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Adipose TBX1 regulates [-adrenergic sensitivity (]
in subcutaneous adipose tissue and thermogenic
capacity in vivo
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ABSTRACT

Objective: T-box 1 (TBX1) has been identified as a genetic marker of beige adipose tissue. TBX1 is a mesodermal development transcription
factor essential for tissue patterning and cell fate determination. However, whether it plays a role in the process of adipose beiging or how it
functions in adipose tissue has not been reported. Here, we examined the function of TBX1 in adipose tissue as well as adipose-derived stem cells
from mice and humans.

Methods: Adipose-specific TBX1 transgenic (TBX1 AdipoTG) and adipose-specific TBX1 knockout (TBX1 AdipoKO) mice were generated to
explore the function of TBX1 in the process of adipose beiging, metabolism and energy homeostasis in vivo. In vitro, we utilized a siRNA mediated
approach to determine the function of TBX1 during adipogenesis in mouse and human stem cells.

Results: Adipose-specific overexpression of TBX1 was not sufficient to fully induce beiging and prevent diet-induced obesity. However, adipose
TBX1 expression was necessary to defend body temperature during cold through regulation of UCP1 and for maintaining 33-adrenergic sensitivity
and glucose homeostasis in vivo. Loss of adipose TBX1 expression enhanced basal lipolysis and reduced the size of subcutaneous iWAT adi-
pocytes. Reduction of TBX1 expression via siRNA significantly impaired adipogenesis of mouse stromal vascular cells but significantly enhanced
adipogenesis in human adipose derived stem cells.

Conclusions: Adipose expression of TBX1 is necessary, but not sufficient, to defend body temperature during cold via proper UCP1 expression.
Adipose TBX1 expression was also required for proper insulin signaling in subcutaneous adipose as well as for maintaining [3-adrenergic
sensitivity, but overexpression of TBX1 was not sufficient to induce adipocyte beiging or to prevent diet-induced obesity. TBX1 expression is
enriched in adipose stem cells in which it has contrasting effects on adipogenesis in mouse versus human cells. Collectively, these data

demonstrate the importance of adipose TBX1 in the regulation of beige adipocyte function, energy homeostasis, and adipocyte development.
© 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Tbx1; Beige; Brite; Adipose; Subcutaneous; Thermogenesis

1. INTRODUCTION precipitates many other metabolic disorders, in part because of an

excess nutrient load [3]. In contrast to white adipocytes, brown adi-

Adipose tissue is a dynamic endocrine organ consisting of a heter-
ogenous cell population including mature adipocytes, pre-adipocytes,
immune cells, endothelial cells, progenitor cells and stem cells [1].
In a healthy state, adipose tissue responds to nutritional status and
various hormonal inputs to coordinate energy utilization, storage and
mobilization [2]. There are multiple types of adipocytes including white,
beige/brite, and brown adipocytes. Classical white adipocytes are
unilocular lipid laden cells that store or mobilize energy into circulation
in response to insulin versus catecholaminergic signaling [1]. However,
the accrual of excess white adipose is a hallmark of obesity and

pocytes are multilocular cells that dissipate energy as heat through the
process of adaptive thermogenesis [4]. This ability of brown adipocytes
to generate heat is mediated by the expression of a specialized
mitochondrial uncoupling protein-1 (UCP1), which is an essential
means for rodents and small mammals to maintain thermoregulation
[4]. Beige adipocytes are unique in that they share similarities with
both white and brown adipocytes. Under normal conditions, beige
adipocytes appear phenotypically similar to white adipocytes, but can
be induced into multilocular, mitochondrial dense adipocytes that
express abundant levels of UCP1 [5]. When induced through B-
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adrenergic signaling, beige adipocytes emerge within white adipose, a
process referred to as adipose ‘beiging’ [6]. UCP1 expressing adipo-
cytes are uniquely endowed with the ability to clear copious amounts of
plasma glucose and lipid concomitant to [-adrenergic stimulated
lipolysis [7]. Additionally, genetic and pharmacological models of
enhanced adipose beiging are protected from diet-induced obesity and
its deleterious effects on metabolism [6,8,9]. Therefore understanding
the mechanism governing the development and metabolic properties
of beige adipose is therapeutically imperative [10—12].

Beige adipocytes develop either through de novo adipogenesis or
through the ‘trans-differentiation’ of mature white adipocytes into
active UCP1 expressing beige adipocytes [13—17] or some combi-
nation of the two. While cell surface markers of mature beige adipo-
cytes and beige adipocyte progenitor cells have been identified
[18,19], few bona fide genetic markers of beige adipocytes have been
validated [20]. Of these genes, the transcription factor T-box 1 (TBX1)
has been utilized as a beige adipose marker in both mice and humans
[14,20—22]. Although TBX1 mRNA has been reported to be expressed
at a greater level in beige adipose tissue in vivo and ex vivo [14,20—
22], its use as a beige adipocyte marker in vitro may be less specific as
its expression is lost over time, suggesting yet unknown external
regulatory factors [20]. TBX1 is a mesodermal development gene
belonging to the T-box family, which are key regulators of development
throughout metazoans [23]. TBX1 is essential during embryogenesis
for tissue formation, cell fate determination and proliferation (reviewed
in [24]). Individuals diagnosed with 22q11.2 deletion syndrome have a
chromosomal microdeletion spanning the TBX1 gene, making it a
candidate gene for deficits including but not limited to immunodefi-
ciency, hypoparathyroidism and congenital heart disease [25]. Many T-
box family proteins bind to non-identical palindromic consensus DNA
sequences termed T-boxes in order to regulate transcription [23] and
two slightly permutated consensus T-box binding sequences have
been identified for TBX1 [26,27]. However, more recent studies indi-
cate that TBX1 is neither a strong transcriptional repressor nor acti-
vator [24] but rather, exerts effects on transcription through off-DNA
protein-protein interactions including SMAD1, histone methyl-
transferases and components of the chromatin remodeling complex
[27—29].

