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Abstract

Brown and beige fat protect against cold environments and obesity by catabolizing stored energy to generate
heat. This process is achieved by controlling thermogenesis-related gene expression and the development of
brown/beige fat through the induction of transcription factors, most notably PPARy. However, the cofactors
that induce the expression of thermogenic genes with PPARY are still not well understood. In this study, we
explored the role of SOX4 in adaptive thermogenesis and its relationship with PPARy.

Methods: Whole transcriptome deep sequencing (RNA-seq) analysis of inguinal subcutaneous white adipose
tissue (iIWAT) after cold stimulation was performed to identify genes with differential expression in mice.
Indirect calorimetry detected oxygen consumption rate and heat generation. mMRNA levels were analyzed by
qPCR assays. Proteins were detected by immunoblotting and immunofluorescence. Interaction of proteins was
detected by endogenous and exogenous Co-IP. ChIP-qPCR, FAIRE assay and luciferase reporter assays were
used to investigate transcriptional regulation.

Results: SOX4 was identified as the main transcriptional effector of thermogenesis. Mice with either
adipocyte-specific or UCPI* cells deletion of SOX4 exhibited significant cold intolerance, decreased energy
expenditure, and beige adipocyte formation, which was attributed to decreased thermogenic gene expression.
In addition, these mice developed obesity on a high-fat diet, with severe hepatic steatosis, insulin resistance, and
inflammation. At the cell level, loss of SOX4 from preadipocytes inhibited the development of beige adipocytes,
and loss of SOX4 from mature beige adipocytes reduced the expression of thermogenesis-related genes and
energy metabolism. Mechanistically, SOX4 stimulated the transcriptional activity of Ucp! by binding to PPARy
and activating its transcriptional function. These actions of SOX4 were, at least partly, mediated by recruiting
PRDMI6 to PPARY, thus forming a transcriptional complex to elevate the expression of thermogenic genes.
Conclusion: SOX4, as a coactivator of PPARy, drives the thermogenic gene expression program and
thermogenesis of beige fat, promoting energy expenditure. It has important physiological significance in
resisting cold and obesity.
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Introduction

Adaptive thermogenesis is a mechanism of during cold environments [2]. Except for muscle

metabolic heat production in response to external
stimuli, which has an important role in regulating
energy homeostasis [1]. It is essential for maintaining
the body core temperature and promoting survival

shivering thermogenesis, brown and beige adipose
tissues are the main part of non-shivering
thermogenesis [3-5]. The thermogenic activity of
brown and beige adipocytes is largely dependent on
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uncoupling protein 1 (UCP1), a protein located on the
inner mitochondrial membrane [6, 7]. It generates heat
by dissipating the proton gradient generated by the
electron transport chain, which uncouples oxidative
respiration from ATP synthesis [8, 9]. High expression
of thermogenic gene Ucp1 is required for maintaining
the high thermogenic activity of brown or beige
adipocytes [10]. It has been found that UCP1-deficient
mice consume less oxygen and are more sensitive to
cold, indicating that their thermoregulation is
defective [11].

Cold stimulation mainly activates sympathetic
nerves to secrete adrenaline, which acts on
[3-adrenoceptors of brown and beige adipocytes,
triggers cascade regulation of cell signals, and
promotes peroxisome proliferator-activated receptors
Yy (PPARy) and its coregulatory factors on the
transcriptional regulation of thermogenic genes such
as Ucpl [3]. In addition to maintaining the constant
body temperature of mammalians, adaptive
thermogenesis can be used to consume obese high
calories [12-15]. Moreover, decreased thermogenesis
dependent on adrenergic activation contributes to
obesity-proneness [2, 16]. Thus, manipulation of
thermogenesis could be an effective method to
manage obesity.

Beige adipocytes are 'brown-like' cells that
develop in white fat of mammalian postnatally in
response to various external stimuli, such as chronic
cold exposure. They have multilocular and small lipid
droplet morphology and dense mitochondria, high
expression of UCP1, and high thermogenetic capacity
[17, 18]. Similar to white adipose cells, beige adipose
cells are derived from platelet derivative growth
factor receptor-a (PDGFRa*) and stem cell antigen 1
(SCA1*) positive or myoglobulin heavy chain 11
positives (MyH11*) precursor cells [19-22]. In addition
to de novo differentiation of precursor cells, studies
have shown that beige adipose cells can also
transdifferentiate directly from mature white fat cells
[23, 24]. The activation of beige adipose tissue can
significantly promote systemic energy consumption
[12]. Obesity and related metabolic disorders have
been observed in mice lacking beige adipocytes [16,
24]. Given that beige adipocytes can enhance energy
consumption, they have become a new target for
treating obesity and improving metabolic pheno-
types. However, the regulatory mechanisms involved
in the development and functional maintenance of
beige fat remain to be further elucidated.

Peroxisome  proliferator-activated  receptors
(PPARYy) are a key switch that determines the fate of
cells and differentiation into brown/beige or white
adipose cells. PPARYy drives the brown/beige or white

adipogenesis transcriptional program together with
distinct co-activators and regulators. PPARy drives
the beige adipogenesis transcriptional program
together with CCAAT/enhancer-binding protein-f
(C/EBPB), PPARy coactivator-la (PGC-la), and
PRDM16 [25]. The PPARy/RXRa heterodimer
regulates transcription by directly binding to the
peroxisome proliferator-activated receptor (PPAR)-
responsive element (PPRE) site on the promoter/
enhancer region of its target gene [26]. Treatment with
PPARYy agonists such as thiazolidinediones (TZDs)
can induce beige adipogenesis by increasing PRDM16
protein stability, inducing PPARy deacetylation, and
enhancing PRDM16-PPARy complex formation [27,
28]. However, PPARy agonists may also lead to
serious side effects. Thus, exploring new drugs
targeting combined therapy to reduce side effects is of
importance.

