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SUMMARY

The activation of brown/beige adipose tissue (BAT)
metabolism and the induction of uncoupling protein
1 (UCP1) expression are essential for BAT-based
strategies to improve metabolic homeostasis. Here,
we demonstrate that BAT utilizes actomyosin ma-
chinery to generate tensional responses following
adrenergic stimulation, similar to muscle tissues.
The activation of actomyosin mechanics is critical
for the acute induction of oxidative metabolism and
uncoupled respiration in UCP1* adipocytes. More-
over, we show that actomyosin-mediated elasticity
regulates the thermogenic capacity of adipocytes
via the mechanosensitive transcriptional co-activa-
tors YAP and TAZ, which are indispensable for
normal BAT function. These biomechanical signaling
mechanisms may inform future strategies to pro-
mote the expansion and activation of brown/beige
adipocytes.

INTRODUCTION

Brown and beige adipose tissues (BATs) are critical for thermo-
regulation by uncoupling oxidative phosphorylation through the
action of uncoupling protein 1 (UCP1). Brown adipose is innate,
whereas beige adipose is adaptive and arises from the trans-dif-
ferentiation of white adipocytes or de novo from mesenchymal
stem cells (MSCs) residing in white adipose tissues (WATS) (Bar-
telt and Heeren, 2014; Harms and Seale, 2013; Kajimura et al.,
2015). Interestingly, both brown and beige adipocytes have
been described to possess muscle-like origins and characteris-
tics. Brown adipocytes express muscle-specific genes (Tim-
mons et al., 2007; Walden et al., 2009), possess a mitochondrial
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proteome more reminiscent of myocytes than adipocytes (For-
ner et al., 2009), and are enriched for transcription factors critical
for muscle development prior to differentiation (Seale et al.,
2008). Beige adipocytes have been found to share similarities
with vascular smooth muscle (Berry et al., 2016; Long et al.,
2014), which brown adipocytes do not. Importantly, the tran-
scriptional co-regulator PRDM16 (Seale et al., 2008; Wang and
Seale, 2016) biases these mesenchymal precursor cells toward
adipogenesis rather than myogenesis, despite their otherwise
myocytic expression profiles. Overall, it appears that the expres-
sion of UCP1 is variable depending on which precursors or adi-
pocytes are exposed to a given stimulus.

Adipogenesis encompasses transformative cytoskeletal rear-
rangements thought to facilitate intracellular accumulation of
lipids (Gregoire et al., 1998). However, these cytoskeletal rear-
rangements are now recognized as critical components of the
adipogenic program that facilitate myocardin-related transcrip-
tion factor A (MRTFA) nuclear exclusion (McDonald et al.,
2015; Nobusue et al., 2014). MRTFA binds G-actin during cyto-
skeletal remodeling, thereby preventing its function as a serum
response factor (SRF) co-factor (Miralles et al., 2003; Olson
and Nordheim, 2010; Posern and Treisman, 2006), which pro-
motes adipogenic gene expression requisite for differentiation.
Interestingly, alterations in actomyosin structure can alter
cellular elasticity, which plays a major role in the differentiation
of MSCs (Engler et al., 2006; McBeath et al., 2004; Sordella
et al., 2003). Mechanosensitive transcriptional co-activators,
yes-associated protein 1/WW domain-containing transcription
regulator protein 1 (YAP/TAZ), regulate growth and differentia-
tion of mesenchymal precursors in response to extracellular
matrix and cytoskeletal tension (Dupont et al., 2011; Halder
et al.,, 2012; Hansen et al., 2015; Hong et al., 2005; Moroishi
et al., 2015a).

The conspicuous morphological differences between white
and brown/beige adipocytes imply significant differences in
cytoskeletal structure, composition, and dynamics. Thermo-
genic adipocytes maintain an extensive cytoskeletal network




that supports and organizes multilocular lipid droplets and
numerous mitochondria, whereas white adipocytes are
comprised of a unilocular lipid droplet. Surprisingly, the func-
tional differences of these BAT versus WAT cytoskeletal struc-
tures and organizations have yet to be characterized. Previous
tissue engineering efforts led us to measure the mechanical
properties of adipose depots, where we noticed that BAT pos-
sesses a higher storage modulus than WAT (Tharp and Stahl,
2015). Due to the fact that BATs possess muscle-like physical
properties and express muscle-specific cytoskeletal compo-
nents, we hypothesized that brown/beige adipose generates
cytoskeletal stiffness requisite to maintain or promote differenti-
ation status. In addition, since muscular actomyosin contraction
and cellular stiffness can be regulated by adrenergic signaling
(Bers, 2002), which also serves as a critical cold-inducible
signaling pathway in BAT (Cannon and Nedergaard, 2004;
Harms and Seale, 2013; Inagaki et al., 2016), we postulated
that adrenergic stimulation may promote cellular stiffness in
thermogenic adipocytes. Indeed, we report that, in response to
adrenergic stimulation, brown adipocytes induce cellular stiff-
ness critical for metabolic activation and uncoupled respiration.
In addition, we show that cellular stiffness is critical for the
maintenance of UCP1 expression via type Il myosin-regulated
YAP/TAZ activity in thermogenic adipocytes.

RESULTS

Adrenergic Stimulation Promotes Actomyosin-

Mediated Stiffness in BAT

Using parallel plate rheometry on intact/live tissues and decellu-
larized tissues, we characterized the tissue-scale physical differ-
ences between BAT and WAT. Intact WAT has a storage modulus
(stiffness) of ~3 kPa, whereas that of BAT is ~4.5 kPa (Figure 1A).
When the tissues are decellularized (Schulz et al., 2011), the
remnant cell-free tissue has a significantly reduced storage
modulus. The cellular contribution to modulus is then estimated
by subtracting the decellularized tissue modulus from the intact
tissue modulus (Figure 1B). Based on this (intact — decellularized)
assessment, brown adipocytes collectively generate and/or
experience significantly higher mechanical stress than their white
adipose counterparts, and the visceral adipose extracellular ma-
trix (ECM) is much less stiff than subcutaneous adipose ECM,
possibly due to differences in porosity. Strikingly, cold exposure
(4°C) induces elevated stiffness in BAT compared with BAT from
mice exclusively housed at room temperature for the same time
period (23°C) (Figure 1C).

To determine if this change in tissue stiffness is the product
of cellular behavior rather than alterations of ECM mechanical
properties, we examined the mechanical response to isoproter-
enol, an established chemical proxy for cold exposure, with a
clonal brown adipose cell line (brown adipocytes) that the Kaji-
mura lab developed previously (Galmozzi et al., 2014). Using
atomic force microscopy (AFM) to directly measure cellular stiff-
ness, we found that isoproterenol administration induces a
contractile-like response, which initially stiffens the cell cortex
followed by transduction of tension to the interior of the cell de-
picted by AFM force maps of single cells and scanning indenta-
tions across the monolayer (Figures 1D and S1A). On a tissue
level, BAT explants also respond acutely to isoproterenol with

elevated cellular stiffness, reaching its peak 30 min after stimula-
tion (Figure 1E).

