progenitor identification, because it is difficult
to know when and where the actions of the Cre driver occurred!”.
To ascertain this information requires an extensive search,
throughout development and adulthood, to delineate the
temporal and spatial expression pattern of the Cre driver.
Another concern of straight Cre marking is that the Cre allele
can be continually expressed or functional, and also that its
expression can be activated during the differentiation process of
the cell type of interest, masking progenitorship!®. Together
with the other issues, this often undermines the use of straight
Cre strains for fate mapping. These issues have in part been
overcome by modifications that provide temporal precision,
such as the tamoxifen (TM)-inducible CrePRERTZ o the
inducible/suppressible Tet systems'®??, These inducible tools
are just transiently active, principally during the period in
which the inducers such as doxycycline (Dox) or TM are
administered'>2°, During this window, Cre is active and reporter
expression is turned on, presumably only in Cre-expressing cells
that can be scored and sometimes in a relatively straightforward
manner. After induction and chase, reporter marking can be
present in E)otential descendants, providing insight into lineage
and fate!>2!. Mice that contain such inducible genetic tools have
allowed scientists to identify stem cells/progenitors and to
delineate the roles of these cells in tissue development,
homeostasis and function!*22,

Here we examined various straight Cre (Myf5-Cre, Myogenin-
Cre and SM22-Cre) and inducible Cre (AdipoTrak-tTA-TRE-Cre,
Adiponectin-CrePRT2, aP2-CrePR12, Myh11-CrePRT2,
NG2-Cre®R12, PDGFRy-CrePR12, SMA-CrefRT2, SMA-rtTA-TRE-
Cre and UCPI-CrePRT?) mouse strains, integrating an indelible
Cre-dependent Rosa26RR!Y allele, to attempt to fate map beige
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progenitors and beiging in response to cold stimuli. We found
that SMA-CrePRT2. and SMA-rtTA-driven reporters and
endogenous smooth muscle actin (SMA) were expressed in
mural cells in all white adipose depots. Endogenous SMA
expression was not detected in mature white or beige adipocytes,
or other cells in the depots, and the SMA reporters mirrored that
pattern at room temperature (RT) pulse. However, cold exposure
triggered an evolution of SMA-dependent reporter expression
and fate mapping was present in ~60-80% of cold-induced
uncoupling protein 1 (UCP1)-positive multilocular beige
adipocytes in subcutaneous and visceral adipose depots. This
high percentage fate mapping was supported in necessity tests;
SMA mural-resident progenitors appeared essential for
cold-induced beiging and the resultant mice had impaired
physiological and metabolic responses to cold temperatures.
SMA-based tools may therefore be useful to track and manipulate
beige adipocyte development, formation and function, as well as
metabolism.

Results

Mural cell genetic tools fate map into beige adipocytes. We
analysed a variety of genetically modified mice that express Cre or
inducible/suppressible forms of Cre in adipose, muscle and mural
cell lineages for the potential to mark cold-induced beige
adipocytes in either subcutaneous inguinal or visceral perigonadal
adipose depots. To visualize Cre-dependent marking, we
incorporated an indelible Rosa26RRFY (tdTomato) reporter
allele that expresses RFP in Cre-expressing cells and in potential
descendants??. RFP is well suited for cell-fate studies, as it is quite
sensitive, can be directly visualized with fluorescence microscopy
and is convenient for immunohistochemistry (IHC) and flow
cytometry (quantification and isolation)'*. We performed
experiments on 2-month-old Cre- or CrefRT2-Rosa26RRFP
marking mice that were randomly housed for 7 days in either
cold temperature (6 °C), to induce the beiging phenomena, or RT
(23 °C), to serve as a control (Fig. 1a). To determine whether cold
exposure induced beige adipocytes derived from a Cre-marked
source, we examined RFP fluorescence either from intact depots
or from histological sections, the latter combined with UCPI THC
to help define beige adipocytes?®2°. Our rational for whole depot
imaging was to provide an overview of potential effects and to
assess whether reporter expression might, for example, show a
cold-induced evolution from vascular marking into new adipose
tissue expression, as such a change may indicate that the marked
cells were an origin for the beige phenomena. Beiging was less
prominent in visceral perigonadal adigose depots, consistent with
many scientists’ observations®®122, but cold exposure did
induce the formation of small islands of beige adipocytes within
this depot from male mice.

To attempt to probe the adipose mural compartment and
existing white adipocytes, two candidates for beige origin, we
examined AdipoTrak; RFP (PPARy'T4; TRE-Cre; Rosa26RRP)
mice!>1427:28 " The AdipoTrak system marks the entire white
adipose lineage including mural resident progenitors and white
adipocytes. Consistent with reports'>'42728" AdipoTrak; RFP
marked the adipose-mural vasculature and apparently 100% of
white unilocular adipocytes within the inguinal and perigonadal
adipose depots, both in whole depot images and in histological
sections at both cold temperature and RT (Fig. 1b,c and
Supplementary Fig. 1lab). In histological sections of cold-
exposed AdipoTrak; RFP mice, 100% of UCPI+ multilocular
beige adipocytes appeared RFP + in inguinal and perigonadal
depots (Fig. 1c and Supplementary Fig. 1b). To attempt to probe
the mural compartment in a more restricted manner, we turned
to AdipoTrak; GFP (PPARytTA; TRE-H2B-GFP) mice in which the
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Figure 1| Cre drivers with high beige adipocyte labelling. (a-m) Two-month-old male Cre mice (AdipoTrak-Cre and SM22-Cre); R26RRFP mouse models
(b,c.f,g) were maintained at RT (23 °C) or cold exposed (6 °C) for 7 days as shown in a. Subcutaneous inguinal adipose depot explants were imaged for
direct RFP fluorescence or sectioned and immunostained for reporter (RFP, red) and UCP1 (green); co-expression (RFP +UCP1) is a yellow-gold hue. Cell
nuclei were counterstained with DAPI (blue). Two-month-old male, inducible Cre mice (NG2-CretR72: SMA-CrefRT2 and SMA-rtTA-TRE-Cre); R26RRFP mice
(h-m) were administered one dose of TM on 2 consecutive days or administered Dox 3 days before experimentation. Mice were maintained at RT or cold
exposed for 7 days as shown in a. Subcutaneous inguinal adipose depot explants were imaged or were sectioned and immunostained for reporter (RFP, red)
and UCP1 (green). For AdipoTrak-GFP suppression and reactivation studies, AdipoTrak-GFP mice were maintained on Dox from conception until 2 months of
age (a,d,e). Dox was removed for 2 weeks and subsequently mice were maintained at RT or cold exposed for 7 days off Dox as shown in a. Subcutaneous
inguinal adipose depot explants were imaged or sectioned and immunostained for reporter (GFP, false coloured red) and UCP1 (green) (e). Quantification
of total UCP1+ beige adipocytes that were RFP + is indicated to the right of the images. Images are representative from n=4 mice per group replicated
twice. Scale bar, 10 um (b,d,fh,j,1). Scale bar, 100 um (c,e,g,i,km).

green fluorescent protein (GFP) is incorporated into the they differentiate from a GFP-marked mural source'>?”. We
chromatin of proliferating cells such as the mural cells and not treated AdipoTrak; GFP mice with Dox, to suppress the tTA
into postmitotic cells such as existing white adipocytes. system, from conception until they reached 2 months of age. We
Nevertheless, GFP will be detected in the nuclei of adipocytes if then removed Dox for 2 weeks, to activate H2B-GFP in the
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proliferative mural progenitor cell pool and the few white
adipocytes predicted to evolve from them during this time
frame (Fig. 1a, lower left illustration). Consistent with that notion,
in RT-housed mice some perivascular mural cells were GFP
labelled and <2% of adipocytes were GFP + (Fig. 1d,e; the black
deficit present within inguinal depots is a lymph node). However,
when these mice were exposed to the cold we observed that
GFP + nuclei were no longer restricted at the vasculature and
now marked a much greater fraction of the adipocyte
compartment, as seen in whole depot images (Fig. 1d, GFP is
false coloured red in this image, to mirror the RFP colouring in

Fig. 1b,fh,ji). IHC analyses showed that ~30% %10 of
UCPI+ Dbeige adipocytes were GFP+, suggesting that
some beige adipocytes emanated from this AdipoTrak

GFP+ mural progenitor pool, which is only a subset of
AdipoTrak + mural cells, those that proliferated in the brief
Dox-off window (Fig. 1e).

To further explore a possible mural source for beige adipocyte
formation, we developed a series of mural cell Cre/inducible Cre;
Rosa26RRFP mouse marking strains: SM22-Cre, NG2-CrefRT2,
SMA-CrePRT2 and SMA-rtTA; TRE-Cre*!-?*3°, We found that
SM22- (transgelin), NG2- (chondroitin sulfate proteoglycan 4)
and SMA-driven reporters marked vascular-resident mural cells
in many tissues including adipose depots (Fig. 1f-m and
Supplementarg/ Fig. 1lc-j), consistent with  previous
reports>?1:31-33 For example, SM22-Cre; RFP marked the
adipose tissue (subcutaneous and visceral) vasculature at RT in
whole depot and IHC images (Fig. 1f,g and Supplementary
Fig. 1c,d). This pattern elaborated on cold exposure with
expansion of RFP expression in whole depots and in histology
with 69% * 19 of inguinal and 63% + 13 of perigonadal UCP1 +
beige adipocytes co-expressing RFP (Fig. 1g and Supplementary
Fig. 1d). We also observed this pattern with two inducible
mural cell Cre (NG2-CreERT2 and SMA-CrefRT2) mice that we
randomized to either vehicle or to one dose of TM (250 mgkg ~ !
per day) for 2 consecutive days. Forty-eight hours after the last
injection, we housed the mice for 7 days either at RT (23 °C) or in
the cold (6 °C; Fig. 1a). We found that NG2-CrePRT2; RFP marked
some mural cells and essentially 100% of adipocytes in
subcutaneous adipose depots (inguinal and periscapular;
Fig. 1h,i). However, in visceral depots RFP marked only the
mural vasculature and not adipocytes, providing a potential tool
for the visceral location (Supplementary Fig. le,f). In response to
the cold we observed that ~51% % 16 of subcutaneous inguinal
and 49% £ 11 of visceral perigonadal UCPI1+ beige adipocytes
were RFP + (Fig. 1i and Supplementary Fig. 1f). The fact that
~100% of subcutaneous white adipocytes were labelled at RT
and only ~50% of UCPI+ beige cells were marked after cold
exposure indicates that beige sources other than white adipocytes
probably exist, the data supported by the results with the visceral
beige marking outcomes. We next assessed SMA-CrePRT% REP
mice. At RT, RFP+ cells were present in mural vascular
positions of all adipose depots but not in adipocytes of any
adipose depot (Fig. 1j,k and Supplementary Fig. 1g,h, not shown).
On cold stimulation, RFP expression elaborated and we found
that 60% + 18 of subcutaneous inguinal and 65% * 15 of visceral
perigonadal UCPI+ beige adipocytes were RFP + (Fig. 1k and
Supplementary Fig. 1gh). We observed similar results with a
SMA-rtTA; RFP Dox-inducible mouse strain (SMA-rtTA;
TRE-Cre; Rosa26RRP). Dox was administered 3 days before 7
days of RT or cold exposure (Fig. 1a). At RT, RFP was restricted
to the mural vasculature compartment in subcutaneous and
visceral depots (Fig. 1l,m and Supplementary Fig. 1ij). In
response to the cold, SMA-rtTA; RFP marked the adipocyte
compartment in whole depots, and in histology the RFP reporter
fate mapped into 68% =15 and 55% + 19 of UCPI+ beige
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adipocytes in the inguinal and perigonadal adipose depots,
respectively (Fig. 11,m and Supplementary Fig. 1i,).