SOX4 is an important development transcription
factor that regulates stem cell characteristics,
differentiation, and various development pathways.
For example, SOX4 is found to be critical for
embryonic heart [29], osteoblast development [30],
and initiation of neuronal differentiation programs
[31]. We recently found that SOX4 can inhibit the
orientation of mesenchymal stem cells into
preadipocytes and reduce the white adipocytes'
differentiation potential of preadipocytes (under
review). In order to address the physiological role of
SOX4 in WAT development, preadipocyte-specific
Sox4 transgenic (Prefl-Sox4) mice were generated and
fed on high fat diet. We found that Prefl-Sox4 mice
exhibit resistant to obesity with high fat diet (HFD). In
the metabolic phenotype analysis, the higher
thermogenesis in Prefl-Sox4 mice attracted our
attention.

In this study, we explored the role of SOX4 in
adaptive thermogenesis. We created mouse models in
which Adiponectin-Cre and Ucpl-Cre drove SOX4
deletion. Under prolonged cold stimulation, SOX4
deletion significantly inhibited the formation of beige
adipocytes, reduced body temperature and efficiency
of energy metabolism. SOX4 adipocyte-specific
knockout mice were easy to develop obesity and
insulin resistance under HFD. Also, knockdown of
Sox4 inhibited the differentiation of beige adipocytes
and reduced the thermogenic capacity and energy
metabolism of mature beige adipocytes in vitro.
Mechanistically, SOX4 formed a complex with PPARy
and PRDM16, enhanced the binding of PRDM16 to
PPARy, and promoted the transcription of the
thermogenic gene Ucpl. These data are of great
significance for the development of obesity treatment
drugs in the future.
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Figure 1. Cold stimulation induces SOX4 expression. 10-week male mice were housed at room temperature (RT) or exposed to cold exposure (cold stimulation, CS, 10
°C for one day and then 4 °C for | week). BAT, iWAT and gWAT were isolated and subjected to qPCR analysis (A) and Western blotting (B). The protein levels of SOX4 were
quantified with image | (B, right). (C) Representative images of SOX4 immunohistochemistry (IHC) of iWATs. Scale bar, 100 pm. Insets show higher magnification, scale bar, 50
um. (D) gPCR analysis of Sox4 mRNA expression in the SVF cells isolated from iWAT. (E) qPCR analysis of Sox4 mRNA expression in the adipocytes isolated from iWAT. (F)
SVF cells isolated from iWAT were differentiated into beige adipocytes in vitro as described in method. On day 6, the differentiated beige adipocytes were treated with ISO
(isoproterenol) for 4 hr, and then analyzed by qPCR. (G) Beige adipocytes differentiated from iWAT SVF cells were treated with FSK (forskolin). 4 hr later, cells were harvested

for qPCR analysis.

Results

Cold induces SOX4 expression in thermogenic
adipocytes

To address the physiological role of SOX4 in
WAT development in vivo, we generated Prefl-Sox4
mice and fed them with HFD (under review). We
further found that overexpression of Sox4 in
preadipocytes reduced the body weight of mice with
HFD (Figure S1A), relieved glucose intolerance as
well as insulin resistance (Figure S1B-C), and
improved the heat production without obvious effect
on food intake and locomotor activity (Figure S1D, E),
which suggested that SOX4 may regulate
thermogenesis in response to certain external stimuli.

We first examined the expression of Sox4 in
brown adipose tissue (BAT), inguinal subcutaneous
white adipose tissue (iWAT) and gonadal white
adipose tissue (gWAT). The results showed that
protein levels of SOX4 were highest in gWAT and
lowest in iWAT (Figure S2A). Cold exposure is an
important factor inducing adaptive thermogenesis of
adipose tissue. We therefore examined whether the
expression of SOX4 in adipose tissue responds to
prolonged cold exposure. WT mice were subjected to
10 °C for 3 days for cold adaptation and then 4 °C for 7
days. The expressions of SOX4 in BAT, iWAT and
gWAT were analyzed. The results showed that the
abundance of SOX4 increased most in iWAT, and
moderately in BAT, and had no significant change in
gWAT with prolonged cold exposure (Figure 1A, 1B,
Figure S2B, S2C). Immunohistochemical experiments
further confirmed that prolonged cold exposure

stimulated iWAT to develop beige adipocytes and
enhanced the expression of SOX4 (Figure 1C).

Furthermore, we isolated mature adipocytes and
stromal-vascular fraction (SVF) cells from iWAT of
WT mice and found that Sox4 mRNA levels were
higher at 4 °C than at 25 °C in both fractions (Figure
1D-E). We also isolated SVF cells and differentiated
them into mature beige adipocytes in vitro. Treatment
of these cells with isoproterenol or forskolin which
could mimic cold stimulation caused a significant
elevation in Sox4 mRNA levels (Figure 1F-G). These
results showed that cold stimulation significantly
induced the expression of SOX4 in thermogenic
adipose tissue.

Adipose tissue-specific or thermogenic adipose
tissue-specific SOX4 KO reduced cold
tolerance, energy metabolism, and
thermogenic function of beige adipocytes

To explore the effect of SOX4 on the adaptive
thermogenesis of adipose tissue in vivo, a conditional
Sox4 allele was generated (Sox4!vox) by engineering
loxP sites flanking exon 1 (Figure S3A), named
SOX4F/F. We mnext crossed SOX4F/F mice to
Adiponectin-Cre mice to generate mice with
adipocyte-specific knockout of Sox4 (SOX4 AKO) and
bred SOX4F/F with Ucpl-Cre mice to produce
thermogenic adipose tissue-specific SOX4 knockout
(SOX4 UKO) mice. Sox4 was significantly knocked
down in adipocytes of SOX4 AKO mice and in
thermogenic adipose tissues of SOX4 UKO mice
(Figure S3B-D). Then, we performed a survival
challenge experiment by exposing 10-12-week-old
mice to cold environment (adaptation at 10 °C for one
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day and then cold stimulation at 4 °C). A total of 66%
of SOX4 AKO mice, 62% of SOX4 UKO mice and 19%
of SOX4F/F mice died after 3 days at 4 °C (Figure 2A,
Figure S4A). The results reflected the obvious cold