An interesting, but largely ignored, aspect of the muscle-like
characteristics of BAT is the expression of muscle-specific
type Il myosin heavy chains (MYH), which are known to facilitate
intrinsic physical forces in cells. RNA sequencing (RNA-seq)
comparing white adipose with brown adipose has revealed mus-
cle-like characteristics (Figure 1F), which are resistant to high-
fat-diet-induced “whitening” (Hill, 2015). When comparing
the relative abundance of MYH species in these tissues, it is
evident that brown adipose tissue is enriched with MYH1, -2,
-4, -7, and -11 expression (Figure S1B). To investigate whether
the expression of these myosin species is a product of the differ-
entiation program in UCP1* adipocytes and not a product of
contaminating stromal vascular fraction, we measured their
expression in a clonal brown adipose cell line. We found that
MYH1, -2, and -4 were not expressed in brown adipocytes,
whereas MYH7 expression was induced during differentiation
while MYH9 (NMlla) and MYH10 (NMlIb) remained constant (Fig-
ure S1C). Since MYH7 appears to be uniquely expressed in
brown adipocytes, we knocked down expression of MYH7 dur-
ing differentiation and observed a significant reduction of UCP1
expression (Figure 1G). Immunofluorescence microscopy (Fig-
ure S1D) and western blots confirm MYH7 protein expression
in BAT, which is not detectable in WAT (Figure S1E).

Actomyosin-Mediated Tension Is Critical for
Thermogenic Capacity of Adipocytes

To test if actomyosin-mediated tension is critical for the expres-
sion of UCP1, we applied two different type Il myosin inhibitors,
blebbistatin and 2,3-butanedione monoxime (2,3-BDM) (Backx
et al., 1994; Hall and Hausenloy, 2016; Kovacs et al., 2004; Lim-
ouze et al., 2004; Ostap, 2002; Schiller et al., 2013; Straight et al.,
2003), and found significantly reduced expression of UCP1 in
BAT explants in terms of mRNA (Figure 2A) and protein (Fig-
ure 2B). We then applied these inhibitors to fully differentiated
brown adipocytes already expressing levels of UCP1 compara-
ble with BAT, and found that type Il myosin inhibition reduced
UCP1 expression within 24 hr of treatment (Figure S2A). To
determine if tension is a critical regulator of UCP1 expression
in beige adipose, we used a white adipose-derived cell line
(beige adipocytes) analogous to the brown adipocyte cell line,
which expresses high levels of UCP1 upon treatment with rosigli-
tazone. When UCP1™* beige adipocytes are subjected to actomy-
osin inhibition, we found an ~70% reduction of UCP1 mRNA
expression (Figure S2B). AFM revealed that stiffness in the cyto-
plasmic regions of brown adipocytes is significantly reduced
by blebbistatin and increased by isoproterenol treatment with
24 hr of treatment (Figure S2D), similar to 30 min of treatment
(Figure S1A).

Subsequently, we sought to determine what upstream regula-
tors of actomyosin-mediated tension are expressed in adipose.
We examined the expression levels of myosin light-chain kinases
(MYLKSs), serine/threonine kinases that promote type Il myosin-
mediated contractions (Kamm and Stull, 1985), and found that
the predominant MYLK expressed in brown adipocytes was
the calcium-sensitive smooth muscle isoform (Figure S2E).
Interestingly, Ca®* flux from the endoplasmic reticulum (ER)
and extracellular medium is a known response to adrenergic
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Figure 1. Brown Adipocytes Mechanically Respond to Adrenergic Stimulation

(A) Storage modulus of intact adipose tissues from 16-week-old FVB/NJ mice (inguinal WAT [IngWAT], perigonadal WAT [pgWAT], perirenal WAT [prWAT], and
BAT) measured with parallel plate rheometry (n = 16) (8 males and 8 females).

(B) Subtraction of (intact tissue — decellularized tissue), measured with parallel plate rheometry (n = 16) (8 males and 8 females).

(C) Storage modulus of intact BAT from 16-week-old male FVB/NJ mice housed at 23°C or exposed to 24 hr of 4°C before measurement, measured with parallel
plate rheometry (n = 8).

(D) Single-cell measurements of isoproterenol-induced stiffness in cultured brown adipocytes with corresponding force map depicting the location of tensional
changes in a cell, 30 um? grid measured with atomic force microscopy (AFM) (n = 6).

(E) BAT explant isoproterenol-induced stiffness 100 pM2 grid measured with AFM, 256 points measured per explant per time point.

(F) Metascape gene ontology analysis of BAT and WAT from 22-week-old C57BI6/N mice fed a high-fat diet for 14 weeks (n = 4).

(G) Relative mRNA expression of brown adipocytes on day 6 of differentiation transfected with MYH7 RNAI or scrambled RNAi 48 hr prior, RT-PCR (AACT,
normalized to GAPDH) (n = 3).

Error bars represent + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S1.

stimulation in brown adipocytes that could initiate MYLK-medi-  while PRDM16, PPARG, and FABP4 are significantly upregu-
ated type Il MYH activity (Dolgacheva et al., 2003; Leaver and lated (Figure 2D).

Pappone, 2002). To determine if MYLK and type Il MYH activity Adrenergic stimulation of MYH7* cells has been found to
play a role in actomyosin-based regulation of UCP1, we applied induce cytoskeletal tension, cellular elasticity, increased beat
treatments of ML7 (MYLK inhibitor) and blebbistatin (type Il rate, and contractile velocity (Bers, 2002). Adrenergic stimula-
myosin inhibitor) to brown adipocytes with/without isoproterenol  tion is also well known to promote thermogenic responses in
for 24 hr and found that, while UCP1 is still induced by isoproter- ~UCP1* adipocytes through B-adrenergic receptors. Therefore,
enol (~3-fold), UCP1 expression is lost relative to vehicle con- we decided to test if actomyosin activity affects the thermo-
trols (Figure 2C). To verify the role of MYLK, we utilized genetic  genic capacity of brown adipocytes. Isoproterenol-induced
manipulations of MYLK expression during differentiation of cytoskeletal stiffening is blocked by either co-administration
brown adipocytes, which results in the loss of UCP1 expression,  of blebbistatin (Figure 2E) or MYLK knockdown (Figure 2F). In
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Figure 2. Actomyosin-Mediated Tension is Critical for the Thermogenic Capacity of Adipocytes
(A) Relative UCP1 mRNA expression in BAT explants treated with 100 uM blebbistatin or 1 mM 2,3-butanedione monoxime (2,3-BDM) for 24 hr, RT-PCR (AACT,
normalized to GAPDH) (n = 10).
(B) UCP1 protein expression in BAT explants treated with 100 uM blebbistatin for 24 hr (normalized to GAPDH) (n = 3).
(C) Relative UCP1 and FABP4 mRNA expression in differentiated brown adipocytes treated with + 1 uM isoproterenol and/or 10 uM ML-7 or 100 uM blebbistatin,
24-hr treatment, RT-PCR (AACT, normalized to PPIA) (n = 3).
(D) Relative gene expression changes observed in brown adipocytes on day 6 of differentiation transfected with MYLK RNAi or scrambled RNAi 48 hr prior,
RT-PCR (AACT, normalized to GAPDH).
(E) AFM assessment of cellular stiffness across a monolayer of fully differentiated brown adipocytes 30 min after treatment with 1 uM isoproterenol or 1 uM
isoproterenol and 100 M blebbistatin, 100 uM? grid measured with AFM, 256 points measured per monolayer.
(F) AFM assessment of cellular stiffness across a monolayer of fully differentiated brown adipocytes 30 min after treatment with 1 uM isoproterenol on day 6 of
differentiation transfected with MYLK RNAi or scrambled RNAi 48 hr prior, 100 uM? grid measured with AFM, 256 points measured per monolayer.