Cre models with low beige-adipocyte labelling. As the muscle
has been proposed as a brown adipocyte source®, we tested two
proposed muscle (Myf5-Cre and Myogenin-Cre) Cre strains.
Myf5-Cre is reported to mark the muscle, classical interscapular
brown adipose tissue (BAT), a subset of white adipose depots and
a range of other tissues™'®34, Myogenin-Cre is reported to mark
the skeletal muscle lineage’>. We found that Myf5-Cre; RFP
fluorescence was absent in both the subcutaneous inguinal and
the visceral perigonadal adipose depots at RT and after cold
exposure, consistent with previous reports’ (Fig. 2ab and
Supplementary Fig. 2ab). The tool did mark adipocytes in
other depots (please see below). For Myogenin-Cre; RFP mice, we
did not detect RFP fluorescence in any adipose depot at either
temperature (Fig. 2¢c,d and Supplementary Fig. 2c,d). These data
are consistent with the notion that lineages marked by Myf5-Cre
and Myogenin-Cre are not sources of beige adipocytes in either
inguinal (a major location of beige cells) or perigonadal depots, and
in the case of the skeletal muscle Myogenin-Cre marking strain does
not appear to be sources in any of the evaluated depots.

We also tested two previously reported beige adipocyte
marking inducible Cre mice (PDGFch—CreERTZ and
Myh11-CrePRT2)IL12 Both PDGFRo and Myhl1 are reported to
mark the vascular compartment of many tissues’>*%%, In
adipose depots, PDGFRo. marking is reported to be located in
non-mural perivascular cells and to mark 45% of 33-adregeneric-
induced perigonadal beige adipocytes!?. Myhll is a well-
described smooth muscle marker and is reported to mark a
subset (15%) of cold-induced beige inguinal adipocytes'!*2. We
first examined PDGFRa-CrePRT2; RFP mice and found that within
adipose depots RFP was principally restricted to non-mural
perivasculature positions, as previously reported'?, at RT
(Fig. 2e,f and Supplementary Fig. 2e,f). After cold exposure,
RFP labelled 0-1% + 1 of UCP1+ beige adipocytes and the few
we could detect were scattered throughout the subcutaneous and
visceral adipose depots (Fig. 2f and Supplementary Fig. 2f).
Myh11-CrePRT%; RFP marked the mural vascular compartment of
all adipose depots at either cold temperature or RT (Fig. 2g-j and
Supplementary Fig. 2g-j). After 7 days of cold exposure RFP
labelled <1% of UCPI+ beige adipocytes but after 14 days of
cold conditions ~12%+2 and 10%*2 of inguinal and
perigonadal UCPI + beige adip0c¥tes were RFP +, respectively,
consistent with a previous report!! (Fig. 2i,j and Supplementary
Fig. 2i,j). Taken together, our data suggest that beige adipocytes
are not primarily from an adipocyte, a myogenic or a PDGFRx
source, but rather from a vascular-residing mural cell source, and
that mice harbouring SMA-based genetically engineered tools
might be useful strains to mark and track the beige lineage.

White adipocytes do not generate cold-induced beige adipocytes.
To begin to probe the adipocyte compartment in a more
restricted manner, we turned to two adipocyte-marking strains,
adiponectin-CrePRT? and aP2-CrePRT2, and combined them with a
Rosa26RREP reporter allele. We administered one dose of TM
for 2 consecutive days to 2-month-old male mice. Mice were
maintained at RT for 1 week and then randomized them to 1
week of either RT or cold temperature. Of note, as RT is lower
than thermo-neutrality, it can stimulate beige adipocyte
formation®®3® (Fig. 3a). We found that 2 days after TM
administration, ‘pulse’, both drivers labelled essentially all
adipocytes (~99% + 5; Fig. 3b,c and Supplementary Fig. 3a,b).
This included labelling of virtually all beige adipocytes that were
present at RT (sub-thermo-neutral) conditions and before cold
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Figure 2 | Cre models with low beige adipocyte labelling. (a-h) Two-month-old male Cre mice (Myf5-Cre and Myogenin (MyoG)-Cre); R26RRFP mouse
models were maintained at RT (23 °C) or cold exposed (6 °C) for 7 days. Subcutaneous inguinal adipose depot explants were imaged for direct RFP

fluorescence or sectioned and immunostained for reporter (RFP, red) and UCP1 (green) (a-d). Two-month-old male, inducible Cre mice (PDGFRx-Cre

ERT2

and Myh11-CrefRT2): R26RRFP mice were administered one dose of TM on 2 consecutive days. Mice were maintained at RT or cold exposed for 7 days.
Subcutaneous inguinal adipose depot explants were imaged or sectioned and immunostained for reporter (RFP, red) and UCP1 (green) (e-h). (ij) MyhTi-
CretRT2- R26RRFP were also housed in the cold or RT for 14 days. Subcutaneous inguinal adipose depot explants were imaged or sectioned and
immunostained for reporter (RFP, red) and UCP1 (green). Quantification of UCP1+ beige adipocytes that were RFP + is denoted next to the IHC image.
Images are representative from n=4 mice per group replicated twice. Scale bar, 10 um (a,c,e,g,i). Scale bar, 100 um (b,d,fh,j).

exposure (Fig. 3b,c). After cold stimulation, we found that the
percentage of adipocyte driver-marked beige adipocytes dropped
significantly to <40%. That is, the majority (60-70% + 15) of
cold-induced UCPI+ beige adipocytes appeared unlabelled
(RFP negative) and to derive from a non-adipocyte source
(white or existing beige). These percentages correspond
quite closely to the percentage of beige cells labelled in the
SMA-CrefR12, RFP or SMA-rtTA; RFP cold-induced fate-
mapping studies (Fig. 1j-m). We also examined areas of the
white depots that only contained white adipocytes, areas that
lacked beige cells, for the possible presence of UCPI expression.
We found that in both adiponectin-Cref®T% RFP and
aP2-CrePRT% RFP mouse models, unilocular white adipocytes
did not express UCP1 (Supplementary Fig. 3a,b). The various
amounts of adipocyte-driver-labelled (30-40%) and -unlabelled
(60-70%) beige adipocytes, which do express adiponectin and aP2

(ref. 8), present after cold exposure. This could be reconciled by
the existence of UCPI + beige cells present at RT, as ambient
temperatures are below thermo-neutrality and therefore are a
beiging stimulus. To further explore the pre-existing beige
adipocytes and the newly formed cold-induced beige cells,
we turned to an UCPI-CrePRT? mouse strain and combined
the driver with the Rosa26RRFF reporter allele. UCPI is
expressed in beige adipocytes but not in white adipocytes; thus,
the eponymous driver strain can differentiate between beige
adipocytes that are pre-existing, and marked by the UCPI-driver,
and perdure from white adipocytes, not labelled by the UCPI
driver, which could undergo a cold-induced transformation into
beige cells. To attempt to discriminate between beige pre-existing
and white transformation, we administered one dose of TM for 2
consecutive days to UCP1-CrePRT2; RFP P60 male mice (Fig. 3d).
Mice were maintained at RT and analysed at pulse (2 days post
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visualized by DAPI staining. Quantification of UCP1+ beige adipocytes that were RFP + is denoted next to the IHC image. Images are representative from

n=23 mice per group replicated twice. Scale bar, 100 um.

TM induction) to visualize and score existing beige adipocytes,
and to determine the recombination efficiency of the reporter
compared with endogenous UCPI expression. We found, as
reported?*4041 that UCPI 4 beige adipocytes existed in the P60
RT-housed mice, and that 90% of these UCP1 + beige adipocytes
were RFP 4, indicating a high correspondence between
UCPI1-CrePRT2_driven reporter marking and endogenous UCPI
expression/beige adipocytes (Fig. 3d). To attempt to estimate the
percentages of beige adipocytes that perdure and those that form
de novo after cold exposure, we TM activated the
UCPI-CrePRT%, RFP reporter to mark pre-existing beige
adipocytes, waited a week and then randomized the mice to
7 days of RT or cold temperature (Fig. 3d). At RT, ~90% of

6

UCPI + cells co-expressed the RFP reporter, just as at pulse, and
cold exposure significantly reduced this to only ~30%
co-expression (Fig. 3d). This reduction from 90 to 30% roughly
correlates to our fate-mapping results (60-70% marking)
in which we studied cold-exposed SMA-CrefRT% RFP and
SMA-rtTA; RFP mice.

AdipoTrak and Mpyf5-Cre characterization. AdipoTrak and
Mfy5-Cre have been exploited to examine white and brown
cell biology, and here we further examined the marking
potential of these mouse strains in various adipose depots
and organs»1327:2834 To further examine AdipoTrak, we
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incorporated both a TRE-H2B-GFP reporter and a Rosa26RRFP
reporter to generate a double reporter strain (PPARy!T4;
TRE-Cre; TRE-H2B-GEP; Rosa26RRFP). We combined the two
marking alleles, as they provide different information: TRE-
H2B-GFP _will report active AdipoTrak expression and
Rosa26RRFP will report both active and historic AdipoTrak
expression'®. In this combined setting, yellow indicates both
active and historic expression, whereas red indicates only historic
AdipoTrak (PPARy) expression in the absence of active
expression (Supplementary Fig. 4a). We examined 2-month-old
AdipoTrak; RFP; GFP mice and found that yellow (overlap
between RFP and GFP) was only apparent in the adipose tissues
(Fig. 4a). The brain, muscle and pancreas were RFP 4 and lacked
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GFP expression, indicating that these tissues had AdipoTrak
histories, consistent with our reports of embryonic AdipoTrak
expression patterns'® (Fig. 4a). These data, along with those in
Fig. 1, indicate that in adults AdipoTrak is principally restricted to
adipose depots and may provide a tool to mark the beige
progenitors and to fate map cold-induced beiging.