Despite these studies, no investigations concerning the function of
TBX1 specifically in adipose tissue have been reported. Here, we
generated novel adipose-specific gain- and loss-of-function mouse
models to test the role of TBX1 in adipose tissue beiging, metabolism
and energy homeostasis. Our studies reveal that TBX1 expression in
mature adipose is required for full UCP1 activity and the maintenance
of body temperature during cold, but overexpression of TBX1 is not
sufficient to drive beiging and prevent the development of diet-induced
obesity. Furthermore, adipose TBX1 is required for proper subcu-
taneous adipose insulin signaling and B-adrenergic sensitivity and
glucose homeostasis in vivo. Collectively, these data demonstrate that
TBX1 is a novel regulator of adipose tissue function and whole-body
metabolism.

2. MATERIALS AND METHODS

2.1. Animals

Adiponectin-Cre transgenic mice, TBX1 COET mice and TBX1fl/fl mice
have all been previously reported [30—32]. TBX1fl/fl mice possess a
loxP flanked exon 5 such that upon Cre-recombinase mediated
recombination this exon is excised [32]. Excision of exon 5, which
encodes the T-box domain, and splicing between exons 4 and 6,
causes a frame shift resulting in a premature stop codon and

subsequent loss of function [32]. Adipocyte-specific TBX1 transgenic
mice were generated by crossing Adiponectin-Cre transgenic mice
with TBX1 COET mice while adipocyte specific TBX1 knockout mice
were generated by crossing adiponectin-cre transgenic mice with
TBX11l/fl mice. All mice used in these studies were male on a C57BI6/J
background maintained on standard chow (2920X; Envigo) or fed a
60% high fat diet (HFD; Research Diets, D12492i) for 7 weeks. Mice
were at least 6-weeks-old when placed on HFD. Mice were maintained
on a 12:12 h light: dark cycle and all procedures were approved by the
University of lowa IACUC. For all experiments, littermate control mice
were used.

2.2. Thermoneutrality and cold exposure studies

For studies at thermoneutrality or involving cold exposure, mice were
housed in an environmental chamber (Powers Scientific, Inc.) set to
either 30 °C (TN; thermoneutrality) or 4 °C. Rectal temperatures were
measured using a dual channel Traceable Expanded Range Probe
(Fisher Scientific).

2.3. Mouse adipocyte studies

Stromal vascular cells were isolated from 4-6-day old wild type neo-
nates and differentiated as previously described [33]. Briefly, cells
were in DMEM supplemented with 10% FBS and 5% pen-strep, non-
essential amino acids, Glutamax, 1 M HEPES, and 0.1 mM [-mer-
captoethanol until confluent. Forty-eight hours post-confluency cells
were placed into new media containing DMEM supplemented with
10% FBS, 5% pen-strep, 1 uM dexamethasone, 0.5 mM IBMX, and
5 pg/mL insulin for 48 h. Adipocytes were then cultured in supple-
mented DMEM containing 5 png/mL of insulin until the experiment. For
experiments, adipocytes were placed into serum-free media contain-
ing either vehicle or 1 M isoproterenol for 16 h and then collected for
RNA isolation.

Collagenase isolation of primary adipocytes was performed in the
following manner. Mice were euthanized and iWAT quickly dissected
out and placed into 37 °C Hanks buffer containing 3% BSA and 2 mg/
mL of collagenase Il (Worthington). Tissue was finely minced with
surgical scissors and then incubated at 37 °C with gentle shaking for
45 min. The tissue was then poured through a nylon mesh and gently
centrifuged 500 g for 2 min in order to allow primary adipocytes to
float to top of surface. Primary adipocytes were then gently washed 3
times with collagenase-free Hanks buffer.

2.4. Gene and protein expression studies

RNA isolation and gene expression analysis was performed as
described [34]. QPCR primer sequences follow: mouse Thp1 forward
5'-CACAGGAGCCAAGAGTGAAGA-3' reverse 5- AGAACTTAGCTGG-
GAAGCCC; mouse Thx1 used for expression profiling forward 5'-
GGCAGGCAGACGAATGTTC-3" and reverse 5'- TTGTCATCTACGGGCA-
CAAAG-3’; mouse Thx1 used for confirming genetic deletion forward
5'-AGAATCACCGGATCACGCAG-3' and reverse 5'-
GTCCTCCGGGTCGCAATC-3’; mouse Cebpa forward 5'- TGGCCTGGA-
GACGCAATGA-3' and reverse 5'- CGCAGAGATTGTGCGTCTTT-3;
mouse Pparg forward 5'- GCATGGTGCCTTCGCTGA-3’ and reverse 5'-
TGGCATCTCTGTGTCAACCATG-3'; mouse Prdm16 forward 5'- TGAC-
CATACCCGGAGGCATA-3' and reverse 5'- CTGACGAGGGTCCTGTGATG-
3"; mouse Ucp1 forward 5'- CGGGCATTCAGAGGCAAATC-3' and
reverse 5'- CCGAGAGAGGCAGGTGTTTC-3'; mouse Ppargcia forward
5’- AGACAAATGTGCTTCCAAAAAGAA-3’ and reverse 5'- GAAGAGA-
TAAAGTTGTTGGTTTGGC- 3’; mouse Cd137 forward 5- CGTGCA-
GAACTCCTGTGATAAC-3' and reverse 5'-
GTCCACCTATGCTGGAGAAGG-3’; mouse Tmem26 forward 5'-
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ACCCTGTCATCCCACAGAG-3’ and reverse 5'- TGTTTGGTGGAGTCC-
TAAGGTC-3'; mouse Adipoq forward 5’- TGTCCCCATGAGTACCAGACT-
3’ and reverse 5'- TCCTGAGCCCTTTTGGTGTC-3’; mouse Fabp4 for-
ward 5 -AGTGAAAACTTCGATGATTACATGAA-3' and reverse 5'-
GCCTGCCACTTTCCTTGTG-3'.