(legend continued on next page)
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brown adipocytes, basal and uncoupled respiration was signif-
icantly upregulated by isoproterenol treatment, while co-admin-
istration of blebbistatin blocked this metabolic augmentation
(Figure 2G). Knockdown of MYLK or MYH7 recapitulated the
effects of blebbistatin treatment on unstimulated and isoproter-
enol-stimulated metabolic capacity, except for the fact that
blebbistatin, a comprehensive type Il myosin inhibitor, reduced
ionophore-mediated maximal respiratory rates, suggesting a
critical role for other type Il MYH species in mitochondrial main-
tenance or substrate availability (Hatch et al., 2014; Korobova
et al., 2013; Pfisterer et al., 2017) (Figure 2H). However, this
effect may be cell-type specific since previous reports have
specifically identified blebbistatin as not perturbing mitochon-
drial respiration in cardiomyocytes in vitro (Hall and Hausenloy,
2016).

To verify that blebbistatin treatment did not alter metabolic
rate by impeding protein kinase A (PKA) activation, we assessed
if the cAMP response element binding protein (CREB) was phos-
phorylated by PKA in response to adrenergic stimulation in the
presence of blebbistatin (Figure 2I). Blebbistatin had no effect
on pCREB levels in response to adrenergic stimulation, which
is known to promote UCP1 expression (Cao et al., 2004), which
in turn explains why UCP1 expression is still induced (~3-fold) by
isoproterenol treatment in the presence of ML7 or blebbistatin.
However, since global UCP1 expression was dramatically down-
regulated by blebbistatin or ML7 treatment and through MYLK or
MYH7 knockdown, we determined that actomyosin-mediated
regulation of UCP1 expression is orthogonal to the known mech-
anisms of UCP1 regulation.

Targeting Actomyosin Mechanics to Promote
Thermogenic Capacity of Brown Adipocytes

In cardiomyocytes, type I myosin-mediated contractions can
be generated in response to adrenergic stimulation through
PKA-mediated activation of L-type Ca®* channels (CACNA1a-
CACNA2d4) (Bers, 2002; Kamp and Hell, 2000), which we found
be expressed in BAT from tissue (Figure 1F). The L-type Ca*
channel-mediated influx of calcium stimulates MYLK, which
phosphorylates type Il myosin hexamers, promoting their as-
sembly into think filaments, association with actin, and ATPase
activity, which all enhance actomyosin-based tension.

To test if modulation of this pathway directly alters the
function of brown adipocytes in vitro, we administered MYH7-
potentiator (omecamtiv mecarbil [OM]), myosin ATPase activator
(EMD57003), and L-type Ca®* channel inhibitor (verapamil), and
induced expression of a constitutively active form of MYLK
(CA-MYLK) (Wong et al., 2015) in brown adipocytes (Figure 3A).
Treatment with OM alone for 24 hr did not induce UCP1 expres-
sion in brown adipocytes, but co-administration with isoproter-

enol did significantly enhance UCP1 expression relative to
isoproterenol treatment alone (Figure S3A). OM, EMD57003,
and CA-MYLK expression all potentiated the metabolic rate
of brown adipocytes when stimulated with isoproterenol.
Interestingly, as has been shown for cardiomyocytes, OM and
EMD57003 reduced oxygen consumption in unstimulated condi-
tions thought to be a product of enhanced efficiency of myosin
function (Figure 3B), whereas verapamil treatment dramatically
reduced metabolic function of brown adipocytes (Figure 3B),
supporting the notion that reduced respiratory rates observed
with verapamil treatment in vivo may be partially due to direct ef-
fects on brown adipocytes (Figure 3C). Importantly, verapamil
had no effect on the metabolic rates of white adipocytes, as
they do not express functional levels of “cardiac-specific”
L-type Ca?* channels (Figure S3C). Perturbations to actin
polymerization with latrunculin B or jasplakinolide had limited
effects (Figure S3D), suggesting that actomyosin-mediated
tension, and not actin filament assembly per se, is a critical
component of the brown adipocyte’s metabolic response to
adrenergic stimulation.

We then tested if pharmacological enhancement of MYH7
function had metabolic effects in vivo. Mice were treated with a
subcutaneous injection of OM directly into the interscapular
BAT, which markedly enhanced oxygen consumption 48 hr
post-treatment both at room temperature (23°C) and in the
cold (4°C) (Figure 3D). This enhanced respiratory rate is remark-
able, since OM and other myosin activators (EMD 57003) that
bind to this region of MYH7 have been found to not significantly
alter oxygen consumption of cardiomyocytes while increasing
actomyosin-mediated tension (Hwang and Sykes, 2015; Malik
et al., 2011; Radke et al., 2014; Shen et al., 2010; Winkelmann
et al., 2015).

Mechanosensitive Activation of YAP/TAZ Drives
Thermogenic Activity in Adipocytes

To verify that the downregulation of UCP1 expression in
response to actomyosin inhibition was not due to de-differentia-
tion and loss of the adipocyte phenotype, we profiled the expres-
sion of FABP4, ZFP423, CIDEA, PRDM16, PPARA, PPARG,
PPARGC1A, and TFAM during 24-hr treatments (Figure S4A).
We found that these adipogenic markers and mediators were
largely induced by blebbistatin. To determine in an unbiased
fashion what mediated the loss of UCP1 expression, we utilized
RNA-seq to evaluate global transcriptomic changes following
actomyosin inhibition. KEGG pathway analysis identified the
Hippo signaling pathway (Figure 4A). Specifically, motif analysis
revealed robust reductions of genes with promoters under the
control of TEAD1, TEAD2, and TEAD4 (Figure 4B). YAP/TAZ
are co-factors that associate with varied TEADs to function as

(G) Cellular respirometry of brown adipocytes treated + 1 uM isoproterenol and + 100 uM blebbistatin (45 min prior to measurement), oxygen consumption rate
(OCR) measured with Seahorse XF24, statistical comparison between vehicle and isoproterenol treatment represented on graph, further statistical comparisons

depicted in (G) (n = 5 wells).