We next examined Myf5-Cre mice*? for RFP expression in day
17.5 embryos (E17.5) and in 2-month-old adult mice
(Supplementary Fig. 4b). We found that Mpyf5-Cre E17.5
embryos and 2-month-old mice were visibly red, that is, even
in the absence of fluorescent microscopy, indicative of robust
fluorescence (Fig. 4b and Supplementary Fig. 4c, left panel).
Fluorescence imaging of embryos showed that the dorsal region,
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Figure 4 | AdipoTrak and Myf5 model characterization. (a) Merged (H2B-GFP and RFP) whole-mount images of denoted adipose depots and other tissues
from 2-month-old AdipoTrak (PPARy™™A TRE-Cre); TRE-H2B-GFP: R26RRFP male mice and control (PPARy™A; RFP) mice. BAT, classical brown adipose tissue; IGW,
inguinal;, MWAT, mesenteric white adipose tissue; PGW, perigonadal; PSCW, periscapular; RPW, retroperitoneal. Scale bar, 10 um. (b) Image of control (R26RRFPy
and Myf5-Cre; RFP male mice. Please note the RFP fluorescence was easily observed in regular room lighting from the Myf5-Cre; RFP mouse. (¢) Fluorescence
microscopic whole-mount images of RFP fluorescence from denoted adipose depots from 2-month-old Myf5-Cre; RFP RT mice. Scale bar, 10 um. (d) Two-month-
old Myf5-Cre; RFP male mice were maintained at RT or cold exposed for 7 days. Histological sections from periscapular (top: PSCW) and retroperitoneal
(bottom: RPW) adipose depots were examined for RFP fluorescence and UCPT (green) expression. Cell nuclei were counterstained with DAPI (blue).
Quantification of UCP1+ beige adipocytes that were RFP + is denoted next to the IHC image. (e) Adipose depot cells from 2-month-old Myf5-Cre; RFP mice
were analysed by flow cytometry for co-expression of RFP with the indicated genes. (f) Adipose depot cells from 2-month-old Myf5-Cre; RFP male mice were
separated into RFP + and RFP — fractions using FACS and examined for mRNA expression of denoted genes using gPCR. ND, not detected. Data are
means * s.e.m. (n=4-5 mice per group replicated twice). Scale bar, 100 pm. Student's t-test, *P<0.05, RFP + compared with RFP —.
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craniofacial region, front and hind limbs, and the tail were
RFP +, and the liver and the eyes were the only tissues in which
we did not detect RFP (Supplementary Fig. 4c, right panel).
This broad RFP expression was also observed in 2-month-old
Myf5-Cre mice. RFP was detected in the brain, classical BAT,
kidney, liver, lymph nodes, skeletal muscle, pancreas and skin
(Supplementary Fig. 4d). Consistent with reports>343, Myf5-Cre;
RFP did not mark inguinal, perigonadal or mesenteric white
adipose depots but did mark periscapular and retroperitoneal
white adipose tissue and essentially all unilocular white
adipocytes in these two depots appeared RFP + (Fig. 4c,d). In
the periscapular and retroperitoneal adipose depots, Myf5-Cre;
RFP marking seemed quite indiscriminate, labelling what
appeared to be essentially every cell type. For example, in
adipose vessels, Myf5-Cre; RFP marked the endothelial cells,
mural cells and other perivascular cells (Supplementary Fig. 4e,
not shown). The widespread expression observed in histology was
supported by flow cytometric analyses. For example, ~55% of all
stromal vascular fraction (SVF) cells were RFP + (Supplementary
Fig. 4f) and these cells encompassed mural lineages, endothelial
lineages, immune cells, PDGFRo. cells and so on. Quantitative
PCR (qPCR) studies examining fluorescence-activated cell sorting
(FACS)-isolated RFP — and RFP + cells indicated that Myf5/
RFP+ cells were not enriched in adipocyte progenitor, mural
and endothelial cell markers, and in large part the RFP — and
RFP + cells had similar expression patterns (Fig. 4f). We also
attempted to test whether the RFP expression in the adipose
depots reflected active or historic Myf5 expression by using both
flow cytometric analyses of RFP + cells and qPCR analyses of
FACS-isolated RFP + cells. Based on these studies the RFP +
cells did not appear to express Myf5 protein or messenger RNA
(Fig. 4e,f); that is, the RFP expression was based on historic Cre
activity. We next examined whether the historic Myf5-Cre-driven
RFP expression would mark cold-induced beige cells. Histological
studies from Myf5-Cre; RFP mice housed in the cold showed that
95% of periscapular and 45% of retroperitoneal UCPI + beige
adipocytes were RFP + (Fig. 4d). Taken together, the remarkably
general marking, lack of inducibility and non-correspondence of
endogenous expression to Cre-driven marking appear to be
significant issues for the Myf5 stain in adipose biology and
probably confound interpretation and utility.

SMA-CrePRT2  white adipocyte characterization. Trans-
differentiation of mature unilocular white adipocytes has been
proposed as a source of beige adipocytes™®. However, our data
suggest that cells expressing a mural cell genetic signature
(SM22+, Myhll+, NG2+ and SMA +) are a key source of
cold-induced beige adipocytes. A possible reconciliation of the
observations that the smooth muscle/mural drivers fate map into
beige cells with the theorized white adipocyte transdifferentiation
is that mature white adipocytes could express mural markers or
marking strain-driven RFP, similar to what we observed with
NG2-CrefRT? and a subset of subcutaneous white adipocytes
(Fig. 1i). To explore this possibility, we further characterized
endogenous SMA expression and SMA-CrePRT%; RFP expression
(Supplementary Fig. 5a) in white adipose depots with a focus on
potential expression in adipocytes. We evaluated endogenous
SMA expression in depots of wild-type mice using IHC. In these
studies, endogenous SMA appeared restricted to the adipose
tissue vasculature in all depots (subcutaneous and visceral) and it
did not appear to be expressed in any examined mature
white adipocytes (Fig. 5a,b). We also assessed endogenous
SMA expression and SMA-CrefRT?.driven RFP expression in
SMA-CrefRT2;, RFP mice. In the uninduced (no TM) state, we
again observed, by IHC, that endogenous SMA was restricted to
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the vasculature of all adipose depots (subcutaneous and visceral),
and that endogenous SMA was not expressed in adipocytes
(Fig. 5¢). We also found that RFP fluorescence was not induced
in the absence of TM (Fig. 5c). We then examined SMA and
RFP expression in the SMA-CrePRT% RFP setting 2 days
after administeri% TM. We found that endogenous SMA
and SMA-CrePRT%.driven RFP were restricted to the
adipose tissue vasculature and were not expressed in adipocytes
(Fig. 5d).

To further examine the possibility that SMA is expressed in
adipocytes, we isolated both stromal vascular (SV) cells and
floated adipocytes from RT-housed SMA-CrefRT2; RFP mice 2
days after administering TM. We then quantified endogenous
SMA and SMA-CrefRT.driven RFP mRNA expression with
qPCR. We found that SMA and RFP mRNA appeared to be
expressed only in the SV compartment and we did not detect
appreciable signal in the adipocyte fraction (Fig. 5e). We next
examined individual SV cells and individual adipocytes, scoring
over 5,000, for RFP expression. For this, we also stained the SV
cells and the floated adipocytes, and with LipidTox Green, to
highlight lipids. In the fluorescent microscopic examinations, we
did not detect any adipocytes that expressed RFP, unlike the
positive control SV compartment (Fig. 5f,g). We performed an
analogous series of studies, first isolating adipocytes and then
administered TM to induce reporter expression ex vivo (Fig. 5h).
Again, we obtained similar results: no RFP expression in
adipocytes.

We next turned to cell culture studies, to examine the
dynamics of SMA expression during white and beige adipogen-
esis, and to further test whether SMA might be expressed in cell
culture-induced mature white or beige adipocytes. For this, we
isolated SV cells, which contained the SMA-positive mural
compartment (Fig. 5e), and cultured them for 7 days in white
or beige adipogenic conditions and quantified endogenous SMA
expression. We found that on either adipogenic induction SMA
expression was rapidly and sustainably reduced (Supplementary
Fig. 5¢).

We also examined the possibility that TM may perdure beyond
the 2-day interval after administration and activate SMA-CrefRT2
in mature beige or white adipocytes during the cold exposure
period. For this, we extended the washout period to 14 days,
administering TM to SMA-CrePRT2; RFP P60 mice, waiting 2
weeks before cold exposure and then examining P81 mice. We
found that SMA-marked cells, after a longer TM washout period,
still fate mapped into cold-induced beige adipocytes at roughly
the same percentage as we previously observed with the 2-day
interval (64% * 17; Fig. 5i).

Endogenous SMA and SMA-CrefRT2_driven RFP, before cold
exposure, appeared to be restricted to the mural vascular
compartment in several studies including IHC. The IHC studies
also indicated that RFP and endogenous SMA expression had
high concordance (Fig. 5d). We further examined potential
concordance of endogenous SMA and the RFP signal using flow
cytometry, to determine whether RFP-positive cells faithfully
co-expressed SMA using cells isolated from SMA-CrePRT2; RFP
mice 2 days after TM administration (pulse). We found that
virtually all RFP+ cells were SMA+, based on antibody
staining for SMA (Supplementary Fig. 5d). The RFP-positive
cells constituted about 50% of the total SMA population
(Supplementary Fig. 5e). We also characterized the RFP-positive
cells in flow cytometry and qPCR studies, finding that the RFP +
cells were enriched in adipocyte progenitor and mural cell
markers but not in endothelial cell markers (Supplementary
Fig. 5f,g). We also examined classical BAT for endogenous SMA
expression and for SMA-CrePRT2_driven RFP reporter expression.
At RT or after cold exposure, both endogenous SMA and RFP
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Figure 5 | SMA-CreERT2 characterization. (a) Subcutaneous inguinal adipose depots from RT 2-month-old wild-type male mice were immunostained for
PECAM, SMA and perilipin, and nuclei detected with DAPI. (b) Subcutaneous inguinal adipose depots from RT 2-month-old wild-type male mice were IHC
stained for endogenous SMA. (¢) Subcutaneous inguinal adipose depots from 2-month-old uninduced (no TM) SMA-CreftR™2: RFP male mice were
immunostained for RFP, SMA and perilipin, and nuclei stained with DAPI. (d) Subcutaneous inguinal adipose depot from 2-month-old pulsed SMA-Cre
RFP male mice were immunostained for RFP, SMA and perilipin, and nuclei highlighted with DAPI. (e) SV cells and adipocytes were isolated from 2-month-
old TM-pulsed SMA-CrefRT2: RFP male mice and mRNA expression of endogenous SMA and SMA-driven RFP were assessed by gPCR. Data are

means * s.e.m. (n=4-5 mice per group replicated thrice). Student’s t-test, #P<0.001, SVF compared with adipocyte compartment. (f) SV cells were
isolated from 2-month-old TM-pulsed SMA-CrefRT2: RFP male mice and visualized for RFP and lipid (green; LipidTox green). (g) Adipocytes were floatation
isolated from 2-month-old TM-pulsed induced SMA-CrefRT2: RFP male mice and visualized for RFP and lipid (green). (h) Adipocytes were isolated from
2-month-old uninduced SMA-CrefRT2: RFP male mice. TM was then administered ex vivo for 24 h and the floated adipocytes examined for RFP and lipid
(green). (i) Two-month-old SMA-CrefRT2; RFP male mice were administered one dose of TM for 2 consecutive days. Mice were maintained at RT for 14 days
(TM washout). Mice were subsequently cold exposed for 7 days. Subcutaneous inguinal adipose depots were immunostained for RFP (red) and UCPT
(green). Cell nuclei were counterstained with DAPI (blue). Quantification of UCPT1+ beige adipocytes that were RFP + is denoted next to the IHC image.
Images are representative from n=4 mice per group replicated twice. Scale bar, 100 um.