A B

intolerance of SOX4 AKO mice and SOX4 UKO mice.
The survival of mice under cold stimulation was
directly related to maintaining the core body
temperature.
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Figure 2. Adipose tissue-specific SOX4 KO reduces cold tolerance, energy metabolism, and thermogenic function of beige adipocytes. (A) SOX4FFand
SOX4 AKO male mice (10-12-week) were exposed to 10 °C for one day and then to 4 °C for 5 days. Survival curves were analyzed. (B-G) 10-week male mice were exposed
to 25 °C for 3 days, then 10 °C for 3 days and 4 °C for 3 days. Whole-body oxygen consumption (B, C), heat production (D, E), food intake (F) and locomotor activity (G) of mice
at 25 °C and at 4 °C were analyzed. (H) SOX4FFand SOX4 AKO male mice (10-week) were exposed to 10 °C for 3 days and to 4 °C for 3 days. The core body temperature
was shown. (I-J) Representative image and H&E staining in the iWAT in (B, D) mice. Arrowhead indicated the lymph node (LN). Scale bar, 200 pym. Insets show higher
magnification, scale bar, 100 pm. The size of lipid droplets was quantified with image | (J, right). (K) Immunofluorescent staining of UCP1 in the middle region of iWAT in (B, D)
mice. Scale bar, 50 ym. (L-N) SOX4FFand SOX4 AKO male mice (10-week) were exposed to 10 °C for 3 days and then to 4 °C for 3 days. iWAT was collected from each
mouse, and total RNA was extracted and subjected to RNA-Seq analysis and qPCR analysis. (L) Heatmap of the RNA-Seq shows the down-regulated genes (AKO vs control) in
iWAT with a cutoff of fold change 2 1.5 and p-value < 0.05. Thermogenic genes are indicated. (M-N) qPCR analyzed the relative mRNA levels of indicated genes in the iWAT.
(O) SOX4FFand SOX4 AKO mice were surgically removed BAT. After recovery, mice were exposed to 10 °C for 3 days. The whole-body heat production is shown. (P) H&E
staining in the iWAT in (O) mice. Scale bar, 100 um. Insets show higher magnification, scale bar, 50 ym. (Q) Western blotting showing the expression of UCP1 protein in the
iWAT in (O) mice.
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In order to avoid the death of mice, we
performed cold adaptation at 10 °C for three days and
then switched to 4 °C for three days as illustrated in
Figure 2B and Figure S4B. The oxygen consumption
and heat production in SOX4 AKO mice and SOX4
UKO mice were significantly lower than those of
SOX4F/F mice at 4 °C but not at 25 °C (Figure 2B-E;
Figure S4B-E), while food intake and locomotor
activity did not change (Figure 2F-G, Figure S4F-G).
Furthermore, the rectal temperatures in SOX4 AKO
mice and SOX4 UKO mice were significantly lower
than that of SOX4F/F littermates (Figure 2H, Figure
S4H).

Beige adipocytes, developed form WAT
postnatally in response to chronic cold exposure, are
critical for non-shivering thermogenesis and
maintenance of body temperature in mammals [24,
32, 33]. Next, we characterized the formation of
cold-induced beige fat in these mice. Prolonged cold
exposure stimulated the formation of beige
adipocytes with ‘brown-like’ and multilocular lipid
droplets in the iWAT of SOX4F/F mice. However,
cold-induced beige fat biogenesis was strikingly
impaired in the iWAT of SOX4 AKO mice and SOX4
UKO mice (Figure 2I-]J, Figure S4I-J). Also,
immunofluorescence showed reduced expression of
UCP1 in iWAT of SOX4 AKO and SOX4 UKO mice
(Figure 2K, Figure S4K). Next, RNA-seq analysis
showed that the genes down-regulated in the iWAT of
SOX4 AKO mice contained many thermogenesis-
related genes under cold stimulation. Specifically,
peroxisome proliferator-activated receptor-y coacti-
vator 1-a (Pgcla), solute carrier family 27 member 2
(Slc27a2), carnitine palmitoyltransferase 1b (Cpt1b),
elongation of very long-chain fatty acids-like 3 (Elovl3)
and Ucpl were significantly downregulated by SOX4
KO (Figure 2L). gPCR analysis further verified that
the mRNA levels of thermogenesis-related genes in
iWAT of SOX4 AKO mice and SOX4 UKO mice were
generally down-regulated relative to SOX4F/F mice
(Figure 2M, Figure S4L), while the common
adipocyte genes Adiponectin and Ap2 were slightly
downregulated in SOX4 AKO mice, and the white
selective genes remained unchanged (Figure 2N,
Figure S4L). Of note, we also analyzed the relative
mRNA levels of thermogenic genes in gWAT and
BAT with qPCR and found there was no significant
difference in both adipose tissues between SOX4 AKO
and SOX4F/F mice under cold stimulation (Figure
S5A-B). In addition, compared to SOX4F/F mice, there
was no obvious morphological change in BAT of
SOX4 AKO and SOX4 UKO mice with prolonged cold
exposure (Figure S5C-E). To further character the role
of SOX4 in thermogenesis of beige adipocytes, we

surgically removed the BAT from SOX4 AKO mice
and SOX4F/F mice. After recovery, SOX4 AKO mice
exhibited decreased heat production and impaired
beige fat biogenesis as well as reduced Ucpl
expression when compared with SOX4F/F mice
(Figure 20-Q). These results indicate that Sox4
facilitated expressions of thermogenesis-related genes
and beige adipocytes formation which contribute to
heat production and energy expenditure with chronic
cold exposure.