(H) Relative OCR of brown adipocytes treated + 1 uM isoproterenol (45 min prior to measurement) and transfected or treated with MYLK RNAI (48 hr prior to
measurement), MYH7 RNAI (48 hr prior to measurement), and 100 uM blebbistatin (45 min prior to measurement). OCR measured with Seahorse XF24, statistical
comparison and percent OCR between scrambled RNAi versus MYLK RNAI, scrambled RNAi versus MYH7 RNAI, and vehicle versus blebbistatin + isoproterenol
for each phase of the mitochondrial stress test (n = 5 wells of one example of replicated experiments showing analogous effects).

() Western blot analysis of CREB and pCREB in brown adipocytes treated with + 1 uM isoproterenol for 2 hr with/without prior 22 hr of 100 uM blebbistatin

treatment, normalized to B-tubulin, LI-COR Odyssey (n = 3).

Error bars represent + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S2.
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Figure 3. Promoting Actomyosin Mechanics to Promote Thermogenic Capacity of Brown Adipocytes

(A) Schematic depicting adrenergic activation and the subsequent actomyosin-associated targets identified and tested.

(B) Relative OCR of brown adipocytes treated + 1 pM isoproterenol (45 min prior to measurement) and treated or transfected with 10 uM omecamtiv mecarbil (OM)
(45 min prior to measurement), 10 uM EMD57003 (45 min prior to measurement), or CA-MYLK (48 hr prior to measurement). OCR measured with Seahorse XF24,
statistical comparison and percent OCR between vehicle versus OM, vehicle versus EMD570033, and empty vector versus CA-MYLK =+ isoproterenol for each
phase of the mitochondrial stress test (n = 5 wells of one example of replicated experiments showing analogous effects).

(C) Respiratory rate (VO,) of 16-week-old FVB/NJ injected directly into the subcutaneous interscapular BAT depot with 100 pL of 1 mM OM or vehicle, exposed to
ambient temperatures of 4°C and 23°C for 12-hr intervals (n = 5) with no variation in ambulatory parameters observed, measured with temperature controlled
Oxymax-CLAMS (Columbus Instruments).

(D) Average respiratory rate (VO,) over 4 hr of 6-week-old FVB/NJ male mice injected directly into the subcutaneous interscapular BAT depot with 5 mg/kg
verapamil (~30 pL) at 23°C (n = 5).

Error bars represent + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S3.

the canonical effectors of the Hippo signaling network and CYR61, SERPINE1, DLG2, PUMA, WNT10A, BMP4, and
mechanosensing pathways to affect cell fate decisions and CTGF, were all significantly downregulated by blebbistatin treat-
organ development (Halder et al., 2012; Hansen et al.,, 2015). ment (Figures 4A and S4A). Interestingly, MRTFA target genes
Indeed, YAP/TAZ target genes, such as ANKRD1, BIRC5, were not strongly affected (Figure S4A), suggesting that the
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Error bars represent + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S3.

conspicuous regulation of CTGF was primarily through YAP/TAZ
rather than MRTFA-SRF (Figure 4B).

Since genes regulated by the Hippo signaling pathway were
strongly suppressed by actomyosin inhibition in brown adipo-
cytes, we examined whether or not CTGF was also regulated
by blebbistatin or 2,3-BDM (Figures 4C and 4D). Over the course
of 24 hr of treatment, CTGF levels trend with UCP1 expression

608 Cell Metabolism 27, 602-615, March 6, 2018

for both blebbistatin and 2,3-BDM. In addition, during the course
of brown adipocyte differentiation, CTGF expression increases
along with UCP1 (Figure S4B). Given that CTGF expression is
a product of YAP/TAZ-associated transcriptional regulation,
we used immunofluorescence to determine whether these acto-
myosin-dysregulating treatments affected YAP nuclear localiza-
tion in brown adipocytes as they have been extensively shown to
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normalized to GAPDH) (n = 10).

(B) Gene expression changes observed in differentiated brown adipocytes 24 hr post-transfection with YAP-GFP overexpression construct, RT-PCR (AACT,
normalized to GAPDH) (n = 4).

(C) Gene expression changes observed in differentiated brown adipocytes 24 hr post-transfection with YAP RNAi, RT-PCR (AACT, normalized to GAPDH) (n = 4).
(D) Chromatin immunoprecipitation (ChIP) of YAP at putative TEAD consensus sequences -1878/-1950 of the UCP1 promoter in brown adipocytes treated
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(E) Schematic representation of the PCR product produced from YAP ChIP-PCR from the UCP1 proximal promoter/enhancer region with the brown fat response
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Error bars represent + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S4.

do so in other cell types (Johnson and Halder, 2014). Unsurpris-
ingly, nuclear YAP localization across 2 mm? (Figure 4E) demon-
strated impaired nuclear localization via actomyosin inhibition,
while isoproterenol treatment enhanced nuclear traffic (Figures
S4C and S4D). Surprisingly, blebbistatin did not alter MRTFA
localization (Figure S4E), which validates the minimal SRF-
MRTFA-associated transcriptional changes that we observed
(Figure 4B), and in addition supports the notion that CTGF
expression levels are being modulated by YAP/TAZ in this
system.

To conclude if endogenous YAP/TAZ transcriptional activity
was increased by adrenergic stimulation in vivo, we analyzed
BAT, inguinal WAT, and perigonadal WAT following a 24-hr
4°C cold challenge and found CTGF and UCP1 significantly
upregulated in all of these adipose tissues (Figure S5A). Brown

adipocytes treated with isoproterenol in vitro also reveal
increased CTGF and UCP1 expression (Figure S5B). Impres-
sively, overexpression of YAP in mature beige adipocytes
enhanced the already high UCP1 expression, with no significant
changes to adipogenic gene expression (Figure 5A) and with a
transfection efficiency of around ~15%. Similarly, overexpres-
sion of YAP in mature brown adipocytes, with ~15% transfection
efficiency, results in significant induction of UCP1 and CTGF
mRNA expression 24 hr after transfection (Figure 5B). Overex-
pression of YAP did not result in any alteration of the expression
of ZFP423, FABP4, PRDM16, PPARGC1A, PPARA, or PPARG.
To further test if YAP/TAZ is required for UCP1 expression in
differentiated brown adipocytes, we knocked down expres-
sion of YAP with small interfering RNA (siRNA), which resulted
in an ~60% reduction of UCP1 expression while important