ERT2.

were restricted to the vasculature and were not expressed in
mature brown adipocytes (Supplementary Fig. 5h,i).

SMA-rtTA white adipocyte characterization. We next examined
SMA-rtTA; RFP (SMA-rtTA; TRE-Cre; Rosa26RR'F) mice
(Supplementar}\y Fig. 6a) using similar tests to those performed on
the SMA-CrefXT%; REP mice. We first inspected SMA-rtTA; RFP
mice in the uninduced (no Dox) state. We observed, by IHC, that
endogenous SMA was restricted to the adipose tissue vasculature,
that endogenous SMA was not present in adipocytes, and that
RFP fluorescence was not expressed in the absence of Dox
(Fig. 6a). We then examined the RFP expression pattern in

adipose depots of SMA-rtTA; RFP mice 2 days after Dox
administration (pulse). RFP was restricted to the adipose tissue
vasculature and aligned with endogenous perivascular SMA,
adjacent to PECAM, in all adipose depots. RFP was not visible in
adipocytes (Fig. 5b,d). We also generated SV and floated
adipocyte fractions from RT Dox-pulsed SMA-rtTA; RFP mice
and quantified RFP expression with qPCR. RFP was abundantly
expressed in SV cells but not in adipocytes (Fig. 6¢c). We also
floated adipocytes after a Dox pulse and examined them for
RFP expression and for lipid staining. We did not detect RFP
fluorescence in any adipocytes (Fig. 6e); over 5,000 adipocytes
were examined in each analysis. We next analysed RFP + and
RFP — cells with flow cytometry and found that ~97% of REFP +
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Figure 6 | SMA-rtTA characterization. (a) Subcutaneous inguinal adipose depots from 2-month old uninduced (no Dox) SMA-rtTA; RFP (SMA-rtTA;
TRE-Cre; R26RRFP) male mice maintained at RT were immunostained for RFP, SMA and perilipin. Cell nuclei were counterstained with DAPI (blue).

(b) Subcutaneous inguinal adipose depot sections from 2-month old Dox-pulse SMA-rtTA; RFP male mice maintained at RT were immunostained for RFP,
SMA and perilipin; nuclei were highlighted with DAPI. (¢) SV cells and adipocytes were isolated from 2-month old pulse SMA-rtTA; RFP male mice
maintained at RT. mRNA expression of RFP were assessed by qPCR. Data are means £ s.e.m. (n = 4-5 mice per group). Students t-test, #P-value <0.0071,
SVF compared with adipocyte compartment. (d) Subcutaneous inguinal adipose depots from 2-month old pulsed SMA-rtTA; RFP male mice maintained at
RT were sectioned and immunostained for RFP and PECAM (green), and nuclei stained with DAPI. (e) Adipocytes were isolated pulse SMA-rtTA; RFP mice
described in d and visualized for RFP and lipid (green). (f) Adipose depot cells of pulse SMA-rtTA; RFP mice as described in d were analysed for co-
expression of RFP and SMA. (g) RFP — and RFP + cells were FACS isolated from pulse SMA-rtTA; RFP mice and SMA mRNA expression was assessed using
gPCR. (h) Adipose cells of pulse SMA-rtTA; RFP mice were flow analysed for co-expression of RFP with mural or endothelial markers.

(i) RFP — and RFP + cells were FACS isolated from pulse SMA-rtTA; RFP mice and mRNA expression of various adipose progenitor, mural and endothelial
markers were assessed by gPCR. Data are means £ s.e.m. (n=25 mice per group replicated twice). Images are representative from n=4 mice per group

replicated twice. Scale bar, 100 um. Students t-test, *P-value <0.01, RFP 4+ compared with RFP —.

cells co-expressed SMA (Fig. 6f). qPCR evaluation of flow cyto-
metry-sorted RFP + and RFP — cells showed that endogenous
SMA was enriched in the RFP + cell fraction (Fig. 6g). We fur-
ther examined RFP + cells by flow cytometry and qPCR, and
found that RFP + cells were enriched in mural and adipose
progenitor markers, while lacking expression of endothelial or
adipocyte markers (Fig. 6h,i, not shown).

We then examined other tissues for SMA-CrefRT2. and
SMA-rtTA-driven RFP expression. We found that both models
had similar tissue expression patterns (Supplementary Fig. 6b,c).
In both models, RFP labelled the vasculature and smooth muscle
of the brain, cardiac and skeletal muscle (although to different
levels), intestine, kidney, lung, the testes and the uterus
(Supplementary Fig. 6b,c, not shown). We also probed the
SMA-rtTA-driven RFP reporter for expression in classical
interscapular BAT. We found that the reporter was not expressed
in mature brown adipocytes and remained at the vascular under
both RT and cold conditions (Supplementary Fig. 6d). Together,
the SMA-CrefRT? and SMA-rtTA experiments support the
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concordance of endogenous SMA, and SMA-CrefRT2. and

SMA-rtTA-driven RFP expression.

SMA characterization in beige adipocytes. In the detailed
characterizations described in Figs 5 and 6 and in Supplementary
Figs 5 and 6, endogenous SMA expression and SMA-driven
reporter expression appeared restricted to the mural
compartment, and expression was not observed in mature white
adipocytes under RT conditions. During in vitro beige adipogenic
induction of inguinal SV cells, SMA mRNA expression was
rapidly reduced (within 24 h) and this suppressed expression was
sustained throughout the remainder of beige adipocyte differ-
entiation (Supplementary Fig. 5c). However, it could be possible
that endogenous SMA is expressed in white and beige adipocytes
on in vivo cold exposure. To assess this, we housed wild-type
mice in the cold for 7 days. We then examined expression of
endogenous SMA using immunofluorescence staining and found
that after cold exposure endogenous SMA expression remained
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Figure 7 | Endogenous SMA and SMA-driven reporter expression profile in beige adipocytes. (a) Subcutaneous adipose depots from 2-month-old, cold-
exposed wild-type mice were immunostained for endogenous SMA and UCPT expression, and nuclei detected with DAPI. (b) Subcutaneous adipose depots
from 2-month-old, cold-exposed wild-type male mice were IHC stained for endogenous SMA and UCP1. (¢,d) Two-month-old uninduced (no TM) UCPI-
CrefRT2 (¢) or Adiponectin-CrefR™2 (d) male mice were cold exposed. After 7 days of cold exposure, mice were administered TM and maintained at RT for
24 h. Subcutaneous inguinal adipose depots were immunostained for RFP and UCP1 (green); nuclei were highlighted with DAPI. (e) Subcutaneous adipose
depots from cold-exposed uninduced SMA-CrefR72: RFP were immunostained for RFP and UCP1 (green); nuclei were highlighted with DAPI. (f) Uninduced
SMA-CreERT2: RFP mice were cold exposed for 7 days; mice were then pulsed with TM and housed at RT for 24 h. Sections from the subcutaneous inguinal
adipose depots were immunostained for RFP and UCP1 (green). Cell nuclei were counterstained with DAPI (blue). (g) Uninduced SMA-rtTA; RFP mice were

exposed to cold for 7 days. Subcutaneous inguinal adipose depot were sectio

ned and immunostained for RFP and UCP1 (green). Cell nuclei were

counterstained with DAPI (blue). (h) Uninduced SMA-rtTA; RFP mice were cold exposed for 7 days and then administered Dox for 24 h and maintained at
RT. Subcutaneous inguinal adipose depot sections were analysed for RFP (red), UCP1 (green) and DAPI (blue).

restricted to the vasculature and was not expressed in UCPI +
beige adipocytes or in UCP1 — white adipocytes (Fig. 7a,b). We
continued to pursue the possibility that endogenous SMA might
be expressed in white and/or beige adipocytes, by using two
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genetic strains to fluorescently highlight these two adipocyte
cell types: Adiponectin-CrePRT% RFP (white and beige) and
UCPI- CreRTZ, RFP (beige). We housed uninduced (no TM)
2-month-old UCPI-CrePR™?; REP and Adiponectin-CrePRT%; RFP
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male mice in the cold for 7 days, to stimulate de novo beige
adipocyte formation. After cold exposure, we administered one
dose of TM and maintained the mice at RT for 24h (Fig. 7c,d).
We found that UCPI-CrefRT% RFP marked ~90% %7 of all
UCPI 4+ immunostained beige adipocytes, indicating high cor-
respondence between reporter and endogenous UCPI expression.
We did not detect, by immunostaining, endogenous SMA
expression in any UCPI-driven RFP-marked mature beige adi-
pocytes. Rather, endogenous SMA remained restricted to the
vascular compartment (Fig. 7c). We observed similar results with
the Adiponectin—CreERTz; RFP strain. RFP labelled all (100% % 6)
white and beige adipocytes; however, endogenous SMA
expression was restricted to the vessel and did not overlap with
Adiponectin-CrePRT?; RFP labelling (Fig. 7d).

We next used a similar series of tests to determine whether
SMA-driven RFP expression might be induced in response to
cold temperatures. For this, we examined RFP expression in
cold-exposed SMA-CrePRT%;, RFP mice that had never been
administered TM (Fig. 7e,{f). In these uninduced cold-exposed
specimens, we did not detect RFP fluorescence (Fig. 7e). We next
housed 2-month old uninduced SMA-CrefRT2; REP male mice in
the cold and after a week we induced reporter expression with a
dose of TM. When induced after the cold, RFP expression
appeared restricted to the blood vessels and we did not detect RFP
expression in UCPI+ beige adipocytes (Fig. 7f). We next
repeated these studies using cold-exposed SMA-rtTA; RFP mice
that were never administered Dox or were administered Dox after
a week of cold (Fig. 7g,h). In the uninduced (no Dox) specimens,
we did not detect RFP fluorescence (Fig. 7g). When the mice
received Dox induction after cold exposure, RFP fluorescence
appeared restricted to the vasculature and was not detected in
UCPI + beige adipocytes (Fig. 7h). The various approaches and
methods indicate that endogenous SMA, SMA-CrePRT2-driven
RFP and SMA-rtTA-driven RFP are not expressed in white or
beige adipocytes. Rather, they appear to be present in the vascular
compartment, although RFP does fate map into de novo beige
adipocytes on cold exposure.