Adipose tissue-specific SOX4 KO promotes
obesity and metabolic dysfunction under HFD

Since SOX4 is necessary for thermogenic gene
expression and thermogenic function of beige
adipocytes and regulates energy consumption in cold
stimulation, we further examined the effect of SOX4
on a high-fat diet (HFD) induced obesity. We first
analyzed the body weight of SOX4 AKO and SOX4F/F
mice fed with a normal chow diet (NCD) or HFD.
S50X4 AKO and SOX4F/F mice on NCD had similar
body weight gain at 23 weeks (Figure 3A). In contrast,
with HFD for 15 weeks (age 23 weeks), the SOX4 AKO
mice were fatter and gained weight faster than
SOX4F/F mice; SOX4 AKO mice gained 23.41g while
the SOX4F/F mice only gained 18.83g (Figure 3A-B).
Yet, there were no differences in food intake and
locomotor activity between the genotypes (Figure
3C). The greater body-weight gain in SOX4 AKO mice
was due to increased fat mass (Figure 3D) and the
weight of iWAT, BAT, and liver (Figure 3E) under
HFD conditions.

Histological analysis further showed that SOX4
AKO mice fed with HFD had markedly increased
lipid contents in iWAT, BAT, gWAT, and liver (Figure
3F), although their gWAT weight did not differ. In
particular, the adipocyte size of iWAT was
significantly increased, indicating that adipose
tissue-specific SOX4 KO causes iWAT cell hyper-
trophy. Consistently, statistical analyses showed
significantly increased cell size of iWAT in SOX4 AKO
mice fed with HFD (Figure 3G). As expected, SOX4
AKO mice had elevated serum free fatty acid (FFA)
and triglyceride (TG) levels (Figure 3H), as well as
lower heat production compared with SOX4F/F mice
(Figure 3I-]). In addition, SOX4 AKO mice developed
more severe insulin resistance (Figure 3K) and
glucose intolerance (Figure 3L) with HFD.

We next examined the extent to which SOX4 loss
alters adipose tissue inflammation. We found that, in
association with their relative obesity, the iWAT of
S0OX4 AKO mice expressed significantly higher levels
of pro-inflammatory genes F4/80 and Mcpl vs.
SOX4F/F mice (Figure 3M).
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Figure 3. Adipose-specific SOX4 KO promotes high fat diet-induced obesity. (A) Growth curve of SOX4 AKO mice and control littermates fed with NCD or HFD.
(B) A representative photo of control and SOX4 AKO mice after 15-weeks of HFD feeding. (C) Food intake and locomotor activity of mice in (A) after 15-weeks of HFD
feeding. (D) The average fat and lean masses of control and SOX4 AKO mice after |15-weeks of HFD feeding. (E) Weights of iWAT, gWAT, BAT, and liver in control and SOX4
AKO mice after 15-weeks of HFD feeding. (F) Representative H&E staining of iWAT, gWAT, BAT, and liver from control and SOX4 AKO mice after 15-weeks of HFD feeding.
Scale bar, 200 pm. Insets show higher magnification, scale bar, 100 pm. (G) Adipocyte sizes of iIWAT were estimated from the H&E staining results in (F) using Image). The
percentage of cells with the indicated sizes was shown. (H) Serum levels of free fatty acid (FFA), triacylglycerol (TG) in control and SOX4 AKO mice after 15-weeks of HFD
feeding. (1, J) Heat production of control and SOX4 AKO mice after |5-weeks of HFD. (K, L) insulin tolerance test (K) (i.p. 1.0 U/kg) and Glucose tolerance test (L) (i.p. 1.5 g/kg)
of control and SOX4 AKO mice after 15-weeks of HFD feeding. (M) qPCR analysis of mRNA expression of pro-inflammatory genes in the iWAT of control and SOX4 AKO mice
after 15-weeks of HFD feeding.

We further explored the role of SOX4 in SOX4 AKO and SOX4F/F mice (Figure S6A), the
homeostasis under NCD and room temperature. = mRNA level of Ucpl in iWAT of SOX4 AKO mice was
Although there was no significant difference in the  slightly down-regulated, but not in BAT (Figure
morphology of iWAT, BAT, and gWAT between  S6B-C). And the relative mRNA levels of lipolysis,
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liposynthesis and common adipocyte genes have no
significant changes in iWAT and BAT of these two
genotypes (Figure S6D-E). Additionally, there was no
difference in body fat content and the weight of
isolated adipose tissues and livers between the two
genotypes  (Figure S6F-G). However, when
measuring glucose tolerance and insulin resistance,
we found that SOX4 AKO mice exhibited significant
insulin resistance relative to SOX4F/F mice (Figure
S6H), with no significant difference in glucose
tolerance (Figure S6I). This also further illustrates the
role of SOX4 in regulating metabolic homeostasis.

SOX4 is required for beige adipocytes
development

In the previous mouse model, we observed that
adipose tissue-specific SOX4 KO significantly inhibi-
ted thermogenic gene expression and thermogenic
function of beige adipocytes under prolonged cold
stimulation (Figure 2). Thus, we further explored
whether SOX4 affects the differentiation of beige
adipocytes in vitro. We isolated SVF cells of iWAT
from WT mice and immortalized them by inserting a
large T antigen gene. In Figure S7A, beige adipocyte
differentiation in vitro was established as described
[12]. mRNA levels of thermogenic genes and common
adipocyte genes in differentiated adipocytes were
significantly upregulated, and protein levels of UCP1
in differentiated adipocytes were obviously increased
(Figure S7B-C), suggesting that adipocytes
differentiated from preadipocytes of iWAT SVFs were
beige-like adipocytes. Subsequently, the immortalized
preadipocytes were infected with lentivirus expres-
sing scrambled or SOX4 shRNA, and then exposed to
the induction media to induce beige adipocytes
differentiation. At day 6 of differentiation (D6),
knockdown of Sox4 caused a significant reduction in
lipid content of beige adipocytes (Figure S7D-E), as
demonstrated in more detail by Nile red staining and
bright view (Figure S7F).