Cell Metabolism 27, 602-615, March 6, 2018 609

CellP’ress




CellPress

MyH7 ZFP423 LEP

A B 1400-
12001 HE YT Flox
> : 1000 HH YTU
\ ” sog--
( \N y! S 71
G 7}
T 2 8 6
. " § 51
i n
3_
A >
| u.ttmquu e T
s 2]
M A b
C S *, tqt) 14 * B
UCP1
- YT Flox
c D -- YTU
5500+ 7500
s lll.l
- 5000+ = ‘
E . £ 6000 am
2 4500+ i~
= | ||
3 E ,l "l
£ 40004 <, 4500
) o) ﬁ.
> ]
> 35004 l
3000
3000+
YT Flox  YTU 0 240 480 720

FABP4 TFAM PGC1a CYCS

1200 1440 1680 1920 2160 2400 2640 2880
Time (Min)

960

Figure 6. YAP/TAZ Enables Thermogenic Capacity of Adipose Tissue In Vivo

(A) Representative photograph of BAT of 4-week-old male YTU and YAP/TAZ flox (YT flox) control mice.

(B) Gene expression observed in 4-week-old male YTU mice, RT-PCR (AACT, normalized to GAPDH) (n = 4).

(C) Average respiratory rate (VO,) over 12 hr of 4-week-old male mice at 23°C (n = 4).

(D) Respiratory rate (VO,) of 4-week-old female mice at 23°C during a 48-hr interval with no variation in ambulatory parameters observed. Average VO, p = 0.0444
for 240-720 min (dark) and p = 0.0294 for 720-1,440 min (light), measured with temperature-controlled Oxymax-CLAMS (Columbus Instruments) (n = 3).

Error bars represent + SEM. *p < 0.05 and **p < 0.001. See also Figure S5.

adipogenic genes were unaffected (Figure 5C), analogous to
what was observed with YAP overexpression. Chromatin immu-
noprecipitation-gPCR reveals enrichment of YAP —1.8 kb up-
stream of the UCP1 TSS, a region with two TEAD binding motifs,
and this binding is enhanced by isoproterenol and suppressed
by blebbistatin treatment (Figures 5D and 5E). To determine if
the YAP paralog, TAZ, functions equivalently, and if a specific
TEAD is associated with this program, we used siRNA to knock
down expression of TAZ and TEAD1-4. We found that TAZ
knockdown also resulted in decreased UCP1 expression, and
that YAP/TAZ likely coordinates with TEAD1 to mediate effects
on UCP1 expression in brown adipocytes (Figure S5C).

YAP/TAZ Enables Thermogenic Capacity of Adipose
Tissue

We then sought to clarify the role of YAP/TAZ in BAT function
in vivo and generated heterozygous YAP"*Taz"*UCP1-Cre*
mice (YTU). The reduction in YAP/TAZ expression significantly
reduced BAT depot size at 4 weeks of age and yielded a visibly
“whitened” appearance (Figure 6A). Whitening of the BAT de-
pots was also apparent on the gene expression level, with leptin
expression comparable with WATs as well as reduced UCP1
expression (Figure 6B). The reduced size and UCP1 expression
of the BAT from heterozygous YTU mice resulted in impaired
metabolic activity of these male and female mice at 4 weeks of
age (Figures 6Cand 6D). Due to the compromised metabolic
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rates observed at 23°C for the 4-week-old YTU mice, we exam-
ined the response to cold challenge in 10-week-old YTU mice
(Figure S6). Over a 12-hr cold challenge, YTU mice have signifi-
cantly reduced respiratory rates, suggesting impaired thermo-
regulation due to the dysregulated BAT.

YTU mice had significantly lower core body temperatures
(Figure S7A) and gained body weight more rapidly than control
animals on normal chow diets fed ad libitum (Figure 7A). This dif-
ference in body weight appeared to be exclusively due to
increased fat mass, with YTU mice having nearly three times
the adiposity of control animals (Figure 7B). At 20 weeks of
age, the previously retarded BAT was observed to be signifi-
cantly more massive than control tissues (Figure 7C), with
slightly reduced UCP1 protein expression levels (Figure 7D). Un-
surprisingly, the increased BAT mass was due to increased
neutral lipid accumulation (Figure 7E) and notably larger adipo-
cytes (Figure S7B). Impressively, on a normal chow diet the
YTU mice displayed hyperinsulinemia and reduced glucose
tolerance (Figures 7F and 7G).

DISCUSSION

Here, we have identified that B-adrenergic stimulation of brown
adipocytes induces cellular stiffness via type Il myosins, which
acutely facilitates uncoupled respiration while concomitantly pro-
moting thermogenic gene expression. Our findings suggest that
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Figure 7. Influence of YAP/TAZ Regulated Thermogenic Program on Whole-Body Metabolism
(A) Body weight change of male YT Flox and YTU mice fed a normal chow diet ad libitum over 20 weeks with no observable differences in food

consumption (n = 5).

(B) Body mass composition of 20-week-old male mice, assessed with EchoMRI (n = 5).

(C) BAT mass of 20-week-old male mice (n = 5).

(D) UCP1 protein expression levels in YTU BAT of 20-week-old male mice, normalized to -tubulin, LI-COR Odyssey (n = 3).
(E) Representative neutral lipid (green, BODIPY 3922), nuclei/DNA (blue, DAPI), and actin (red, phalloidin) staining of BAT from 20-week-old male mice.

Scale bars, 50 um.
(F) Serum insulin concentrations (fed) from 20-week-old male mice (n = 4).

(G) Glucose tolerance test of 20-week-old male mice with area under the curve quantitated in associated bar graph (n = 4).