SMA and Myhll mark different mural cell compartments. The
SM22-Cre driver, both SMA drivers and the Myhll-CrefRT2
driver marked the perivascular compartment and, in a restricted
manner, with no apparent marking of adipocytes (Figs 1 and 2
and Supplementary Figs 1 and 2). All four of these marking
strains marked cold-induced beige cells, albeit with different
frequencies: SM22 and the two inducible SMA drivers did so at a
similarly high percentage (60-70%), whereas the inducible Myh11
driver did so at a low percentage (Figs 1 and 2 and Supplementary
Figs 1 and 2). This discrepancy could be accounted for if the
various marking strains drive RFP expression in different cell
types. To assess this notion, we immunostained histological
samples derived from P60 SM22-Cre; RFP adipose depots with
antibodies directed against SMA and Myhll. We found a fairly
high concordance of expression of endogenous SMA with
SM22-RFP. However, endogenous Myhll staining overlapped
with SM22-RFP less frequently (Supplementary Fig. 7a,b). Flow
cytometric studies, using antibodies directed against SMA, NG2,
Mpyhl11 and PECAM endothelial marker, also indicated a diversity
of marking: ~55% of SM22-RFP cells co-expressed SMA, ~40%
of SM22-RFP cells co-expressed Myhll and ~15% of SM22-RFP
cells co-expressed NG2; co-expression with PECAM was minimal
(Supplementary Fig. 7c). We also FACS-isolated SM22-RFP +
and SM22-RFP — cells and quantified the levels of expression in
the isolated cells for expression of SMA and Myhll, of other
mural cell markers and of endothelial markers. We found that
SM22 and SMA were quite enriched in the SM22-RFP+ cells,
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and that although Myhl11 levels were higher in the SM22-RFP +
compared with SM22-RFP — cells, the enrichment was to a lesser
extent (Supplementary Fig. 7d). NG2 had roughly equal expres-
sion in SM22-RFP+ and SM22-RFP — cells, PDGFRf} enrich-
ment was closer to the SMA patterns and PECAM expression was
higher in the SM22-RFP — cells.

We next examined and compared inguinal adipose depots for
endogenous expression of Myhll and SMA. We found that
Myhll and SMA expression overlapped on some vessels, whereas
in other vessels there was no co-expression (Supplementary
Fig. 7e). This heterogeneous pattern was recapitulated in
TM-pulsed Myh11-Cre®RT% RFP mice, in comparisons of RFP
and endogenous SMA expression. We found that Myhl1-RFP +
cells marked the vasculature of the inguinal adipose depots, and
that only some vessels showed co-localization of Myhl1-RFP and
SMA (Supplementary Fig. 7f). We also flow cytometrically
profiled the Myh11-CrePR%; RFP cells. We found that ~98%
of Myhl1-RFP + cells co-expressed endogenous Myhl1, and that
about ~60% of the total number of immunostained Myh11 cells
expressed Myh11-CrePRT?-driven REP (Supplementary Fig. 7g,h).
The flow cytometry studies also supported the diversity of Myhl1,
SMA expression: ~35% of the MyhlI-RFP cells co-expressed
Myhll and ~60% of Myhll-RFP cells immunostained with
SMA, whereas only ~25% of the antibody-positive SMA cells
co-expressed RFP (Supplementary Fig. 7i,j). We also examined
the expression levels of the various mural markers in FACS-
isolated Myh11-CreFRT2; REP 4 and RFP — cells. We found that
Mpyh11 was highly enriched in the Myh1I-RFP+ cells; both SMA
and NG2 were enriched, but to a lesser extent (Supplementary
Fig. 71k). Together, the IHC, flow cytometry and qPCR studies
indicate that there is only partial overlap between several mural
cell markers, and that, similar to what is observed in other tissues
and organs?!29-3142 there is a significant mural cell and vascular
cell heterogeneity within adipose depots, potentially accounting
for the different percentage of fate-mapping results we observed
with the different mural cell-driver mouse strains. Elucidation of
the biological basis of this heterogeneity may help clarify why the
inducible SMA-driven tools appear to have the best characteristics
for analysing beige biology.

SMA-CrePRT2_expressing cells are necessary for beiging. To test
potential necessity of SMA-CrefRT?.expressing cells  for
cold-induced beiging, we attempted two strategies as follows: (1) a
cell-killing strategy (diphtheria toxin fragment A (DTA)* and
(2) a blockade of adipocyte differentiation (PPARy deletion)*>°.
The PPARy conditional deletion experiments were designed to
test the requirement of SMA mural cells to generate beige
adipocytes, by blocking their ability to differentiate, not the
essential role of PPARy in adipogenesis’’. A concern of these
approaches is that the SMA tools are expressed in mural
compartments of many tissues and organs, and also mark other
muscle types (Supplementary Fig. 6¢,d)?!. In addition, it also
seems likely to be that even in adipose depots SMA is expressed in
many mural cells that do not possess progenitor potential. Thus,
non-autonomous issues may cloud the data, as many cellular
debris created by the DTA cell-killing strategy. To attempt to
minimize some of these concerns, the studies were conducted in a
temporally regulated manner and proximate to cold exposure
(Supplementary Fig. 8a). For these studies, we integrated
conditional Rosa26R-DTA or conditional PPARY alleles with
the inducible SMA-CrefRT? driver strain. We then randomized
SMA-DTA and SMA-PPARY"/! mice to vehicle or TM and to RT
or cold temperature (Supplementary Fig. 8a). Vehicle-treated
mice and mice lacking a salient allele (for example, no DTA)
served as negative controls. Both strategies (DTA and PPAR/f)
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Figure 8 | SMA + mural cells are required for beige adipocyte formation. (a-d) Two-month-old SMA-CrefR72; PPARyﬂ/ﬂ or SMA-CretRT2: R26RPTA \ere
administered one dose of TM for 2 consecutive days. Mice were then randomized to RT or cold exposed. Seven days later, mice were analysed for beige
adipocyte formation by the following: rectal temperature (a), blood glucose levels (b), haematoxylin and eosin (H&E) staining (¢), UCPTIHC (d) and mRNA
expression of beige and thermogenic markers (e). (f) SV cells were isolated from TM-induced SMA-CrefRT2 or SMA-CrefR™2: ppARy T mice and incubated
in beige adipogenic culture conditions. Triglyceride content and mRNA expression of beige and thermogenic genes were analysed to determine adipocyte
differentiation. Data are means + s.e.m. (n=4 mice per group replicated thrice). Students t-test, *P-value <0.05, SMA-CrefRT2. PPARyﬂ/ﬂ or SMA-CrefRT2:
R26RPTA compared with control. Students t-test, #P-value <0.05, cold control compared with RT control. Students t-test, **P-value <0.01, control
compared with undifferentiated SV cells. (g-k) Two-month-old Myh11-PPARy male mice were administered one dose of TM for 2 consecutive days. Mice
were then randomized to RT or cold for 1 or 2 weeks. Mice were analysed for beige adipocyte formation by the following: rectal temperature (g), blood
glucose levels (h), H&E staining (i), UCP1 IHC (j) and mRNA expression of beige markers (k). Data are means £ s.e.m. (n =4 mice per group replicated
thrice. Scale bar, 100 um. (I) SV cells were isolated from TM-induced Myh11CreERT2; PPARyﬂ/fI mice and incubated in adipogenic conditions. Triglyceride
content and mMRNA expression of beige and thermogenic genes were analysed to determine adipocyte differentiation. Data are means + s.e.m. (n =4 mice
per group replicated twice).

appeared to inhibit cold-induced beige adipocyte formation multilocular or UCPI+ cells in haematoxylin and eosin and
and appeared to alter the physiological responses to cold IHC, and disrupted induction of beige adipocyte/thermogenic
exposure (Fig. 8a—e). For example, the induced SMA-DTA and genes; the levels approximated those of RT controls (Fig. 8a-e).
SMA-PPARY? mice had reduced body temperatures, elevated The induced SMA-DTA and SMA-PPAR/! mice had normal
blood glucose levels, significant reductions in the quantities of activity, body weight and food intake, and appeared
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phenotypically normal (Supplementary Fig. 8b,c, not shown)'.
At RT, white and classical brown adipose depots and non-adipose
tissues had normal weight and histological appearance, had
normal vessels and did not display vascular leakage or
haemorrhage, consistent with previous reports'4
(Supplementary Fig. 8d-g). We also repeated the Rosa26R-DTA
necessity studies using the SMA-rtTA driver strain and found
similar results: lower temperature, elevated sera glucose and
blunted beiging as assessed by histology and beige gene
expression (Supplementary Fig. 9a-d). We also found that
SMA-rtTA-DTA mutant mice housed at RT appeared normal
and had preserved body weight and food intake (Supplementary
Fig. 9¢f). To attempt to assess whether the blunted beiging
observed in vivo might be due to cell autonomous actions, we
turned to ex vivo analyses. For this, we TM induced SMA-
PPARY! mice and then isolated and cultured SV cells in beige
adipogenic conditions. Similar to the in vivo setting, beige
adipocyte formation was disrupted with blunted expression of
beige markers, indicating a potential cell autonomous effect
(Fig. 8f).

A potential issue of deleting PPARy in SMA+ mural cells
could be changes in vascular function or integrity, which could
alter cold responses and beiging. To pursue this notion we turned
to the Myh11-CrePRT2 mice, because in flow cytometry studies the
Myh11-CrePRT%, RFP marked roughly the same percentage
(8-13%) of white adipose tissue vascular-residing mural cells as
did the SMA drivers, and because Myhll is also expressed in
many other mural compartments and muscle cells throughout the
body (Supplementary Fig. 6). Nevertheless, the Myhl1-CrefRT2
RFP had a much lower beige adipocyte fate-mapping potential
than SMA driver mice (Figs 1 and 2, and Supplementary Figs 1
and 2). Therefore, using the Myh11-CrePRT? driver to alter PPARy
function might allow discrimination between possible changes in
vascular function, presumably present in roughly equal amounts
in the Myhll and SMA driver settings. We incorporated the
PPARyﬂ/ﬂyallele with Myh11-CrefRT2, to generate Myh11-CreERT2;
PPARy mice and induced PPARy deletion by administering one
dose of TM for 2 consecutive days. After washout, we housed
these mice in the cold for 7 and 14 days, and our analyses
indicated that cold-induced beiging and cold-induced physiolo-
gical responses were unchanged. For example, body temperatures
and sera glucose levels were similar between controls and mutants
(Fig. 8g,h). Histological, IHC and molecular analyses indicated
that beige adipocyte formation was unchanged between controls
and mutants (Fig. 8i-k). Myhl11-CrefRT% PPARy-deleted mice
appeared phenotypically normal and had similar body weight and
adipose tissue weight at RT. We also did not observe any
vasculature abnormalities or leak within the white adipose
depots (not shown). We also analysed ex vivo beige adipogenic
potential and isolated SV cells from TM-induced control and
Myh11-CrePRT% PPARy mice. We cultured the cells to
confluence, incubated them in beige adipogenic conditions and
quantified triglyceride accumulation and beige marker expression.
These studies indicated that beige adipogenesis was relatively
normal; both triglyceride content and mRNA levels of beige
adipocyte markers were similar in control and mutant cells
(Fig. 8I).