Next, we used RNA-seq to analyze the transcrip-
tome of beige adipocytes (D6) with knockdown of Ctrl
and Sox4 in immortalized preadipocytes cells. Genes
involved in the thermogenesis-related signaling path-
ways, including TCA cycle, oxidative phosphoryla-
tion, and lipolysis, were significantly down-regulated
after SOX4 knockdown (Figure S7G). qPCR analysis
further verified that knockdown of SOX4 drastically
decreased the expression of thermogenesis-related
genes such as Ucpl, Ppargcla, and Prdmlé (Figure
S7H). These results show that SOX4 is required to
express a thermogenic gene program in the
development of beige adipocytes. Moreover,
reduction of SOX4 was associated with a large
decrease in mitochondrial respiration and oxygen

consumption rates (Figure S7I).

Based on the importance of SOX4 in the
development of beige adipocytes in vitro, we used
Pdgfra-Cre and SOX4F/F to cultivate a mouse model
with beige preadipocytes SOX4 KO for further
validation. We compared the iWAT phenotype of
Pdgfra-Cre: SOX4F/F and SOX4F/F mice after prolonged
cold exposure, and found that fewer beige adipocytes
with ‘brown-like’ and multilocular lipid droplets
were generated in the iWAT of Pdgfra-Cre: SOX4F/F
mice compared to SOX4F/F mice, while the BAT of the
two groups had no significant difference (Figure
S8A-B). qPCR analysis showed that thermogenesis-
related genes in iIWAT of Pdgfra-Cre: SOX4F/F mice
were significantly reduced, while the white selective
genes were significantly up-regulated, and there was
no difference in general adipocyte genes (Figure
S8C-D). Meanwhile, the expression of thermogenic
genes exhibited no significant difference in BAT of
both genotypes (Figure S8E).

Next, we asked whether preadipocyte-specific-
overexpression of Sox4 promotes the development of
beige adipocytes in the condition of chronic cold
exposure. The results showed that Prefl-Sox4 mice
produced more beige adipocytes and heat, and
expressed higher levels of thermogenic genes in
iWAT compared to WT mice with chronic cold
exposure, while there was no obvious change in BAT
(Figure S8F-L).

Together, these results demonstrated that SOX4
is required for beige fat development.

SOX4 regulates the thermogenic function of
mature beige adipocyte

Next, we explored the role of SOX4 in regulating
the thermogenesis of differentiated beige fat in vitro.
We knockdown Sox4 on day 4 in the late stage of beige
fat development (Figure 4A). On day 6, differentiated
beige adipocytes from immortalized preadipocyte
cells were harvested. Relative mRNA and protein
levels were analyzed. Knockdown of Sox4 reduced
mRNA levels of thermogenesis-related genes, inclu-
ding thermogenic and lipolytic genes, and had no
effect on adipocytes-common genes (Figure 4B-C).
Consistently, the protein levels of UCP1 were
significantly reduced in Sox4 KD mature beige
adipocytes (Figure 4D). Further, decreased Sox4 in
mature beige adipocytes also weakened isopro-
terenol-induced the expression of thermogenic genes
Ucpl, Ppargcla, and lipolytic gene Hsl (Figure 4E).
Moreover, deprivation of Sox4 in mature beige
adipocytes reduced mitochondrial respiration and
oxygen consumption rates (Figure 4F-G).

We also infected the differentiated beige
adipocytes (D4) with adenovirus carrying the Sox4
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gene to overexpress SOX4. On day 6, gene expressions
were analyzed and showed that overexpression of
SOX4 induced the up-regulation of thermogenesis-
related gene expression (Figure 4H). With
isoproterenol treatment, the expression of Ucpl and

Ppargcla could be further enhanced by overexpression
of SOX4 (Figure 4I). The above results show that
SOX4 promotes the thermogenesis of mature beige
adipocytes.
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Figure 4. SOX4 regulates the thermogenic function of mature beige adipocyte.

(A-D) Schematic illustration of differentiation of beige adipocytes in vitro (A). On day

4, cells were infected with lentivirus expressing Scrambled or shSox4. On day 6, cells were collected for qPCR (B-C) and Western blot (D) analyses. (E) Scrambled or shSox4
beige adipocytes (day 6) treated with or without 10 1M isoproterenol (ISO) for 4 hr. The relative mRNA levels of indicated genes were shown. (F, G) Oxygen consumption of
Scrambled or shSox4 beige adipocytes (day 6) were analyzed. (H) Immortalized preadipocytes were differentiated and infected with Vector or Sox4-expression adenovirus at day
4. On day 6, cells were harvest for gPCR analyses. The relative mMRNA levels of indicated genes were shown. (I) Immortalized preadipocyte were differentiated and infected with
Vector or Sox4-expression adenovirus at day 4. On day 6, beige adipocytes were treated with or without 10 uM ISO for 4 hr. Real-time qPCR analysis of the indicated genes was