Error bars represent + SEM. *p < 0.05 and **p < 0.01. See also Figure S6.

the expression patterns observed in BATs enables internally
generated mechanical stimuli, which activates YAP/TAZ to sup-
port thermogenic gene expression. In addition, we have charac-
terized a new aspect of the well-studied B-adrenergic activation
of thermogenic adipocytes, uncovering a previously unknown
mechanical program that is critical for metabolic flux in BAT. We
propose that YAP/TAZ-mediated regulation of UCP1 expression
uncovered here is basally required but operates in concert with
the previously described regulators of UCP1 expression in adi-
pose tissues such as CREB, PRDM16, PPARGC1A, and PPARG

(Inagaki et al., 2016). While we do find a direct interaction of YAP
with the UCP1 promoter region, evidence would suggest that
the predominant effect of YAP/TAZ-TEAD is through interactions
with enhancer regions throughout the genome (Galli et al., 2015;
Zanconato et al., 2015), which may foster lineage-restricted re-
programing of cellular phenotypes (Panciera et al., 2016).
Actomyosin-mediated mechanotransduction is well known to
regulate the differentiation of MSCs through numerous mecha-
nisms (Engler et al., 2006; Lv et al., 2015; McBeath et al., 2004;
Sordella et al., 2003; Zajac and Discher, 2008). Previous studies
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of YAP/TAZ and MSC differentiation have led to the description
of YAP/TAZ as anti-adipogenic (Dupont et al., 2011; Hong et al.,
2005). However, this conclusion may be convoluted by the cul-
ture of MSCs on supraphysiologically stiff (~3 GPa) tissue
culture polystyrene (TCPS) surfaces. Adipose tissue depots
possess a storage modulus roughly three orders of magnitude
softer than that of TCPS, which suggests that the in vitro findings
may be due hyperactivation of YAP/TAZ on the stiff TCPS
surfaces. Mechanoregulation of MSC differentiation can be
controlled by externally applied or internally generated physical
stresses (Discher et al., 2005; Robinson, 2015; Schwartz,
2010; Vogel and Sheetz, 2006), making it challenging to
decouple extrinsic and intrinsic responses to mechanical stimuli.
To date, our study is the first to examine the role of YAP/TAZ in
adipose tissue development and function in vivo. Our identi-
fication of YAP/TAZ as critical for BAT development certainly
prompts further study of YAP/TAZ in WAT development, hyper-
trophy, and hyperplasia.

Chronic YAP/TAZ activity has been suggested to mediate
inflammation of fibrotic adipose tissues due to the altered phys-
ical properties ECM, further demonstrating that hyperactivation
of this pathway can have undesirable consequences (Zanconato
et al., 2016). In fibrotic WATSs, chronic mechanosensing of the
aberrantly composed and crosslinked ECM enhances inflamma-
tory cytokine profiles (Pellegrinelli et al., 2014; Sun et al., 2014),
many of the same inflammatory cytokines thought to support
the metabolic benefits of thermogenic adipose expansion (Stan-
ford et al., 20183). Prevention of chronic activation of YAP/TAZ
transcriptional programs is regulated by numerous self-regulated
negative feedback mechanisms (Moleirinho et al., 2014; Moroishi
et al., 2015b). YAP/TAZ autoregulation promotes the expression
of proteins and enzymes that dictate co-factor associations
and nuclear exclusion, making it challenging to define the role
of YAP/TAZ in long-term disease-promoting states, such as
obesity, which affects both preadipocyte and adipocyte biology.

The expression profile of the contractile signaling and infra-
structure in BAT appears to strongly mimic that of cardiomyo-
cytes. Specifically, adrenergic simulation increases cAMP levels
that activate PKA to activate L-type Ca®* channels to then facil-
itate an influx of calcium. The influx of calcium activates MYLKs
to phosphorylate myosin hexamers, promoting their association
with actin and ATPase activity, in turn generating tension on the
actin cytoskeleton, which increases cellular elasticity. Adren-
ergic stimulation has also been identified to promote mitochon-
drial fragmentation in brown adipocytes (Wikstrom et al., 2014),
which leads us to postulate that mitochondrial dynamics may
require mechanical support from actomyosin. Actin dynamics
have only recently been identified to modulate mitochondrial
function in mammalian cells (Beck et al., 2012), and ER-associ-
ated mitochondrial divisions appear to require force generated
by the actin cytoskeleton (Hatch et al., 2014; Korobova et al.,
2013). While our data suggest a significant role for mechanore-
gulation in mitochondrial function during thermoregulation,
further study is necessary to establish a mechanistic explanation
of how respiration is regulated by cellular elasticity.

Importantly, we have shown a dynamic and essential role
of actomyosin mechanics in thermogenic adipocytes, but it
remains to be clarified what developmental signals stimulate
contractile gene expression in preadipocytes. It appears that,
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early inadipogenesis, MSCs destined to express functional levels
of UCP1 express muscle-like actomyosin machinery (Farmer,
2008; Long et al., 2014; Timmons et al., 2007) that is induced
by cold exposure (Rosell et al., 2014) and interleukin-33 (Ode-
gaard et al., 2016). Pharmacological inhibition of BAT mecha-
nobiology, as with verapamil, may underlie previously unclear
clinical side effects of this drug, such as rapid weight gain. In
contrast, approaches to drive the activation of actomyosin activ-
ity in BAT may engender new approaches to combat metabolic
diseases. In summary, actomyosin mechanics alter cellular
elasticity profiles that provide an essential metabolic function
by promoting the development of and acutely supporting the
thermogenic capacity of brown and beige adipocytes.

Limitations of Study

We have yet to assess the roles of YAP and TAZ independently of
each other, and with temporal control during the course of adipo-
genesis. Significantly more work is needed to decipher the spe-
cific roles of the various MYH species with regard to basal or
stimulated cellular elasticity. This will be particularly challenging
as in vitro models of cytoskeletal structure and function are
limited in their recapitulation of in vivo dynamics, as organotypic
structure and composition are lacking. In addition, the profound
effects of blebbistatin on oxidative metabolism in adipocytes
warrant extensive study. As we have highlighted, a number of
publications have implicated various MYH species in lipid
droplet and mitochondrial dynamics. Ultimately, we hope to
assemble an integrative model of subcellular cytoskeletal dy-
namics and metabolic flux in thermogenic adipocytes.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

UCP1 Cell Signaling 14670; RRID: AB_2687530
UCP1 Sigma U6382; RRID: AB_261838
YAP Abcam EP1674Y; RRID: AB_2241957
YAP Santa Cruz Biotech SC-271134; RRID: AB_10612397
YAP-pSer127 Cell Signaling 4911; RRID: AB_2218913
MyH7 Sigma SAB2106550

MyH7 Santa Cruz Biotech SC-53089; RRID: AB_2147281
MyH11 Santa Cruz Biotech SC-6956; RRID: AB_670119

Donkey anti Rabbit (647
Donkey anti Rabbit (488
Donkey anti Mouse (555)
Donkey anti Mouse (647)
F(ab’)2-Goat anti-Mouse (488)
Phalloidin (488)

Phalloidin (647)

)
)

Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

A31573
A21206
A31570
A31571
A11017
A12379
A22287

CREB Cell Signaling 9197; RRID: AB_331277
p-CREB Cell Signaling 9198; RRID: AB_2561044
TAZ BD Biosciences M2-616; RRID: AB_1645338
B-tubulin DSHB e7; RRID: AB_528499
GAPDH Millipore MAP374; RRID: AB_2107445
Goat anti Mouse (680 LT) LiCor 925-68020

Goat anti Rabbit (800 CW) LiCor 925-32211

Bacterial and Virus Strains

CA-MYLK tet-off (Wong et al., 2015). N/A

CA-MYLK tet-off control vector venus GFP (Wong et al., 2015). N/A

Chemicals, Peptides, and Recombinant Proteins

LatrunculinB Millipore 428020

Blebbistatin (racemic mixture) Millipore 203389

EMD57003 Millipore 530657

Omecamtiv mecarbil (CK-1827452) Selleckchem S2623

ML7 Tocris 4310

Verapamil Sigma V4629

Isoproterenol Sigma 16504

Oligomycin Millipore 495455

FCCP Sigma C2920

AntimycinA Sigma A8674

Rotenone Sigma R8875

Deposited Data

BAT vs visceral WAT RNAseq This paper GEO: GSE109829

Brown adipocytes treated with blebbistatin This paper GEO: GSE109829

Experimental Models: Cell Lines

Brown Adipose Cell Line
Subcutaneous White Adipose Cell Line
FBS used in cell culture experiments (Lot#: 378754)

(Galmozzi et al., 2014).
(Galmozzi et al., 2014).