Human TBP1 forward 5’- CAC GAA CCA CGG CAC TGA TT-3’' and
reverse 5’'- TTT TCT TGC CAG TCT GGA C-3'; human TBX1 forward 5'-
ACGACAACGGCCACATTATTC-3' and reverse 5- CCTCGGCA-
TATTTCTCGCTATCT-3'; human CEBPA forward 5'-
TATAGGCTGGGCTTCCCCTT- 3’ and reverse 5'- AGCTTTCTGGTGT-
GACTCGG-3'; human PPARG forward 5’- ACCCAGAAAGCGATTCCTTCA-
3’ and reverse 5'- TGTGTCAACCATGGTCATTTCTTG-3'; human ADIPOQ
forward 5- GGAGATCCAGGTCTTATTGGTCC-3' and reverse 5'-
TTTCCTGCCTTGGATTCCCG-3’; human  FABP4  forward 5'-
TGGGCCAGGAATTTGACGAA-3" and reverse 5'- CACATGTACCAGGA-
CACCCC-3’; human PLN forward 5'- CCCAGGAGTGACAGGAATTGTT-3'
and reverse 5’- ATCCTCGCTCCTCAAGTCCG-3'.

For protein analysis, tissues were homogenized on ice and lysate
prepared as previously described [34]. Bradford assay was performed
to determine protein concentration and then equal amounts of protein
were resolved by SDS-PAGE, transferred to PVDF membrane and then
probed with specific antibodies: anti-UCP1 (Abcam #10983) and B-
actin (Sigma #A5316), phoshpo-ERK1/2 (Cell Signaling Technology
#9101), total ERK1/2 (Cell Signaling Technology #9102), phospho-
mTOR (Cell Signaling Technology #5536), total mTOR (Cell Signaling
Technology #2983), phospho-Akt (Cell Signaling #9271), and total Akt
(Cell Signaling Technology #9272).

2.5. Assessment of mitochondrial respiration

Mitochondria were isolated based on [35] with modifications for adi-
pose tissue. Briefly, iWAT was immediately collected following
euthanasia and placed into ice cold mito isolation buffer containing
70 mM sucrose, 210 mM mannitol, 5 mM HEPES pH 7.4, and 1 mM
EGTA. Tissue was minced finely with surgical scissors and then ho-
mogenized using a glass grinder and Teflon pestle rotating at 275 rpm.
Homogenate was centrifuged at 700x g for 10 min at 4 °C. Super-
natant was collected and centrifuged at 8500 x g for 10 min at 4 °C to
pellet mitochondria. The mitochondrial pellet was resuspended in fresh
mito isolation buffer and mitochondrial protein concentration deter-
mined via Bradford Assay. Mitochondria were plated at 2 pg/well in
mitochondria respiration buffer containing 70 mM sucrose, 210 mM
mannitol, 10 mM K2P04, 5 mM MgCl2, 5 mM HEPES pH 7.4, 1 mM
EGTA, 10 mM malate, 5 mM pyruvate and 0.20% BSA free-fatty acid
free. Basal oxygen consumption rate was then determined via Sea-
horse Bioflux Analyzer (University of lowa ESR Core).

2.6. Glucose and insulin tolerance tests

For glucose tolerance tests, mice were fasted for 6 h and time 0 blood
was collected via tail bleed followed by an intraperitoneal (i.p.) injection
of glucose at 2 g glucose/kg total body weight in lean chow fed animals
and 1.3 g glucose/kg total body weight for high fat fed animals. For
insulin tolerance tests, mice were fasted for 4 h and time 0 blood was
collected via tail bleed followed by an i.p. injection of insulin at 0.75 U/
kg total body weight. Tail blood was then collected over the course of
120 min, processed and analyzed as described previously [34].
Glucose and insulin tolerance tests were performed either at room
temperature (~ 22 °C) or thermoneutrality (~ 30 °C) as indicated. To
assess glucose tolerance in response to [3-adrenergic receptor
activation, a cohort of wild type mice were injected the day of the GTT
with vehicle or CL316,243 (0.25 mg/kg body weight) 6 h prior to time
0 of the GTT. Likewise, a cohort of TBX1 AdipoTG mice were injected
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on the day of the GTT with vehicle or CL316,243 (0.25 mg/kg body
weight) 6 h prior to time 0 of the GTT. To stimulate adipose beiging
independent of cold exposure, wild type mice were injected with either
vehicle or CL316,243 (1 mg/kg body weight) once daily for 3 days [36]
with the final injection occurring 6 h prior to time 0 of the GTT. The
same design was repeated with a cohort of TBX1 AdipoKO mice.

2.7. Insulin and B-adrenergic signaling assays

To assess insulin signaling in adipose tissue, TBX1 AdipoKO and
littermate control mice were fasted for 4 h and then euthanized. The
iWAT depots were pooled per genotype in KRB buffer containing HEPES
pH 7.4 supplemented with 5 mM glucose. Samples were then finely
minced ~ 200X with surgical scissors and then equal amounts of
minced tissue were plated into wells of tissue culture plate containing
the described buffer with vehicle, 1 nM, 5 nM, 10 nM or 100 nM of
insulin and then incubated at 37 °C for 10 min with gentle shaking.
Plates were placed on ice and tissue immediately collected for protein
isolation. To assess P3-receptor mediated adrenergic signaling, iWAT
from TBX1 AdipoKO and littermate control mice was prepared as
described above and incubated in buffer containing vehicle, 0.01 pM,
0.1 puM, 1 uMor 10 uM CL316,243 and incubated at 37 °C for 10 min
with gentle shaking. Plates were placed on ice and tissue was
immediately collected for protein isolation.

2.8. Histology, immunohistochemistry, and adipocyte size analysis
The IWAT of male wild type and TBX1 AdipoKO littermates, 10—12
weeks of age, was collected into 4% paraformaldehyde and incubated
for 48 h at 4 °C with gentle shaking. Tissues were processed, and H&E
staining was performed via the Pathology Core (University of lowa). For
immunohistochemistry, slides were incubated in UCP1 (Abcam
#10983 at 1:500) and perilipin (Abcam #61682 at 1:100) antibodies
overnight at 4 °C followed by Alexa Fluor anti-rabbit 488 and 568
secondary antibodies. Slide images were captured using an Olympus
IX83 microscope and adipocyte size analyzed using ImageJ platform
(National Institutes of Health).