Discussion

Cold-induced beige adipocytes convert glucose and fatty acids to
heat, thereby potentially increasing energy expenditure?®#3-52,
These beige cellular furnaces could help address the widespread
and conjoined obesity and diabetes epidemics®>~>°. Stimulating
beige adipocyte formation and function may therefore lead to
improved glucose homeostasis, increased metabolic rate

14

and lower adiposity, and some clinical studies support this
notion®*~>%, This therapeutic potential has been limited, because
the origins of beige adipocytes are not well understood, because
the precise cellular source of the beige phenomenon is
controversial and because additional tools to mark and
manipulate beige progenitors are needed.

Our data, based on a series of adipocyte, muscle and mural cell
Cre and inducible Cre genetically modified mouse strains suggest
that white adipose tissue-resident mural cells are an important
cellular source of cold-induced beige adipocytes. Several
mural-marking mice displayed fate mapping into beige
adipocytes and two independent inducible SMA-based strains,
SMA-CrefRT? and SMA-rtTA, appeared suited to explore and
delineate cold-induced beige biology. For example, the majority of
cold-induced beige adipocytes seemed to derive from the
SMA-marked sources. Although neither white nor beige
adipocytes appeared to express endogenous SMA, or SMA-
CreFRT2_ or SMA-rtTA-driven RFP (on activation of the reporter),
mural cells did and in a restricted manner. When we disrupted
SMA-expressing cell function, by inhibiting adipocyte differentia-
tion (deleting PPAR%) or with a cell-killing strategy (activating
DTA) in SMA-CrePRT? cells and using SMA-rtTA to activate
DTA, beiging was impaired in vivo and ex vivo. In these three
mutant mouse strains, not only was beige adipocyte formation
diminished but also the mutant mice were unable to
appropriately defend body temperature and had elevated glucose
levels. However, it is plausible that some of these effects on
blood glucose and temperature could stem from roles of
SMA-CrePRT2. and SMA-rtTA-expressing cells in adipose mural
cells that did not have progenitor potential and in non-adipose
tissues such as cardiac and skeletal muscles, as both these drivers
mark these tissues (Fig. 1 and Supplementary Figs 5 and 6)2. For
example, the SMA-DTA models could have increased skeletal
muscle cell death, which could lower body temperature due to
impaired or lack of shivering (muscle contraction). Further,
glucose uptake could also be diminished due to muscle atrophy.
Nevertheless, histologically, these tissues appeared normal, the
mice appeared healthy and had normal food intake and activity,
and at RT the strains did not appear to have an altered
phenotype. To attempt to control for some of these non-
autonomous concerns, we also altered PPARy function using the
Myh11-CrePRT2 driver; these mice had normal beiging, normal
blood glucose levels and were able to defend their body
temperature. Nonetheless, further characterization is needed to
further delineate potential ‘side effects’ of ablating SMA + cells in
all SMA driver-expressing tissues.

The data in this study in concert with other reports indicate
that white and beige adipocyte progenitors may have common
features such as lineage origin, cell compartment locality and
others. For example, the SMA drivers’ fate map into white
adipocytes under the influence of some stimuli such as RT and
into beige adipocytes under other conditions such as cold
exposure. This raises an interesting scenario in which cold
exposure first triggers the SMA-marked mural cells to undergo
formation of white adipocytes that then convert to a beige
adipocyte phenotype. This possibility is in line with the
conventional hypothesis of a white to beige transdifferentiation.
However, this is not yet clear whether the same SMA-marked cell
can give rise to both white and beige adipocytes or to only one cell
type. Further studies and genetic tools are needed to tease apart
the functions and relationships of white and beige progenitors.

In addition to SMA we found that other mural cell
Cre/inducible Cre drivers marked cold-induced beige adipocytes.
In agreement with Spiegelman and colleagues!!, we observed that
Myhll+ cells fate mapped into 12% of beige adipocytes after 2
weeks of cold exposure. AdipoTrak also marked the cold-induced
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beiging process as did NG2 and SM22; however, these tools have
caveats. AdipoTrak in the unsuppressed state marks the mural
progenitors, but also the forming adipose lineage and mature
adipocytes. These issues can be overcome when combining Dox
suppression/release and H2B-GFP marking, the labeling of
actively proliferating cells in the mural compartment. With this
method, we found that mural progenitor marking is relatively
restricted but this restriction evolves under the influence of cold
temperatures to include fate mapping into beige adipocytes. This
supports the mural progenitor hypothesis and the notion that
during lineage specification amplification of the compartment is
present. NG2-CrePRT2 has issues in subcutaneous depots, as it
marked both the progenitor and adipocyte compartment,
potentially masking the source of cold-induced beige
adipocytes. Of note, in subcutaneous depots 100% of white
adipocytes were marked, but only about 50% of beige adipocytes
were marked after cold exposure, consistent with the possibility
that non-adipocytes are key sources of cold-induced beiging.
Similar outcomes (100% white adipocyte marking to 45% beige
adipocyte marking post cold) in retroperitoneal depots of Myf5-
Cre; RFP mice amplify this notion. In visceral depots,
NG2-CrePRT2 marking appeared to have relative restriction to
the mural progenitor compartment, not marking white mature
adipocytes, and did fate map into cold-induced beige adipocyte
formation. The SM22-Cre strain labelled a majority of beige
adipocytes and the mural perivascular compartment; however,
this tool suffers from the lack of inducibility of straight Cre tool/
systems; active and historically SM22-Cre-expressing cells will be
labelled. This cell marking system is likely to be inappropriate for
fate mapping because of the inability to determine when and
where SM22 is expressed (stem, progenitor, mature adipocyte and
embryonic timing and so on).

The fact that a wide range of independently derived mural
marking strains (for example, AdipoTrak, SM22-Cre,
NG2-CrefRT2, Myh11-CrePRT2, SMA-CrePRT? and SMA-rtTA)
fate map into cold-induced beiging indicates that mural cells are a
beige progenitor source. However, the strains were expressed in
common and independent sets of adipose depot mural cells and
the endogenous proteins also appeared to label distinct popula-
tions of mural cells. This heterogeneity may in part account for
why the drivers had different fate-mapping efficiencies. Potential
insight into the relationship of the different murals may be
gleaned from the increase in beige adipocyte marking percentage
of the Myh11 strain when comparing 1 week with 2 weeks of cold
exposure. This may potentially identify an evolution of the
marked cells during this time frame. More extensive lineage
studies are needed to tease apart the relationship between the
various mural markers and the beige progenitor mural marker
signature. The development of new genetic tools may foster the
ability to dissect the relevant cell types and specification steps that
underlie formation of beige adipocytes.

Taken together, studies support the notion that mural cells are
an important source of cold-induced b:iﬁggn§, and that inducible
SMA-based engineered mice, SMA-Cre®R? or SMA-rtTA, are
appropriate strains to study cold-induced beige adipocyte forma-
tion and function®11°1°2 These mouse strains and derivatives
thereof may enable identification and isolation of the beige
progenitors and their descendants, as well as delineation of signals
and mechanisms that control cold-inducible beige behaviour—
essential steps on the road to therapeutic manipulation.

Methods

Animals. All animals were maintained under the ethical guidelines of the UT
Southwestern Medical Center Animal Care and Use Committee according to NIH
guidelines. Mice were housed in a 12:12 light:dark gycle at 23 °C, and chow and
water were provided ad libitum. Adiponectin-CreERT2 (Stock 024671), Myf5-Cre

(Stock 007893), SM22-Cre (Stock 017491), Myh11-CreERT? (Stock 019079),
NG2-CreFRT2 (Stock 008538), PPARY (Stock 004584), Rosa26RPTA (Stock
006331) and Rosa26RRFP (Stock 007914) mice were obtained from the Jackson
Laboratory. AdipoTrak and aP2-CrePXT? were previously described!!. Dr Eric
Olson generously provided Myogenin-Cre and UCPI-CrePRT? mice. Dr Pierre
Chambon generously provided SMA-CrePRT? mice. Dr Beverly Rothermel
generously provided SMA-rtTA mice. Drs Sean Morrison and Bill Richardson
generously provided the PDGFRa-CrePRT? mice. We performed experiments on
2-month-old males, unless specific ages were specified. All Cre mouse strains
were maintained on a C57BL/6] and 129SV mixed background. Pure C57BL/6]
2-month-old male mice were purchased from Jackson Laboratories. Cre
recombination was induced by administering TM dissolved in sunflower oil
(Sigma, 100 mgkg ~ ! interperitoneal injection) on 2 consecutive days. Twenty-four
hours post TM injection is considered a pulse. rtTA activation was induced by Dox
(0.5mgml~! in 1% sucrose) provided in the drinking water and protected from
light, and it was changed every 2-3 days. For cold studies, mice were placed in a
6 °C cold metabolic chamber for 7-14 days. After recombination was induced, mice
were randomized to RT or cold exposed for 7-14 days. We performed experiments
on mice after a 48-h TM washout period, a week TM washout period and a 2-week
TM washout period. No animals were excluded from any experiments unless mice
displayed wounds from fighting.

Histology. Haematoxylin and eosin staining was carried out on paraffin sections
using standard methods. Adipose tissues were fixed in formalin overnight,
dehydrated, embedded in paraffin and sectioned with a microtome at 5-8 pm
thicknesses. Immunostaining was performed in either paraffin sections or cryostat
sections (5-8 um) of tissues freshly embedded in optical coherence tomography3.
Briefly, samples were pre-incubated with permeabilization buffer (0.3% Triton
X-100 in PBS) for 30 min at RT and then incubated sequentially with primary
antibody (4 °C, overnight) and secondary antibody (2h at RT), all in blocking
buffer (5% normal donkey serum in 1 x PBS). Antibodies used for
immunostaining are as follows: rabbit-anti-UCP1 (1:200, Abcam), mouse-anti-RFP
(1:100, Clontech), rat-anti-PECAM (1:200, BD Biosciences), rabbit-anti-o-SMA
(1:200, Sigma) and goat-anti-Perilipin (1:200, BD Biosciences). For negative control
subjects, primary antibody was replaced with 5% normal donkey serum. Secondary
antibodies including cy3 donkey anti-mouse, cy2 donkey anti-rabbit and cy2
donkey anti-rat were from Jackson ImmunoResearch. All secondary antibodies
were used at a 1:500 dilution. Lipid was stained with LipidTOX Green (1:100, Life
Technologies). Immunostaining images were collected on a Zeiss LSM500 confocal
microscope, an Olympus IX70 inverted microscope or an Olympus upright BX40
microscope. All experimental and control images of the immunofluorescence data
were collected using identical imaging settings. Paraffin-embedded tissues were
sectioned with a Microm HM 325 microtome. Cryostat sectioning was performed
with a Microm HM505 E cryostat.

Co-localization quantification. For quantification of images, two independent
observers assessed three random fields in ten random sections from at least three
mice per cohort. NIH Image ] software using the JACoP® (Just Another
Colocalization Plugin) extension was used to quantify co-localization. First, the
total area of UCP1 immunostaining was calculated. Next, the area of co-localized
UCPI immunostaining and REP (for all drivers) was calculated. To derive the total
percentage of co-localization, the per cent co-localization between UCP1
immunostaining and RFP was divided by the total area of UCP1 immunostaining.
To identify SMA-CreERT% RFP expression in mature adipocytes, mice were
administered one dose of TM for 2 consecutive days. Subcutaneous and visceral
adipose depots were isolated and adipocytes were fractioned by floatation.
Adipocytes were stained with LipidTOX (Life Technologies) and DAPI
(4,6-diamidino-2-phenylindole) to visualize intact adipocytes. For quantification of
images, two independent observers assessed three random fields in ten random
sections from at least three mice per cohort. Positivity was assessed by LipidTox +,
DAPI+ and RFP +.