Gibco

N/A
N/A
10437
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Organisms/Strains

Mus musculus C57BL6/J Jackson Labs N/A

Mus musculus C57BL6/N Charles River N/A

Mus musculus FVB/NL Jackson Labs N/A

Mus musculus b6 Yap!/flox.Tgzflox/flox. gogmTm&/+ UCSF N/A
Oligonucleotides

Scrambled siRNA Sigma SIC001
YAP siRNA Sigma EMU088231
MYLK siRNA Sigma EMU061601
MyH7 Santa Cruz Biotech SC-106222
CUGGUCAGAGAUACUUCUU dTdT (YAP) (Zanconato et al., 2015). N/A
AGGUACUUCCUCAAUCACA dTdT (TAZ), (Zanconato et al., 2015). N/A
GGCCGAUUUGUAUACCGAA dTdT (TEAD1), (Zanconato et al., 2015). N/A
CCUGGUGAAUUUCUUGCACAA dTdT (TEAD2), (Zanconato et al., 2015). N/A
UACCUUGCUCUCAAUCUGGAG dTdT (TEAD3), (Zanconato et al., 2015). N/A
UUUCCUGCACACACGUCUCUU dTdT (TEAD4) (Zanconato et al., 2015). N/A

UCP1 1878/1950 F: TCC TTT CAA TCC GGC TGT GC This paper N/A
1878/1950 R: TCG GAG GTG GTT AGT AGG GT This paper N/A

UCP1 1870/1955 F: CTG TCT CCT TTC AAT CCG GC This paper N/A

UCP1 1870/1955 R: GAG AGG TAT CGG AGG TGG TT This paper N/A

rtPCR primers IDT See Table S2
Recombinant DNA

YAP-GFP (Rammensee et al., 2017) N/A
Venus-GFP (YAP-GFP control vector) (Rammensee et al., 2017) N/A
Software and Algorithms

STAR (Dobin et al., 2013) N/A

DESeq (Anders and Huber, 2010) N/A
Metascape (Tripathi et al., 2015) N/A
HOMER (Heinz et al., 2010) N/A

Zen Zeiss Version 2.1
Imaris Bitpane Version 7

CellPress

CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents should be directed to the Lead Contact, Andreas Stahl (astahl@berkeley.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Brown and Beige Adipocyte Cell Lines

Cells were maintained in DMEM with 10% serum and 1% penicillin/streptomycin (p/s) (Gibco), and induced to differentiate with the
maintenance media fortified with 5 pg/ml Insulin, 1 nM T3, 2 ng/ml Dexamethasone, and 500 uM IBMX (Sigma), and 100 nM rosigli-
tazone (beige cells). After 3 days of differentiation media cells were maintained in DMEM with 10% serum, 1% p/s. Cells were consid-
ered fully differentiated on day 6 of differentiation as they stably expressed BAT comparable levels of UCP1, (UCP1-GAPDH ACT
of ~2-3). Experiments assessing effects during differentiation were performed on d4-d6 of differentiation (48 h), specifically MyH7
knockdown, MYLK knockdown, and CA-MYLK expression experiments. Experiments assessing whether or not transient expression
or activation effected fully differentiated cells were performed on d7-d8 of differentiation (24 h), specifically YAP/TAZ knockdown,
YAP overexpression, and TEAD1-4 knockdown. Transfection/knockdown efficiency was either assessed by rtPCR for target genes
or assessment of % GFP-positive cells per field view.
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Mouse Models
YAP-LoxP and TAZ-LoxP mice (Xin et al., 2013) and UCP1-Cre mice (Dempersmier et al., 2015; Sambeat et al., 2016). Data depicts
the comparison of YAP/TAZ flox (YT Flox) allele control animals relative to heterozygous UCP1-Cre YAP/TAZ flox allele mice (YTU).

METHOD DETAILS

rtPCR

mRNA was isolated from tissues or in vitro cultures with TRIzol reagent (Ambion). Tissue samples were homogenized with a Polytron
PT 2100. Assays were carried out on an ABI 7500 RT-PCR system with TagMan Universal Master Mix |l and validated PrimeTime
primer probe sets that detect all splice variants (Integrated DNA Technologies). A first-strand cDNA synthesis kit (Fisher) was
used to transcribe 5 ng RNA/20 ulL. cDNA (100 ng) was used per RT-PCR reaction in triplicates. The AACT method was used to
comparatively assess mRNA quantity. Primer sequences listed in Table S2.

RNAseq

Libraries were prepared from total RNA isolated with TRIzol reagent (Ambion) (3 biological replicates per condition) using Stranded
mRNA-seq Kit (KAPA) and NEXTFlex barcoded adaptors (Bioo Scientific). Multiplexed samples were sequenced on an lllumina
HiSeq2500 in Rapid Run mode, and reads were mapped to the mouse genome (mm9 build) using STAR (Dobin et al., 2013). EdgeR
(Robinson et al., 2010) was used to identify differentially expressed transcripts, and Metascape (Tripathi et al., 2015) or HOMER
(Heinz et al., 2010) was used for gene ontology and de novo motif finding.

siRNA, YAP-GFP, and CA-MYLK

1 ng or 500 ng of siRNA or YAP-GFP (Rammensee et al., 2017) was diluted in Lipofectamine 3000 and applied per well of differen-
tiated cells on day 7 of differentiation or during differentiation for 48 h on day 4 to day 6 of differentiation (1 ng for 12 well format, 500 ng
for seahorse XF24 plates). Sequences listed in the Key Resources Table. CA-MYLK tet-off treatment occurred on day 4 to day 6 of
differentiation as previously described (Wong et al., 2015).