2.9. Human MSC isolation and characterization

Mesenchymal stromal cells from three human donors and tissue
sources (bone marrow, adipose tissue, and umbilical cord) were iso-
lated and expanded for baseline TBX1 interrogation. Bone marrow
donor 00082 was purchased from and confirmed to meet ISCT MSC
Minimal Criteria [37] by RoosterBio followed by outgrowth and cry-
obanking under standard protocols, as previously described [38].
Umbilical cord mesenchymal stromal cell (ucMSC) donor 4600 was
isolated via tissue explant method from Wharton’s Jelly using standard
FBS-supplemented media or human platelet lysate supplemented
media. Following isolation, ucMSCs were outgrown, cryobanked, and
MSC identification was confirmed by immunophenotyping and trili-
neage differentiation under their respective media formulations, as
previously described [39]. Adipose tissue MSCs (adMSCs) were iso-
lated from human stromal vascular fractions after enzymatic degra-
dation of subcutaneous adipose tissue, as previously described [40].
Immunophenotyping of adMSCs was performed using the following
antibodies: FITC-CD105 (BD Biosciences, Cat #561443), PE-CD90
(Invitrogen, Cat #A15794), and PE.Cy7-CD73 (BD Biosciences, Cat
#561258) with isotype controls (FITC Mouse IgG1k, PE.Cy7 Mouse
lgG1k, and PE-CD90 Mouse IgG1k). Absence of CD45, CD34, CD11b,
CD19, and HLA-DR was confirmed using the PE hMSC Negative
Cocktail (BD Biosciences, Cat #562530), as per the manufacturer’s
instructions. Adipogenic and osteogenic differentiation was performed
over a 15-day period (Biological Industries, Cat #05-330-1 B-KT and
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Cat #05-440-1 B) followed by staining with AdipoRed and Alizarin Red,
respectively, as previously described [39].

2.10. Human adipose derived MSC culture and differentiation

After initial isolation and preliminary expansion, adipose derived MSCs
were cryopreserved at 1 million cells/mL using CryoStor CS5 Freeze
Media and stored in liquid nitrogen until experimental use. For cell
outgrowth, adipose derived MSCs were plated at a density of ~ 3000
cells/cm2 and grown in standard MSC growth media (MEM-alpha
without nucleosides supplemented with 15% FBS, 1% pen-strep, and
1% L-glutamine) until reaching 70—80% confluence. All experiments
were performed using adipose derived MSCs at passage 3—5, with all
frozen stocks initially preserved at P2. For adipogenic differentiation
and gene expression studies, adipose derived MSCs were switched
into an adipogenic differentiation cocktail consisting of high-glucose
DMEM supplemented with 10% FBS, 1% pen-strep, 1 uM dexa-
methasone, 0.5 mM IBMX, and 5 pg/mL insulin for 7 days, with fresh
media exchange at day 3 post-differentiation.

2.11. TBX1 siRNA adipogenesis studies

Isolated mouse and human cells were reseeded and transduced the
following day near ~80% confluence with a negative control
scrambled siRNA (Thermo; #4390843) or siRNA targeting mouse or
human TBX1 respectively. For mouse cell studies, Thermo #4390771;
ID s74769 targeting exon 5 at base pair 748 was used. For human cell
studies, Thermo #4392420; ID s13801 targeting exon 6 at base pair
856 was used. To assess transfection efficiency, mouse and human
adipose derived cells were transfected with a negative control
scrambled siRNA or TYE53-linked siRNA (IDT, Inc.) and transfection
efficiency assessed via Flow Cytometry 24- and 48-hours post-
transfection. Cells were transfected using Lipofectamine RNAIMAX
(Thermo) as per the manufacturer’s instructions. Post-transduction,
cells were incubated for 48 h in growth media before beginning
species-specific adipogenesis protocol.

2.12. Plasma analysis
Plasma metabolites were analyzed using colorimetric kits per the
manufacturer’s instructions as previously described [34].

2.13. Data analysis

Data were analyzed using Excel or GraphPad Prism 7 and statistical
differences between groups were determined via the Student’s t-test
or two-way ANOVA utilizing Sidak’s correction for multiple
comparisons.

3. RESULTS

3.1. Generation of adipose-specific TBX1 transgenic and knockout
mice

To begin to investigate the function of TBX1 in adipose, we profiled
Thx1 mRNA expression in adipose depots of wild-type mice. Thx1
mRNA was most highly expressed in subcutaneous inguinal white
adipose tissue (iWAT), a depot highly susceptible to beiging [42]
(Figure 1A). Further profiling revealed comparable expression levels of
Thx1 in mature adipocytes and stromal vascular cells isolated from
iWAT of male C57BI6 mice (Figure 1B). Although the utility of TBX1 as a
genetic marker of beiging in vivo versus in vitro has been debated
[14,20—22], nothing has been reported regarding its function in adi-
pose tissue. Therefore we generated adipose-specific TBX1 transgenic
(TBX1 AdipoTG) and knockout (TBX1 AdipoKO) mice to test if TBX1 was
sufficient and necessary to induce the beiging of adipose tissue. TBX1