Stromal vascular fractionation. The SV cells were isolated!®. Briefly, we pooled
subcutaneous (inguinal and periscapular) white adipose tissues for fractionation,
unless indicated otherwise. After 2h of slow shaking in isolation buffer (100 mM
HEPES pH 7.4, 120 mM NaCl, 50 mM KCl, 5mM glucose, 1 mM CaCl2, 1.5% BSA)
containing 1 mgml ~ ! collagenase at 37 °C, the digest was pipetted up and down a few
times for better dissociation. The suspension was then spun at 800g for 10 min; the
resultant floating layer was the adipocyte layer and the pellet was a crude SV fraction.
The floating adipocyte layer was washed in 1 x PBS, spun at 800g for 5 min and the
solution was removed from below. The pellet was then resuspended in erythrocyte
lysis buffer (0.83% NH,CI in H,O) for 8 min and spun at 800g for 5min. The pellet
was washed once in 1 x PBS, resuspended and passed through 30 um mesh.

Cell culture. Isolated SV cells were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS). White adipogenesis was induced by treating confluent
cells with DMEM containing 10% FBS, insulin (0.5 pgml~ 1), dexamethasone

(5 uM) and isobutylmethylxanthine (0.5 mM)!!. Beige adipogenesis was induced by
treating confluent cells with DMEM containing 10% FBS, insulin (0.5 pgml 1),
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dexamethasone (5 uM), isobutylmethylxanthine (0.5 mM), troglitazone (1 uM),
5nM indomethacin and T3 (2nM)*%. To induce thermogenic genes, cells were
treated with 10 uM forskolin for 4 h and harvested to collect mRNA>®, Triglyceride
accumulation assay was performed using a kit from ZenBio®! following the
manufacturer’s protocol. To induce SMA-CreRT% RFP recombination ex vivo,
adipocytes were isolated from 2-month-old uninduced SMA-CrePR%; RFP male
mice. TM (1 pM) was then administered ex vivo for 24 h and the floated adipocytes
were fluorescence microscopically assessed for RFP and lipid (LipidTox, Life
Technologies).

Flow cytometry and sorting. SV cells were isolated!! and washed, centrifuged at
800g for 5min and analysed with a FACScans analyser or sorted with a BD FACS
Aria operated by the UT Southwestern Flow Cytometry Core. Data analysis was
performed using BD FACS Diva software. For RFP + sorting, live SV cells from
young 2-month-old R26RRP mice were stained with propidium iodide (1 mgml ~!)
to exclude dead cells and sorted based on native fluorescence (RFP). The SV cells
from control mice were used to determine background fluorescence levels. The
dissociated SV cells were also analysed for mural and perivascular markers by flow
cytometry. Briefly, SV cells were incubated with primary antibodies on ice for 30 min
and then washed twice with the staining buffer and incubated with secondary
antibody for another 30 min on ice before flow cytometric analysis.

Quantitative real-time PCR. Total RNA was extracted using TRIzol (Invitrogen)
from either mouse tissues or cells. Complementary DNA synthesis was performed
using Superscript III reverse transcriptase (Invitrogen) using 1 ug of RNA!3. Gene
expression was analysed using Power SYBR Green PCR Master Mix with ABI 7500
Real-Time PCR System. qPCR values were normalized by 18s rRNA expression.
Primer sequences are available on request.

Metabolic phenotyping experiments. Temperature was monitored daily using a
rectal probe (Physitemp)®2. Briefly, the probe was lubricated with glycerol and was
inserted 1.27 cm (1/2 inch) and temperature was measured when stabilized.
Glucose monitoring, that is, blood glucose levels were measured with a Contour
glucometer (Bayer).

Statistical analysis. Statistical significance assessed by two-tailed Student’s t-test.
Data are shown as means and error bars indicate s.e.m. Studies were performed on
two or three independent cohorts and were performed on three to four mice per
group unless specified. Sample size was determined using previous experimental
studies for fate mapping and metabolic assessment. Mice were randomized to the
cold temperature or RT in a blinded manner.

References

1. Harms, M. & Seale, P. Brown and beige fat: development, function and
therapeutic potential. Nat. Med. 19, 1252-1263 (2013).

2. Yoneshiro, T. et al. Brown adipose tissue, whole-body energy expenditure, and
thermogenesis in healthy adult men. Obesity (Silver Spring) 19, 13-16 (2011).

3. Boucher, P., Gotthardt, M., Li, W. P., Anderson, R. G. & Herz, J. LRP: role in
vascular wall integrity and protection from atherosclerosis. Science 300,
329-332 (2003).

4. Lidell, M. E,, Betz, M. J. & Enerback, S. Brown adipose tissue and its therapeutic
potential. J. Intern. Med. 276, 364-377 (2014).

5. Barbatelli, G. et al. The emergence of cold-induced brown adipocytes in mouse
white fat depots is determined predominantly by white to brown adipocyte
transdifferentiation. Am. J. Physiol. Endocrinol. Metab. 298, E1244-E1253 (2010).

6. Smorlesi, A., Frontini, A., Giordano, A. & Cinti, S. The adipose organ: white-
brown adipocyte plasticity and metabolic inflammation. Obes. Rev. 13 Suppl 2
83-96 (2012).

7. Lee, Y. H,, Petkova, A. P., Konkar, A. A. & Granneman, J. G. Cellular origins of
cold-induced brown adipocytes in adult mice. FASEB J. 29, 286-299 (2015).

8. Wang, Q. A, Tao, C., Gupta, R. K. & Scherer, P. E. Tracking adipogenesis
during white adipose tissue development, expansion and regeneration. Nat.
Med. 19, 1338-1344 (2013).

9. Sanchez-Gurmaches, J. et al. PTEN loss in the Myf5 lineage redistributes body

fat and reveals subsets of white adipocytes that arise from Myf5 precursors. Cell

Metab. 16, 348-362 (2012).

Kajimura, S., Spiegelman, B. M. & Seale, P. Brown and beige fat: physiological

roles beyond heat generation. Cell Metab. 22, 546-559 (2015).

11. Long, J. Z. et al. A smooth muscle-like origin for beige adipocytes. Cell Metab.

19, 810-820 (2014).

Lee, Y. H., Petkova, A. P., Mottillo, E. P. & Granneman, J. G. In vivo

identification of bipotential adipocyte progenitors recruited by beta3-

adrenoceptor activation and high-fat feeding. Cell Metab. 15, 480-491 (2012).

Tang, W. et al. White fat progenitor cells reside in the adipose vasculature.

Science 322, 583-586 (2008).

10.

12.

13.

14

1

w

16.

17

18.

19.

20.

2

—_

22.

2

W

24.

2

wu

26.

27.

28.

29.

30.

3

—

33.

34.

3

w

36.

37.

3

<=l

39.

4

j=3

4

—_

42,

43.

. Jiang, Y., Berry, D. C,, Tang, W. & Graff, ]. M. Independent stem cell
lineages regulate adipose organogenesis and adipose homeostasis. Cell Rep. 9,
1007-1022 (2014).

. Sidossis, L. & Kajimura, S. Brown and beige fat in humans: thermogenic

adipocytes that control energy and glucose homeostasis. J. Clin. Invest. 125,

478-486 (2015).

Roy, E., Neufeld, Z., Livet, J. & Khosrotehrani, K. Concise review:

understanding clonal dynamics in homeostasis and injury through multicolor

lineage tracing. Stem Cells 32, 3046-3054 (2014).

. Magnuson, M. A. & Osipovich, A. B. Pancreas-specific Cre driver lines and

considerations for their prudent use. Cell Metab. 18, 9-20 (2013).

Comai, G., Sambasivan, R., Gopalakrishnan, S. & Tajbakhsh, S. Variations in

the efficiency of lineage marking and ablation confound distinctions between

myogenic cell populations. Dev. Cell 31, 654-667 (2014).

Feil, R., Wagner, J., Metzger, D. & Chambon, P. Regulation of Cre recombinase

activity by mutated estrogen receptor ligand-binding domains. Biochem.

Biophys. Res. Commun. 237, 752-757 (1997).

Gossen, M. & Bujard, H. Tight control of gene expression in mammalian cells

by tetracycline-responsive promoters. Proc. Natl Acad. Sci. USA 89, 5547-5551

(1992).

. Wendling, O., Bornert, J. M., Chambon, P. & Metzger, D. Efficient

temporally-controlled targeted mutagenesis in smooth muscle cells of the adult

mouse. Genesis 47, 14-18 (2009).

Imayoshi, I., Sakamoto, M. & Kageyama, R. Genetic methods to identify and

manipulate newly born neurons in the adult brain. Front. Neurosci. 5, 64

(2011).

. Soriano, P. Generalized lacZ expression with the ROSA26 Cre reporter strain.

Nat. Genet. 21, 70-71 (1999).

Golozoubova, V. et al. Only UCP1 can mediate adaptive nonshivering

thermogenesis in the cold. FASEB J. 15, 2048-2050 (2001).

. Shabalina, I. G. et al. UCP1 in brite/beige adipose tissue mitochondria is

functionally thermogenic. Cell Rep. 5, 1196-1203 (2013).

Cohen, P. et al. Ablation of PRDM16 and beige adipose causes metabolic

dysfunction and a subcutaneous to visceral fat switch. Cell 156, 304-316 (2014).

Tang, W., Zeve, D, Seo, ., Jo, A. Y. & Graff, ]. M. Thiazolidinediones regulate

adipose lineage dynamics. Cell Metab. 14, 116-122 (2011).

Zeve, D. et al. Wnt signaling activation in adipose progenitors promotes

insulin-independent muscle glucose uptake. Cell Metab. 15, 492-504 (2012).

Holtwick, R. et al. Smooth muscle-selective deletion of guanylyl cyclase-A

prevents the acute but not chronic effects of ANP on blood pressure. Proc. Natl

Acad. Sci. USA 99, 7142-7147 (2002).

Zhu, X. et al. Age-dependent fate and lineage restriction of single NG2 cells.

Development 138, 745-753 (2011).

. Armulik, A., Genove, G. & Betsholtz, C. Pericytes: developmental,
physiological, and pathological perspectives, problems, and promises. Dev. Cell
21, 193-215 (2011).

. Miano, J. M., Cserjesi, P., Ligon, K. L., Periasamy, M. & Olson, E. N. Smooth

muscle myosin heavy chain exclusively marks the smooth muscle lineage

during mouse embryogenesis. Circ. Res. 75, 803-812 (1994).