performed.
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Figure 5. SOX4 interacts with PPARy2 and regulates the transcriptional activation of thermogenic genes. (A) Genes down-regulated (SOX4 AKO vs. SOXA4F/F
mice) in RNA-seq data from Figure 2L were subjected to gene ontology analysis. (B-C) Immortalized preadipocytes were subjected to beige adipocyte differentiation in vitro. On
day 4, cells were infected with lentivirus expressing Scramble or shSox4. On day 6, cells were collected and total RNA was extracted for RNA-Seq analysis. The genes
down-regulated by SOX4 knockdown were subjected to gene ontology analysis (B). Overlap (297) of genes down-regulated (992) by SOX4 knockdown in (B) and genes
up-regulated (974) in Rosig-treated classic BAT (C, top, GSE144490). The overlapping genes were subjected to gene ontology analysis (C, bottom). (D-E) Beige adipocytes
differentiated from immortalized preadipocyte (D) and iWATs of C57BL/6é mice exposed to 10 °C for | day and 4 °C for | week (E) were lysed and subjected to
immunoprecipitation using IgG or anti-PPARyY antibody. Input and pellet fractions were analyzed by western blot using indicated antibodies. (F) Beige adipocytes differentiated
from immortalized preadipocytes were infected with scrambled or shSOX4 lentiviruses on day 4. On day 6, cells were treated with or without rosig (I uM) for 5 hr. gPCR
analysis of the indicated genes were shown. The results are from 3 independent experiments. (G) Differentiated beige adipocytes were infected with scrambled or shPPARy
lentiviruses on day 4. On day 6, cells were infected with vector or SOX4-expression adenovirus (pAd-Sox4) treatment. 24 hr later, cells were harvested and subjected to qPCR
analysis. The relative mRNA levels of indicated genes were shown. (H) Differentiated beige adipocytes were transfected with Flag-Sox4 on day 6. 2 days later, cells were
harvested for ChIP analysis by using IgG or Flag antibody. The ChIPed DNAs were examined by qPCR for Ucp | enhancer containing PPRE site. (I) Scramble and shPPARy beige
adipocytes (day 6) were transfected with Flag-Sox4 and 2 days later subjected to ChlIP assay by using IgG or anti-Flag antibody. The ChIPed DNAs were examined by qPCR for
Ucpl enhancer containing PPRE site. (J) The Ucpl enhancer containing PPRE site or mutated PPRE site was cloned into pGL4.26-basic vector and co-transfected into mature
beige adipocytes together with 3-gal in the presence or absence of PPARy2 or SOX4 expression plasmid. After 48 hr, cells were harvested and the luciferase activity was
measured. 3-gal activity was used to normalize for transfection efficiency. (K) Differentiated beige adipocytes were infected with scrambled or shSOX4 lentiviruses and subjected
to FAIRE assay 2 days later. The enriched DNAs were examined by qPCR for Ucpl enhancer containing PPRE site.
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SOX4 binds to PPARY and coactivates its
transcriptional function

The above results suggested that SOX4 has a key
role in maintaining the thermogenic function of beige
adipocytes. To further uncover its mechanism, we
analyzed the transcriptome data of iWAT in SOX4
AKO and SOX4F/F mice under cold stimulation
(Figure 5A) and transcriptome data of scrambled and
Sox4 knockdown beige adipocytes (D6). Signal
pathway analysis of downregulated genes caused by
Sox4 deletion in cells and cold stimulated iWAT
tissues of mice revealed that these down-regulated
genes were most strongly associated with PPAR
signaling (Figure 5A-B). Moreover, in the GEO
database (GSE144490), the up-regulated genes after
treatment of adipose tissue with rosiglitazone, a
PPARYy agonist, showed 297 genes overlapping with
the down-regulated genes caused by knockdown of
Sox4 in immortalized preadipocytes cells induced to
differentiate into mature beige adipocytes (D6)
(Figure 5C). Signal pathway analysis of these 297
genes showed that these genes were mainly enriched
in the PPAR signaling pathway and genes related to
thermogenesis (Figure 5C). This indicated that SOX4
might participate in the PPAR signaling pathway and
regulate thermogenesis.

Given the central role of PPARY in adipogenesis,
we investigated whether SOX4 interacts with PPARy
to regulate the transcriptional activation of thermo-
genic genes. To address this question, we first
performed Co-IP using HEK293T cells transfected
with FLAG-tagged Sox4 and HA-tagged Ppary2 alone
or in combination. The results showed that SOX4
interacted with PPARy2 (Figure S9A-B). Here we
found that although the molecular weight of
endogenous SOX4 is about 37 kDa, the protein
produced by the exogenous SOX4 expression plasmid
is 70 kDa. We speculate that SOX4 may form a
homodimer. We then confirmed the interaction
between endogenous PPARy and SOX4 using lysates
of mature beige adipocytes differentiated from
immortalized preadipocytes as well as iWAT lysates
from cold-exposed WT mice. The lysates were
immunoprecipitated with anti-PPARy antibody
followed by immunoblotted with anti-PPARy or
SOX4 antibody. The results showed SOX4 could be
co-precipitated with PPARy (Figure 5D-E). In
addition, immunofluorescence assay showed SOX4
colocalized with PPARy2 in nucleus of beige
adipocytes (Figure S9C).

In order to further study whether SOX4 affects
PPARy activity, we introduced synthetic PPARy
agonist rosiglitazone (rosig). First, we tested whether
Sox4 depletion affected the response of beige

adipocytes to rosiglitazone. We treated fully
differentiated adipocytes with scrambled and shSOX4
with DMSO or rosig and detected the mRNA levels of
Ucpl and Elovl3. Rosig significantly induced the
expression of Ucpl and Elovl3 in scrambled
adipocytes but significantly weakened this induction
in Sox4 KD adipocytes (Figure 5F). We further found
that adenovirus overexpression of SOX4 in
differentiated beige adipocytes significantly increased
the expression of rosig-induced thermogenesis-
related genes (Figure S9D). The above results indicate
that SOX4 is required for rosig-mediated thermogenic
gene expression.