AdipoTG mice were generated by crossing adiponectin-Cre transgenic
mice with TBX1 COET mice, which contain a chicken beta-actin pro-
moter, a neomycin cassette flanked by LoxP sites followed by mouse
TBX1 cDNA [31]. Thx1 and Ucp1 mRNAs were significantly increased
in the iWAT of TBX1 AdipoTG mice (Figure 1C—D) and UCP1 protein
remained increased in the iWAT of TBX1 AdipoTG mice housed at
thermoneutrality (30 °C; Figure 1E). However, no differences were
detected in beige cell formation between genotypes as determined via
UCP1 immunofluorescence (Supplementary Figure. 1G), indicating that
TBX1 likely regulates UCP1 expression in previously existing beige
cells. Although Thx1 mRNA was also increased in the BAT and eWAT of
these mice, no changes were detected in Ucp1 expression in these
tissues (Supplementary Figures. 1A—D), indicating that TBX1 likely
functions in an iWAT specific manner. Finally, Tox1 mRNA was un-
changed in the livers of TBX1 AdipoTG mice confirming tissue-specific
specificity of transgene expression (Supplementary Figures. 1E—F).
To generate TBX1 AdipoKO mice, TBX1fl/fl mice [32] were crossed
with adiponectin-Cre transgenic mice. Using primers specific for the
floxed exon 5 of TBX1, Thx1 mRNA was significantly decreased in
whole iWAT (Figure 1F) and in primary adipocytes isolated via colla-
genase from the iWAT of TBX1 AdipoKO mice (Supplementary Figure.
1H); however, no change in Ucp1 mRNA was detected (Figure 1G).
Furthermore, there was no difference in the number of UCP1 positive
adipocytes determined via immunofluorescent staining in the iWAT of
wild type versus TBX1 AdipoKO mice housed at room temperature
(Supplementary Figure 1P). Ucp1 mRNA levels were also unchanged in
BAT of TBX1 AdipoKO mice despite increased Tbx1 mRNA expression
(Supplementary Figs. 11—J), and no changes in eWAT Thx1 or Ucp1
mRNA were detected (Supplementary Figure. 1K-L). No alterations in
gene expression were detected in livers of TBX1 AdipoKO mice, again
demonstrating specificity (Supplementary Figure TM—N).

3.2. Adipose TBX1 expression is necessary to maintain body
temperature during cold exposure

Beige adipocytes are induced by increased sympathetic nerve acti-
vation and [-adrenergic signaling in response to sub-thermoneutral
temperatures [43]. To determine if loss of TBX1 in adipocytes af-
fects adipocyte metabolism in response to f-adrenergic signaling, we
isolated stromal vascular cells from the iWAT of neonatal wild type and
TBX1 AdipoKO mice, which were cultured and differentiated to similar
degrees into adipocytes in vitro (Supplementary Figure 10). Differen-
tiated adipocytes were then treated with vehicle or the B-adrenergic
agonist isoproterenol. While Ucp7 mRNA was robustly induced in wild
type adipocytes treated with isoproterenol, Ucp7 levels were signifi-
cantly blunted in isoproterenol treated TBX1 AdipoKO adipocytes
relative to wild type adipocytes (Figure 1H). Additionally, respiration of
mitochondria isolated from the iWAT of cold exposed TBX1 AdipoKO
mice was also significantly decreased relative to cold exposed controls
(Figure 11), most likely due to a blunted expression of UCP1 protein in
iWAT following cold exposure (Supplementary Figure 1Q). Collectively,
this data links impaired UCP1 expression in the subcutaneous adipose
of TBX1 AdipoKO mice in vivo with impaired subcutaneous derived
mitochondrial respiration ex vivo.

Based on the increased iWAT UCP1 expression in TBX1 AdipoTG mice,
we next tested whether TBX1 may be sufficient to increase beiging of
subcutaneous white adipose in vivo. TBX1 AdipoTG mice were accli-
mated at thermoneutrality 30 °C for 4 days and then housed at 4 °C for
5 h. TBX1 AdipoTG mice had a greater decrease in body temperature
relative to littermate controls following 1 h at 4 °C but quickly
recovered to control levels within 2 h of cold onset (Figure 1J, left). The
rate of body temperature change in TBX1 AdipoTG mice was
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Figure 1: Adipose TBX1 is necessary to maintain body temperature during cold exposure. (A) Expression levels of Tbx7 mRNA in adipose depots of 10-week old C57BI6
male mice (n = 3). (B) Tbx7 mRNA expression levels in collagenase isolated stromal vascular cells versus mature adipocytes in iWAT pooled from 8-week old C57BI6 male mice
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and the light phase following 72 h at 4 °C (n = 5/group). Values are mean + SEM; *, p < 0.05; **, p < 0.001; ***, p < 0.005; ¥, p < 0.001.
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significantly accelerated relative to control mice in the first and second
hours of cold exposure (Figure 1J, right). Next, TBX1 AdipoTG mice
were subjected to a chronic cold challenge. Following acclimation at
30 °C, TBX1 AdipoTG and littermate controls were housed at 4 °C for 3
days. No differences were detected between genotypes in body tem-
perature during the dark or light phases following 3 days of cold
(Figure 1K) indicating that although overexpression of adipose TBX1
increases iWAT UCP1 expression, it is not sufficient to prevent a
decrease in body temperature in response to cold.

Since TBX1 AdipoKO mice displayed reduced UCP1 expression and
mitochondrial respiration in iWAT, after cold exposure, we next
repeated the acute and chronic cold challenges using these mice. No
significant changes were observed in absolute body temperature or the
rate of body temperature change in TBX1 AdipoKO mice during an
acute 5-hour cold challenge (Figure 1L, left & right). However,
following 3 days at 4 °C, TBX1 AdipoKO mice displayed significantly
lower body temperatures during the final dark phase relative to control
mice (Figure 1M). Collectively, these data indicate that TBX1 functions
in existing beige cells to regulate UCP1 expression and body tem-
perature during cold exposure.