Immunofluorescence Microscopy

Cells or tissues were fixed in 4% paraformaldehyde for 30 min at room temperature, washed and blocked with a blocking buffer
(HBSS fortified with: 10% FBS, 0.1% BSA, 0.05% saponin, and 0.1% Tween20). Primary antibodies [1:100-1:200] (see Key Re-
sources Table) for 2 h at RT or 24 h at 4°C, Secondary antibodies [1:1000] (see Key Resources Table) for 2 h at RT. Samples
were imaged with a Zeiss 710 confocal microscope and Zeiss Zen software.

In Vivo Respirometry

Oxygen consumption was measured with the Oxymax-Comprehensive Laboratory Animal Monitoring System (Columbus Instru-
ments). Measurements were taken over the course of 12, 24, or 48 h periods. Activity was monitored in 1 min intervals of infrared
beam breaks in X, Y and Z-axis and found to be not significantly different for any of the groups.

In Vitro Respirometry

Oxygen consumption was performed on fully differentiated brown adipocytes (on day 6-8 of differentiation) with the Agilent Seahorse
XF24 cellular respirometer. Mitochondrial stress tests were performed on non-permeablized brown adipocytes at 100% confluence
(~100k cells/well) in V28 microplates, with XF assay medium supplemented with 1 mM pyruvate (Gibco), 2 mM glutamine (Gibco),
and 25 mM glucose (Sigma) at pH 7.4 and sequential additions via injection ports of Oligomycin [1 uM final], FCCP [1 uM final],
and Antimycin A/Rotenone [1 uM final] during respirometry (concentrated stock solutions solubilized in 100% ethanol [2.5 mM]
for mitochondrial stress test compounds). Normalized OCR values presented per stage of mitochondrial stress test of directly com-
parable control conditions (vehicle or scrambled siRNA relative to compound or target siRNA respectively) with non-mitochondrial
oxygen consumption deducted.

Protein Quantification and Western Blotting

Pierce BCA kit, Invitrogen Novex 4-20 tris-glycine gels or Bio-RAD Protean-TGX gels, Invitrogen iBlot transfer system or Bio-Rad
Transblot turbo (high MW transfer), and Li-Cor Odyssey with CREB (Cell Signaling 9197), pCreb (Cell Signaling 9198), Anti MyH7
(sc-53089), anti-YAP (Cell Signaling 4912, and SC-271134), anti-TAZ (BD biosciences M2-616), UCP1 (Sigma U6382), UCP1 (Cell
Signaling 14670), and normalization to anti B-tubulin (e7 clone, DSHB) or GAPDH (Sigma 636571) with IR secondary antibodies
(LiCor goat anti-mouse 680 LT, and LiCor goat anti-rabbit 800), signal intensity with LiCor Odyssey software. 5-25 ug protein loaded
per lane, depending on the target or condition to prevent saturation of signal intensity.

Rheology

Viscoelastic properties of tissues were determined using an oscillatory rheometer with parallel-plate geometry (8 mm) and a gap
height of 0.2 mm under 10% constant strain and frequency ranging from 0.1 Hz to 10 Hz at 37°C in a humidity-controlled chamber.
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Tissues were either 1) extracted, placed in PBS, and measured within 2 h of extraction or 2) extracted, decellularized with 1% SDS in
PBS for 48 h (Young et al., 2011), rinsed with fresh PBS and measured.

Atomic Force Microscopy

Indentation measurements were performed with a NanoScope Catalyst (Bruker Corporation, Billerica, MA) atomic force microscope
on an inverted optical microscope (Eclipse Ti-E, Nikon Corporation, Chiyoda, Tokyo). Singe cell measurements: PFQNM-LC-A-CAL
(Bruker Corporation), with manufacturer measured spring constants between 0.09 - 0.10 N/m and a half-spherical (65 nm radius) tip
geometry. Force volumes with indentations of < 1 um were taken in a 30 um x 30 um grid with 16 measurements per line at a fre-
quency of 0.3Hz on fully differentiated adipocyte monolayers under basal media conditions or supplemented with 1 M isoproterenol,
100 uM blebbistatin, or 1 mM 2,3-BDM. Tissue level measurements: Bruker MLCT-BIO - Specs: 35 degree half angle, 20 nm nominal
radius, nominal spring constant ~0.01 N/m. Spring constant was calibrated before each experiment by thermal tune (7 kHz resonant
frequency) (Luque and Kang, 2016). Force volumes with indentations of < 1 um were taken in a 100 pm x 100 pm grid under basal
media supplemented with 1 uM isoproterenol. For time-lapse experiments, force volumes were acquired continuously for the exper-
imental duration. Data were analyzed using Bruker Nanoscope Analysis v1.7 software. Force curves from cytoplasmic regions of
measured cells, defined as the softest zones and verified by brightfield microscopy, and from cortical regions, defined as the stiffest
zones, were fitted to the Hertz contact model for a sphere indenting an infinite half-plane. We assumed a nominal Poisson’s ratio
of 0.3, and fit the model to the extension curve to determine Young’s modulus for each force curve.

Gulcose Tolerance Test
Glucose was administered at 2 mg/g lean body mass via intraperitoneal injection to mice fasted for 6 hr. Blood glucose was measured
at indicated time points with a Nova Max glucometer through a micro-incision into the tail vein.

ChIP

sBAT cells were treated with either Blebbostatin (24 h), Isoproterenol (2 h), or vehicle, washed once with RT dPBS, and crosslinked
with 1% formaldehyde for 10min in fixing buffer (TruChlP Chromatin shearing kit- Covaris). Samples were processed according to the
manufacturer recommended protocol and sheared on a Covaris S220 to DNA fragments <350bp. 10 ng of chromatin was precleared
and incubated with 10ul YAP antibody or IgG overnight with rotation. Complexes were pulled down with 20 pl Magna ChlIP A/G beads
(Millipore), washed 3 times with ChIP binding buffer and once with buffer supplemented with 350mM NaCl, and eluted in elution buffer
containing 0.2% SDS and 0.1 M NaHCO3. Samples were digested with 10 ug of Proteinase K and DNA was extracted using PCR
cleanup (Thermo). Samples were analyzed by gPCR using UCP1 1878/1950 F: TCC TTT CAA TCC GGC TGT GC and 1878/1950
R: TCG GAG GTG GTT AGT AGG GT, as well as UCP1 1870/1955 F: CTG TCT CCT TTC AAT CCG GC and UCP1 1870/1955
R: GAG AGG TAT CGG AGG TGG TT.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as SEM analyzed using Prism (GraphPad). Statistical significance was determined by either one-way ANOVA
followed by Tukey posttest for the comparison of multiple conditions, or unpaired two-tailed Student t test for the comparison of two
conditions. Significance presented at P* < 0.05, P** < 0.01, and P*** < 0.001.

DATA AND SOFTWARE AVAILABILITY

The accession number for the BAT vs. visceral WAT and brown adipocytes treated with blebbistatin RNAseq datasets reported in this
paper is GEO: GSE109829.
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