To test whether SOX4 can directly activate the
transcription of thermogenic genes in the absence of
PPARy, we knocked down PPARy in mature beige
adipocytes and found that the mRNA levels of
thermogenic genes increased by SOX4 overexpression
was significantly reduced (Figure 5G). Next, we
overexpressed FLAG-SOX4 in mature beige
adipocytes induced by immortalized preadipocytes
and performed Chip-qPCR. As showed in Figure 5H,
FLAG-50X4 could bind to PPAR-responsive element
(PPRE) site on the enhancer of Ucpl. Moreover,
knockdown of PPARy significantly suppressed the
SOX4 binding to the PPRE site on the enhancer of
Ucpl (Figure 5I). Further, luciferase assays showed
that the simultaneous expression of SOX4 and PPARy
significantly enhanced the transcription of luciferase
by the Ucpl enhancer containing the PPRE site
compared with the single expression of PPARy in
mature beige adipocyte or HEK293T cells (Figure 5],
Figure S9E). However, this enhancement effect was
completely blocked by mutating PPRE site (Figure 5],
Figure S9E). SOX4 is known to regulate chromatin
structure [34-36] and remodeling of chromatin also
contributes to thermogenic activation [37-39]. We thus
explored whether SOX4 can facilitate chromatin
openness of UCPI. We performed formaldehyde-
assisted isolation of regulatory elements (FAIRE)-
qPCR analysis and found knockdown of SOX4
significantly inhibited the openness of the PPRE site at
-2.5 kb of Ucpl enhancer (Figure 5K). These indicated
that SOX4 could regulate chromatin accessibility of
thermogenic genes and activate the transcription in a
PPARy-dependent manner.

SOX4 promotes the binding of PPARY and
PRDMI1é

In our above study, we noticed that deletion of
SOX4 in mature beige adipocytes did not affect the
mRNA level of Prdm16 in vivo and in vitro (Figure 2M
and 4B). Next, we speculated that SOX4 and PRDM16
might regulate the expression of genes by interaction
rather than the relationship between upstream and
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downstream. In addition, PPARy regulates the
transcription of beige/brown genes in the form of
complex, mostly with PRDM16 and PGC-1a, which is
required for rosiglitazone or cold-induced activation
of white to beige adipocytes. Therefore, we examined
whether SOX4 is involved in forming the PPARy-
PRDM16 complex to regulate beige adipogenesis and
function. We first performed Co-IP using HEK293T
cells, and we detected the interaction of SOX4 with
PRDM16 (Figure 6A-B). It was reported that rosig
increases the stability of PRDM16 and recruits
PRDM16 to PPARy target genes [27]. Next, we
examined the effect of SOX4 on the interaction
between PPARy and PRDM16 after rosig treatment.

As shown, SOX4 significantly increased the
interaction of PRDM16 with PPARy2 in HEK293T
cells (Figure 6C). Immunofluorescence results also
showed that SOX4 was colocalized with PPARy2 and
PRDM16 in nucleus in beige adipocytes (Figure 6D).
In addition, PGC-1a also acts as a transcriptional
co-activator of PPARy. We found that overexpression
of SOX4 in HEK293T cells did not affect the binding of
PPARy2 and PGC-1a (Figure S10).

To further test whether SOX4 enhances the
formation of the PPARy-PRDM16 complex, we
overexpressed SOX4 with adenovirus in mature beige
adipocytes and performed Co-IP. SOX4 enhanced the
interaction of PRDM16 with PPARYy (Figure 6E).
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Figure 6. SOX4 promotes the binding of PPARy and PRDMI16. (A, B) HEK293T were transfected with Flag-SOX4 and HA-PRDM16 as indicated. 48 hr after
transfection, cells were lysed and subjected into immunoprecipitation with anti-Flag (A) or anti-HA (B) antibody followed by Western blotting. (C) HEK293T cells transfected
with Flag-PPARy2, SOX4, and HA-Prdml16 as indicated were treated with or without | pM Rosig for 4 hr. Immunoprecipitation were performed as in (A). (D)
Immunofluorescence analysis showed SOX4 was colocalized with PPARy2 and PRDM16 in the nucleus of mature beige adipocyte (D6). Scale bar, 10 um. (E) Immortalized
preadipocyte were differentiated and infected with Vector or Sox4-expression adenovirus at day 4. Mature beige adipocytes (D6) were lysed, subjected into immunoprecipitation
with anti-PPARy antibody and immunoblotted with antibodies as indicated. (F) Control and SOX4 AKO mice were exposed to 10 °C for 3 days and then 4 °C for 3 days. IWAT
were isolated and lysed. Inmunoprecipitation and immunoblotting were performed as in (E). (G) Fragments of 3 tandem copies of a PPARY response element fused to a luciferase
reporter vector were co-transfected into mature beige adipocytes together with 3-gal, PPARy2, RXRa, and PRDMI16 in the presence or absence of SOX4 expression plasmid.
Luciferase activity was corrected for corresponding [3-gal activity and normalized to control activity.
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Next, we detected PRDM16 from the PPARy
immunoprecipitation of iWAT lysates in cold-
stimulated SOX4 AKO and SOX4F/F mice. We found
that adipose tissue-specific SOX4 KO significantly
reduced PRDM16 and PPARYy interaction (Figure 6F).
We then examined the effect of SOX4 on the
transcriptional activity of the PPARy-PRDM16
complex. In the luciferase experiment, we found that
the simultaneous expression of SOX4, PPARy2, and
PRDML16 significantly enhanced the transcription of
luciferase by the 3 tandem copies of a PPARy
response element compared with overexpression of
PRDM16 and PPARy2 in mature beige adipocyte
(Figure 6G). These results suggest that SOX4 increases
the PRDM16-PPARy interaction and activates the
transcriptional of the thermogenic gene Ucp1.