3.3. Adipose TBX1 function is necessary for maintaining in vivo
glucose homeostasis

Since genetic and pharmacological models of adipose beiging enhance
metabolism and can prevent diet induced obesity [6,8,9], we tested the
impact of adipose TBX1 overexpression and deletion on energy ho-
meostasis in chow fed and high fat fed mice. TBX1 AdipoKO mice fed
standard chow had similar body weights (Figure 2A) and fed plasma
metabolite levels as wild type littermates (Supplementary Table 1).
However, in the fasted state, TBX1 AdipoKO mice had significantly
higher plasma glucose levels compared to fasted control mice
(Supplementary Table 1). However, fasted TBX1 AdipoKO plasma in-
sulin levels were not statistically different from controls
(Supplementary Table 1; p-value = 0.08) To investigate this further,
insulin tolerance tests were performed. Chow fed TBX1 AdipoKO mice
and wild type littermates displayed similar plasma glucose levels
within the first 60 min of insulin injection (Figure 2B). However, during
the two lattermost time points of the ITT (time 90 and 120 min), TBX1
AdipoKO mice displayed significantly elevated plasma glucose levels
versus controls (Figure 2B); suggesting a potentially enhanced coun-
terregulatory response to decreased plasma glucose during the pre-
ceding time points [44,45]. Since UCP1 positive adipocytes are
activated by B-adrenergic signaling, as occurs during cold exposure,
and can clear significant levels of plasma glucose [7], we next per-
formed glucose tolerance tests using chow fed wild type and TBX1
AdipoKO mice following 3 days of treatment with vehicle or the Bs-
adrenergic agonist CL316,243 in order to mimic cold exposure. Both
genotypes displayed enhanced clearance of plasma glucose following
treatment with CL316,243 versus vehicle (Figure 2C—E) indicating
intact B-adrenergic responsiveness in vivo. In contrast to studies with
chow fed TBX1 AdipoKO mice, we did not observe any alterations in
body weight, glucose homeostasis or plasma metabolite levels of chow
fed TBX1 AdipoTG mice housed at thermoneutrality (Supplementary
Figures. 2A—C and Supplementary Table 2), indicating that over-
expression of TBX1 in adipose does not alter energy homeostasis.
Despite the lack of metabolic phenotype in chow fed TBX1 AdipoTG
mice and because of the increased UCP1 content observed in TBX1
AdipoTG mice, we next sought to determine if adipose specific
overexpression of TBX1 was sufficient to prevent the development of
diet-induced obesity and its deleterious metabolic effects. Surpris-
ingly, TBX1 AdipoTG mice housed at thermoneutrality were not

protected against weight gain on a high fat diet (Supplementary
Figure. 2D) and no differences were observed versus high fat fed
wild type mice in glucose homeostasis in response to vehicle or
treatment with CL316,243 (Supplementary Figures. 2E—F). Similarly,
high fat fed TBX1 AdipoKO mice gained weight at the same rate as
wild type mice and displayed comparable insulin sensitivity during an
ITT (Figure 2F—G). High fat fed wild type mice treated with
CL316,243 for 3 days were significantly more glucose tolerant
compared to littermate controls treated with vehicle (Figure 2H,J).
Finally, unlike in the chow fed condition, high fat fed TBX1 AdipoKO
mice failed to increase clearance of plasma glucose following
CL316,243 treatment (Figure 21—J).

3.4. Loss of adipose TBX1 impairs insulin signaling and enhances
basal lipolysis in subcutaneous adipose tissue

In order to determine if loss of adipose TBX1 in subcutaneous adipose
contributes to the metabolic phenotype of TBX1 AdipoKO mice
observed in vivo, we assessed insulin signaling using iWAT explants of
lean WT and TBX1 AdipoKO mice. Levels of Akt phosphorylation were
decreased in TBX1 AdipoKO iWAT compared to wild type iWAT treated
in vitro with increasing doses of insulin (Figure 3A). Additionally, the
release of non-esterified fatty acids (NEFAs) was significantly
increased in TBX1 AdipoKO iWAT explants relative to control explants
cultured in vitro under basal conditions and in response isoproterenol
treatment although not significantly (Figure 3B). Histological analysis
revealed that adipocytes from the iWAT of TBX1 AdipoKO mice were on
average smaller and more numerous than wild type mice in both the
chow and the high fat diet conditions (Figure 3C—J) indicating the loss
of adipose TBX1 results in altered insulin signaling and hyperplasia of
hypotrophic adipocytes independent of nutritional context.

3.5. TBX1 differentially regulates adipogenesis in adipose derived
mouse versus human stem cells

In our initial profiling of Tbhx7 expression across mouse adipose
depots, we found that Thx7 mRNA was highly expressed in stromal
vascular cells isolated from iWAT of wild type mice (Figure 1B),
suggesting that TBX1 could function in this population of cells
potentially to regulate adipocyte development. To test this, we used
an siRNA mediated approach. A siRNA specific for mouse Tbx7 was
selected as previously described [27], and both siRNA knockdown of
Tbx1 expression and transfection efficiency using TYE 563 DsiRNA
(IDT, Inc.) were verified using stromal vascular cells isolated from
wild type neonatal mice (Supplementary Figures. 3A—B). To test the
role of TBX1 in adipocyte development, wild type neonatal mouse
stromal vascular cells were isolated, cultured in vitro, transduced
with either a negative control scrambled siRNA or a siRNA targeting
Tbx1, and then differentiated into adipocytes per standard protocol
[33]. As seen in Figure 4A, Tbx1 expression was significantly
decreased in cells transfected with the Tbx7 siRNA, resulting in
significantly decreased expression of key adipogenic genes
including Cebpa and Pparg indicating that Tbx7 expression is
required for full differentiation of mouse stromal vascular cells into
adipocytes. Notably, TBX1 has been reported to play a role in stem
cell renewal in other tissue types [46—48] and, although TBX1 is
detectable in human adipose [21,22], nothing has been reported
regarding its potential role in human adipogenesis. To address this,
we profiled TBX7 expression in mesenchymal stem cells (MSCs)
isolated from various human tissue sources and found TBX7 to be
significantly enriched in human adipose derived mesenchymal stem
cells versus those isolated from umbilical cord or bone marrow
(Figure 4B). We confirmed that the TBX1 expressing human adipose
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p < 0.005; #, p < 0.001.

derived mesenchymal stem cells were indeed bona fide stem cells
as they stained positive and negative for MSC specific surface
markers including CD 105, CD 90, and CD 73 (Supplementary
Figure. 3C); criteria established by the International Society for
Cellular Therapy [37]. To validate these stem cells as a model for
testing the function of TBX1 in human adipogenesis, we assessed

the adipogenic potential of the human adipose mesenchymal stem
cells by performing a standard differentiation protocol (please see
Methods) and then quantified adipogenic gene expression and lipid
accumulation. Following just 7 days of incubation in a standard
differentiation cocktail, key adipogenic genes, including master
regulators CEBPA and PPARG, were significantly increased relative
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to untreated cells (Figure 3C) and lipid accumulation was visible in
cells treated with the differentiation cocktail and stained with
AdipoRed (Supplementary Figure. 3D). Additionally, TBX7 mRNA was
significantly increased in human adipose mesenchymal stem cells
on the seventh day of treatment with the differentiation cocktail

p < 0.005; #, p < 0.001.