Owens, G. K., Kumar, M. S. & Wambhoff, B. R. Molecular regulation of vascular

smooth muscle cell differentiation in development and disease. Physiol. Rev. 84,

767-801 (2004).

Seale, P. et al. PRDM16 controls a brown fat/skeletal muscle switch. Nature

454, 961-967 (2008).

. Potthoff, M. J. et al. Regulation of skeletal muscle sarcomere integrity and

postnatal muscle function by Mef2c. Mol. Cell. Biol. 27, 8143-8151 (2007).

Li, S., Chang, S., Qi, X, Richardson, J. A. & Olson, E. N. Requirement of a

myocardin-related transcription factor for development of mammary

myoepithelial cells. Mol. Cell. Biol. 26, 5797-5808 (2006).

Pringle, N. P., Mudhar, H. S., Collarini, E. J. & Richardson, W. D. PDGF

receptors in the rat CNS: during late neurogenesis, PDGF alpha-receptor

expression appears to be restricted to glial cells of the oligodendrocyte lineage.

Development 115, 535-551 (1992).

. Nedergaard, J. & Cannon, B. The browning of white adipose tissue: some

burning issues. Cell Metab. 20, 396-407 (2014).
Cannon, B. & Nedergaard, J. Brown adipose tissue: function and physiological
significance. Physiol. Rev. 84, 277-359 (2004).

. Nedergaard, J. & Cannon, B. UCP1 mRNA does not produce heat. Biochim.

Biophys. Acta 1831, 943-949 (2013).

. Walden, T. B., Hansen, L. R,, Timmons, J. A., Cannon, B. & Nedergaard, J.

Recruited versus nonrecruited molecular signatures of brown, ‘brite,” and white
adipose tissues. Am. J. Physiol. Endocrinol. Metab. 302, E19-E31 (2012).
Tallquist, M. D., Weismann, K. E., Hellstrom, M. & Soriano, P. Early myotome
specification regulates PDGFA expression and axial skeleton development.
Development 127, 5059-5070 (2000).

Sanchez-Gurmaches, J. & Guertin, D. A. Adipocytes arise from multiple
lineages that are heterogeneously and dynamically distributed. Nat. Commun.
5, 4099 (2014).

| 7:10184 | DOI: 10.1038/ncomms10184 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

44.

45

46.

47.

4

ol

49.

50.

5

—

52.

53.

54.

55.

5

f=}

57.

58.

59.

60.

Ivanova, A. et al. In vivo genetic ablation by Cre-mediated expression of
diphtheria toxin fragment A. Genesis 43, 129-135 (2005).

. Tontonoz, P., Hu, E. & Spiegelman, B. M. Stimulation of adipogenesis in

fibroblasts by PPAR gamma 2, a lipid-activated transcription factor. Cell 79,
1147-1156 (1994).

Chawla, A., Schwarz, E. J., Dimaculangan, D. D. & Lazar, M. A. Peroxisome
proliferator-activated receptor (PPAR) gamma: adipose-predominant
expression and induction early in adipocyte differentiation. Endocrinology 135,
798-800 (1994).

Tontonoz, P. & Spiegelman, B. M. Fat and beyond: the diverse biology of
PPARgamma. Annu. Rev. Biochem. 77, 289-312 (2008).

. Bartelt, A. & Heeren, J. Adipose tissue browning and metabolic health. Nat.

Rev. Endocrinol. 10, 24-36 (2014).

Cypess, A. M. et al. Cold but not sympathomimetics activates human brown
adipose tissue in vivo. Proc. Natl Acad. Sci. USA 109, 10001-10005 (2012).
Cypess, A. M. et al. Activation of human brown adipose tissue by a
beta3-adrenergic receptor agonist. Cell Metab. 21, 33-38 (2015).

. Cohen, P. & Spiegelman, B. M. Brown and beige fat: molecular parts of a

thermogenic machine. Diabetes 64, 2346-2351 (2015).

Schrauwen, P., van Marken Lichtenbelt, W. D. & Spiegelman, B. M. The future
of brown adipose tissues in the treatment of type 2 diabetes. Diabetologia 58,
1704-1707 (2015).

Chen, Y. C. et al. Measurement of human brown adipose tissue volume and
activity using anatomic MR imaging and functional MR imaging. J. Nucl. Med.
54, 1584-1587 (2013).

Cypess, A. M. et al. Identification and importance of brown adipose tissue in
adult humans. N. Engl. J. Med. 360, 1509-1517 (2009).

Wu, J. et al. Beige adipocytes are a distinct type of thermogenic fat cell in mouse
and human. Cell 150, 366-376 (2012).

. Kajimura, S. & Saito, M. A new era in brown adipose tissue biology: molecular

control of brown fat development and energy homeostasis. Annu. Rev. Physiol.
76, 225-249 (2014).

Saito, M. Brown adipose tissue as a regulator of energy expenditure and body
fat in humans. Diabetes Metab. J. 37, 22-29 (2013).

Saito, M. et al. High incidence of metabolically active brown adipose tissue in
healthy adult humans: effects of cold exposure and adiposity. Diabetes 58,
1526-1531 (2009).

Blondin, D. P. et al. Increased brown adipose tissue oxidative capacity in cold-
acclimated humans. J. Clin. Endocrinol. Metab. 99, E438-E446 (2014).

Bolte, S. & Cordelieres, F. P. A guided tour into subcellular colocalization
analysis in light microscopy. J. Microsc. 224, 213-232 (2006).

. Berry, D. C. & Noy, N. All-trans-retinoic acid represses obesity and insulin

resistance by activating both peroxisome proliferation-activated receptor
beta/delta and retinoic acid receptor. Mol. Cell. Biol. 29, 3286-3296 (2009).

62. Li, S. et al. Requirement for serum response factor for skeletal muscle growth
and maturation revealed by tissue-specific gene deletion in mice. Proc. Natl
Acad. Sci. USA 102, 1082-1087 (2005).

Acknowledgements

We are grateful to Dr Luis Parada for the use of equipment. We thank Dr Pierre
Chambon for the SMA-CrePRT? mouse strain. We thank Drs Bill Richardson and Sean
Morrison for the PDGFRa-CrePRT? mice. We thank Drs Rhonda Bassel-Duby and Eric
N. Olson for the Myogenin-Cre and UCP1-CrePX2 mouse strains. This study was
supported by the National Institute of Health and the National Institute of Diabetes and
Digestive and Kidney Disease grants (R01 DK066556, R01 DK064261 and RO1
DK088220) to J.M.G. D.C.B. was supported by the National Heart, Blood and Lung
(5T32HL007360-34), and by the National Institute of Diabetes and Digestive and Kidney
Disease (1F32DK101153-01A1). Y.J. was supported by the American Heart Association
(13POST14590008).

Author contributions

D.CB,, YJ. and ].M.G conceived, designed and interpreted the experiments, and wrote
the manuscript. D.CB. and Y.J. performed the experiments and analysed the data. All
authors discussed the results and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: ].M.G. is a co-founder and shareholder of Reata Phar-
maceuticals. D.C.B. and Y.J. declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Berry, D. C. et al. Mouse strains to study cold-inducible
beige progenitors and beige adipocyte formation and function. Nat. Commun. 7:10184

doi: 10.1038/ncomms10184 (2016).

This work is licensed under a Creative Commons Attribution 4.0
L7 International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 7:10184 | DOI: 10.1038/ncomms10184 | www.nature.com/naturecommunications 17


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Mural cell genetic tools fate map into beige adipocytes

	Figure™1Cre drivers with high beige adipocyte labelling.(a-m) Two-month-old male Cre mice (AdipoTrak-Cre and SM22-Cre); R26RRFP mouse models (b,c,f,g) were maintained at RT (23thinspdegC) or cold exposed (6thinspdegC) for 7 days as shown in a. Subcutaneou
	Cre models with low beige-adipocyte labelling
	White adipocytes do not generate cold-induced beige adipocytes

	Figure™2Cre models with low beige adipocyte labelling.(a-h) Two-month-old male Cre mice (Myf5-Cre and Myogenin (MyoG)-Cre); R26RRFP mouse models were maintained at RT (23thinspdegC) or cold exposed (6thinspdegC) for 7 days. Subcutaneous inguinal adipose d
	AdipoTrak and Myf5-Cre characterization

	Figure™3Existing white adipocytes do not contribute to beiging.(a) Two-month old C57BLsol6J mice were maintained at RT or cold temperature for 7 days. Subcutaneous inguinal adipose depots were haematoxylin and eosin (H&E) stained and IHC stained for UCP1
	Figure™4AdipoTrak and Myf5 model characterization.(a) Merged (H2B-GFP and RFP) whole-mount images of denoted adipose depots and other tissues from 2-month-old AdipoTrak (PPARgammatauTA,TRE-Cre); TRE-H2B-GFP; R26RRFP male mice and control (PPARgammatTA; RF
	SMA-CreERT2 white adipocyte characterization
	SMA-rtTA white adipocyte characterization

	Figure™5SMA-CreERT2 characterization.(a) Subcutaneous inguinal adipose depots from RT 2-month-old wild-type male mice were immunostained for PECAM, SMA and perilipin, and nuclei detected with DAPI. (b) Subcutaneous inguinal adipose depots from RT 2-month-
	SMA characterization in beige adipocytes

	Figure™6SMA-rtTA characterization.(a) Subcutaneous inguinal adipose depots from 2-month old uninduced (no Dox) SMA-rtTA; RFP (SMA-rtTA; TRE-Cre; R26RRFP) male mice maintained at RT were immunostained for RFP, SMA and perilipin. Cell nuclei were countersta
	Figure™7Endogenous SMA and SMA-driven reporter expression profile in beige adipocytes.(a) Subcutaneous adipose depots from 2-month-old, cold-exposed wild-type mice were immunostained for endogenous SMA and UCP1 expression, and nuclei detected with DAPI. (
	SMA and Myh11 mark different mural cell compartments
	SMA-CreERT2-expressing cells are necessary for beiging

	Figure™8SMA+ mural cells are required for beige adipocyte formation.(a-d) Two-month-old SMA-CreERT2; PPARgammaflsolfl or SMA-CreERT2; R26RDTA were administered one dose of TM for 2 consecutive days. Mice were then randomized to RT or cold exposed. Seven d
	Discussion
	Methods
	Animals
	Histology
	Co-localization quantification
	Stromal vascular fractionation
	Cell culture
	Flow cytometry and sorting
	Quantitative real-time PCR
	Metabolic phenotyping experiments
	Statistical analysis

	HarmsM.SealeP.Brown and beige fat: development, function and therapeutic potentialNat. Med.19125212632013YoneshiroT.Brown adipose tissue, whole-body energy expenditure, and thermogenesis in healthy adult menObesity (Silver Spring)1913162011BoucherP.Gottha
	We are grateful to Dr Luis Parada for the use of equipment. We thank Dr Pierre Chambon for the SMA-CreERT2 mouse strain. We thank Drs Bill Richardson and Sean Morrison for the PDGFRagr-CreERT2 mice. We thank Drs Rhonda Bassel-Duby and Eric N. Olson for th
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