(Figure 4D), linking increased TBX1 expression in human mesen-
chymal stem cells with the adipogenic program. To directly test this,
we again used a SiRNA mediated approach to evaluate the
requirement of TBX1 expression during adipogenesis in human
cells. As seen in Figure 4E,A greater than 50% reduction in
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TBX1 mRNA was observed in TBX1 siRNA transfected human adi-
pose mesenchymal stem cells differentiated for 7 days with near
maximal transfection efficiency (Supplementary Figure. 3E).
Furthermore, the decreased TBX7 expression due SiRNA trans-
duction resulted in significantly increased expression of adipogenic
genes (Figure 4F). These results indicate that proper expression
of TBX1 in both murine and human adipose stem cells is essential
for proper adipogenesis, albeit in a divergent, species-specific
manner.
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4. DISCUSSION

The activation of UCP1™ adipose tissue enhances adaptive thermo-
genesis resulting in the clearance of significant levels of glucose and
lipid from circulation [7]. In rodents, adipose ‘beiging’ can prevent the
development of diet-induced obesity and dramatically improve meta-
bolic parameters, suggesting that activation of beige adipose could
serve as a therapeutic approach to combat human obesity [10—12]. In
mice, the subcutaneous inguinal white adipose depot is particularly
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susceptible to beiging [6], and a number of developmental genes
including HOX family genes, Shox2, and Tbx15 are preferentially
expressed in the subcutaneous adipose depot of both rodents and
humans [49—53]. TBX1 has also served as a genetic marker of beige
adipose in vivo for both rodents and humans [14,20—22], yet its
function in adipose tissue has not been previously reported. Consistent
with previous studies, we found TBX1 to be highly expressed in the
subcutaneous adipose of mice. Thus we generated mice genetically
overexpressing or lacking TBX1 expression specifically in adipose
tissues (TBX1 AdipoTG and TBX1 AdipoKO mice, respectively) in order
to directly test the function of TBX1 in this tissue. Overexpression of
TBX1 in adipose tissues is not sufficient to fully drive the beiging of
white adipose tissue as TBX1 AdipoTG mice did not display differences
in beige cell number in subcutaneous inguinal white adipose tissue
and were not protected against cold induced decreases in body
temperature or diet induced obesity. Importantly, we did not observe
increases in any other genetic markers of beige adipose tissue or
mitochondrial biogenesis (Supplementary Figures. 2G—J) [41], sug-
gesting that TBX1 may regulate adipose UCP1 expression, but that
transgenic overexpression of TBX1 is not sufficient to ‘trans-differen-
tiate’ mature, adiponectin expressing white adipose into metabolically
active beige adipose tissue.

Although our data indicates that TBX1 is not sufficient to convert
mature adipose into thermogenic beige adipose, its expression in
adipose tissue and resident beige cells is required for the defense of
body temperature during cold and to maintain [(-adrenergic
responsiveness and glucose homeostasis in vivo. TBX1 AdipoKO
mice housed in the cold for 3 days displayed a significant decrease in
body temperature compared to control mice (Figure 1M). Comple-
mentary in vitro and ex vivo studies using TBX1 AdipoKO adipocytes
and isolated mitochondria support the notion that TBX1 functions in a
cell autonomous manner to regulate UCP1 expression and activity
rather than regulating beige adipocyte formation. In this regard, TBX1
could regulate adipocyte UCP1 expression via two primary potential
mechanisms: 1) direct transcriptional regulation via binding to reg-
ulatory sequences in the Ucp? gene, and/or 2) by altering 3-adren-
ergic signaling dynamics within adipose tissue. Notably, ChIP-seq
analysis using mouse embryonic cardiac cells identified a region
within the Ucp1 gene enriched for a TBX1 binding motif [27]. This
direct DNA-binding mechanism of action would be similar to that
recently reported for another T-box 1 family member, TBX15. Using
adipose-specific TBX15 knockout mice and ChIP analysis, Sun et al.
demonstrated that TBX15 is required for adrenergically activated
adipose beiging by binding to a region within the Prdm16 promoter
[54]. In contrast to the effects of TBX15, our in vivo and in vitro data
suggest that TBX1 primarily regulates B-adrenergic versus insulin
signaling within adipose tissue as well as B-adrenergic respon-
siveness in vivo. Loss of adipose TBX1 expression resulted in
elevated fasting plasma glucose levels as well as increased plasma
glucose levels during the later time points of an ITT (Figure 2B; time
90 and 120 min). Plasma glucose levels at these latter time points
reflect the actions of counterregulatory mechanisms, such as cate-
cholamines and cortisol, that occur in response to the insulin induced
hypoglycemia that occurs earlier during the ITT [44,45]. Thus our
data indicate that although TBX1 AdipoKO mice and littermate con-
trols have comparable insulin sensitivity, TBX1 AdipoKO mice have a
potentially enhanced counterregulatory response compared to control
mice following the initial clearance of plasma glucose in response to
insulin.

In chow fed TBX1 AdipoKO mice, TBX1 expression was dispensable
for Bs-adrenergic mediated glucose clearance. Conversely, in high
fat diet TBX1 AdipoKO mice adipose TBX1 expression was required
for Bs-adrenergic mediated glucose clearance. CL316,243 induces
beige adipocytes in a manner similar to yet independent of cold
exposure [36] and stimulates glucose uptake in vivo [55]. In our GTT
studies, TBX1 AdipoKO mice were injected once daily for 3 days with
CL315,243. On the third day, 6 h following the final CL316,243 in-
jection, a GTT was performed in order to directly test the loss of
adipose TBX1 on [33-adrenergic regulated glucose homeostasis.
Notably, CL316,243 treatment acutely (<2 h) stimulates free fatty
acid induced insulin secretion [56]. However, plasma levels of
CL316,243 are significantly reduced 6-hours post-injection which is
in line with the timing of our GTT studies [57]. Since whole-body
insulin sensitivity and plasma non-esterified fatty acid levels be-
tween high fat diet TBX1 AdipoKO and wild type mice were com-
parable, our findings support that the loss of TBX1 from adipose
tissue during a high fat feeding affects [(-adrenergic mediated
glucose disposal [58]. That is, if basal 3-adrenergic responsiveness
is already enhanced, further glucose clearing by B3-adrenergic
stimulation may not be observed [58]. Thus TBX1 may regulate [3-
adrenergic responsiveness of adipose tissue and mediate crosstalk
between B-adrenergic and insulin signaling within adipose, not un-
like what has been reported in the heart [59,60]. This notion is
supported by the impaired insulin signaling and enhanced basal
lipolysis rates using the iIWAT from TBX1 AdipoKO mice. In line with
the notion that TBX1 regulates the B-adrenergic responsiveness of
subcutaneous adipose, overexpression of the TBX1 family member
TBX15 in 3T3-L1 adipocytes was sufficient to increase basal lipolysis
and decrease mitochondrial respiration [61] while the genetic dele-
tion of the developmental gene Shox2, specifically in adipose tissue,
resulted in smaller subcutaneous adipocytes and loss of subcu-
taneous adipose due to enhanced lipolysis in vivo [62]. Similar to the
phenotype of the adipose-specific Shox2 knockout mice, the hypo-
morphic iWAT adipocytes observed in our TBX1 AdipoKO mice are
likely a result of the impaired insulin signaling and concomitant
increased rate of lipolysis. Overall, these studies using TBX1 AdipoKO
iWAT ex vivo directly link metabolic dysfunction and altered insulin
signaling in this adipose depot with the altered [-adrenergic
responsiveness of TBX1 AdipoKO mice observed in vivo.

The metabolic phenotype of our TBX1 AdipoKO mice are both similar and
divergent from a recent report characterizing adipose specific TBX15
knockout mice [54]. Similar to our findings, the TBX15 adipose knockout
mice lacked expression of UCP1 in the subcutaneous inguinal white
adipose depot following cold exposure and treatment with the Bs-
adrenergic agonist CL316,243 [54]. However, TBX15 adipose knockout
mice displayed basal insulin resistance and gained more weight on a
high fat diet concomitant to decreased energy expenditure [54], which
was not observed in our TBX1 AdipoKO mice. The more pronounced
metabolic phenotype of the TBX15 adipose knockout mice is likely
attributed to the transcriptional effects of TBX15 via direct DNA binding in
the Prdm16 promoter region [54]. Although TBX1 shares a conserved
DNA binding T-box domain as TBX15, data from the literature supports
the hypothesis that TBX1 exerts its effects not through direct DNA binding
but rather via off-DNA binding through protein-protein interactions
including SMAD family proteins and components of the chromatin
remodeling complex as well as histone methyl-transferases [27—29].
While our primary focus was to test the function of TBX1 in mature
adipose tissue, we also discovered that TBX1 expression is enriched in
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mouse stromal vascular cells and human adipose derived mesen-
chymal stem cells. Although several developmental genes are differ-
entially expressed in various adipose depots of rodents and humans
[51,52,63], no reports exist concerning TBX1 function in human adi-
pose tissue. Since TBX1 is important for the development of a variety of
cell types [24], we tested its function during adipogenesis of both
murine and human derived stem cells via a siRNA mediated approach.
Surprisingly, TBX1 knockdown via siRNA had differential effects upon
adipogenesis in murine versus human derived stem cells. While
reduced Tbx7 expression in mouse cells significantly reduced adipo-
cyte gene expression post-differentiation, a significant reduction in
TBX1 expression in human stem cells significantly enhanced adipocyte
gene expression post-differentiation. The impairment in the differen-
tiation of mouse derived stromal vascular cells into adipocytes is
similar to what was reported with the stable overexpression of TBX15
in mouse derived 3T3-L1 cells [61], suggesting that TBX1 and TBX15
may function through transcriptionally distinct mechanisms in order to
exert similar outcomes upon murine adipocyte differentiation. The
process of adipocyte differentiation is complex and involves coordi-
nated protein-DNA and protein-protein interactions. Overall, the pro-
cess involves the commitment of mesenchymal stem cells into a pre-
adipocyte lineage followed by adipocyte specific gene expression and
lipid accumulation as the pre-adipocyte differentiates into a fully
mature adipocyte [64]. Notably, the cellular conversion from mesen-
chymal stem cell into pre-adipocyte involves the coordinated action of
several developmental genes including WNT, BMP, TGF and SMAD
family member proteins [64]; each of which TBX1 has been reported to
interact with [28,29,46,65]. Therefore it is plausible that TBX1 in-
teracts with these proteins in a species-specific manner to modulate
adipocyte differentiation. Furthermore, TBX1 has been reported to
regulate stem cells in the developing heart, the hair follicle niche, and
in smooth muscle [46—48] and to interact with the chromatin
remodeling complex [29] as well as histone methyltransferases in
order to regulate chromatin structure during the differentiation of
cardiac cells [27]. Therefore it is plausible that TBX1 may differentially
interact with any combination of key components in order to exert
opposite effects on adipogenesis in mouse versus human cells. Finally,
mouse adipose stromal vascular cells and human adipose derived
mesenchymal stem cell populations are composed of a heterogenous
cell populations [66], and although there is overlap between species,
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metabolic signaling and adipocyte growth, development and differ-
entiation, but exactly how TBX1 regulates metabolic signaling spe-
cifically in subcutaneous adipose tissue, whether through direct DNA
binding and/or through off-DNA protein-protein interactions, warrants
future investigation.
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