Discussion

Adaptive (non-shivering) thermogenesis is a
process that drives the expression program of
thermogenesis-related genes under environmental
stimulation to generate heat, mainly focusing on
UCP1. Transcription requires the synergy of
sequence-specific DNA binding proteins and many
cofactors. Cofactors do not bind to DNA and
participate in transcriptional activation or inhibition.
Some transcription factors that have a central role in
the development and function of beige fat have been
identified in previous studies, such as PPARy [27],
C/EBPp [40], IRF4 [41], FOXC2 [14], and ZFP516 [42].
In addition, a large number of transcription cofactors
that regulate the development and function of beige
fat were identified, including suppressors p107 [43],
RIP140 [44], and TLE3 [45], and activators SIRT1 [28],
JMJD1A [32], JIM]JD3 [46], PGC-1a [47], and PRDM16
[16]. Our study identified SOX4 as a positive
transcriptional regulator of beige fat development and
function. In the present of PPARy, SOX4 could bind to
PPRE site of Ucpl enhancer, remodel and open the
PPRE site. Besides, SOX4 recruits PRDM16 to PPARy
and form a transcription complex on the Ucpl
enhancer to activate the expression. Also, previous
studies found that SOX4 wusually exerts a
transcriptional regulation in the form of sequence-
specific DNA binding during the development and
progression of cancer [35].

Most published data on the regulation of PPARy
and beige fat are related to the development and the
establishment of beige fat characteristics [41]. Our
work focused on the transcriptional basis of
thermogenic function in differentiated beige
adipocytes. Specifically, the Adipog-Cre mice were
used to target the knockout of the SOX4 gene in
mature adipocytes [48], while Ucpl-Cre mice were
used to target the knockout of the SOX4 gene after the

establishment of the identity of brown or beige fat.
SOX4 also functions in the development of beige fat.
Knockdown of Sox4 inhibited the differentiation of
beige adipocytes in wvitro (Figure S7E-H).
Preadipocyte-specific =~ SOX4 KO  (Pdgfra-Cre;
SOX4F/F) greatly suppressed the development of beige
fat induced by cold stimulation (Figure S8A-D).
Consistently, preadipocyte-specific SOX4 overexpres-
sion (Prefl-Sox4) enhanced beige adipocytes forma-
tion with prolonged cold stimuli (Figure S8F-G).

Brown and beige adipose tissue are significant
for maintaining body temperature in mice under cold
stimulation. However, BAT develops earlier and
begins in the embryonic stage. It is mainly important
for the body temperature maintenance of newborns or
the rapid response to short-term cold stimulation [4, 5,
32, 49]. In adult mice, long-term cold stimulation
induces the production of beige adipocytes in white
adipose tissue to maintain the demand for heat
production, which is conducive to the adaptive
response to chronic cold exposure [32]. The induction
of heat generation genes in brown and beige fat
during acute and chronic cold stress occurs through
overlapping mechanisms, but there are many
different mechanisms involved [25]. Here, we mainly
focused on the cold adaptation stage of mice after
prolonged cold stimulation, and observed the effect of
SOX4 KO on the expression of thermogenesis-related
genes and the thermogenic function in beige fat, but
not in BAT, which may be that chronic cold stress
maximizes the heat production function of brown fat.
Just like the minimal effect of PRDM16 and HIF2a on
BAT under long-term cold stimulation [16, 50]. The
role of SOX4 in regulating early development of BAT
and thermogenesis with acute cold exposure will be
further studied in our future work.

Synthetic PPARYy agonists such as rosiglitazone
are one of the most effective inducers of beige fat
differentiation programs in mouse and human
adipocytes [51]. Studies have shown that rosiglitazone
increases  the  stability of PRDMI16 and
SIRT1-dependent deacetylation of PPARy, which
recruits PRDM16 to the PPARy target gene and
promotes beige fat development [27, 28]. Our
experimental data show that SOX4 significantly
promotes rosiglitazone-mediated thermogenic gene
expression. Therefore, it will be interesting to explore
whether SOX4 is involved in regulating the stability of
PRDM16 and acetylating modification of PPARY.

Selective activation of beige fat biogenesis is
accompanied by increased insulin sensitivity, reduced
adipose tissue inflammation, and fibrosis, which
means that the beige ability of subcutaneous WAT
reflects the possibility of overall metabolic health [13].
We found that SOX4 AKO increases HFD-induced

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 18

7711

lipid accumulation in iWAT, gWAT, BAT, and liver.
Overexpression of SOX4 (Prefl-Sox4) suppressed
HFD-induced obesity and relieved glucose intole-
rance as well as insulin resistance.

In summary, our study reveals that SOX4 is
mainly associated with PRDM16 and PPARy?2 to form
a transcription complex and activate the expression of
heat production genes in beige adipocytes, regulating
beige adipocytes development and thermogenic
function. This regulation directly affects thermo-
genesis and cold tolerance in mice under prolonged
cold stimulation and resists obesity under HFD. Thus,
SOX4 protein may potentially become a drug target
for the treatment of obesity and metabolic syndrome.

Materials and Methods

Mice

All the animals were housed in an environment
with a temperature of 22 + 1 °C, relative humidity of
50 + 1%, and a light/dark cycle of 12/12 hr, with free
access to water and food. All animal studies
(including the mice euthanasia procedure) were done
in compliance with the regulations and guidelines of
Xiamen University institutional animal care and
conducted according to the AAALAC and the ITACUC
guidelines. Food intake was recorded before and after
cold exposure or HFD feeding using a 3-day
metabolic cage (Sable Systems International) with
singly housed mice. Plasma FFA and TG levels were
measured enzymatically using a kit from Nanjing
Jiancheng Bioengineering Institute. Body temperature
was measured using a rectal probe (KEW Biology).

To generate SOX4F/F mice, CRISPR/Cas9
recombineering was used to integrate LoxP flanked
exsonl of Sox4. Ucpl-Cre mice were kindly provided
by GemPharmatech Co., Ltd. Adipog-Cre mice were
obtained from Prof. JiaHuaiHan (Xiamen University).
Pdgfra-Cre (stock no.013148) were purchased from
The Jackson Laboratory. Prefl-Sox4 mice were
generated at Cyagen Company by inserting full-
length mouse Sox4 cDNA directly after 6 kb of the
Prefl promoter in C57BL/6 mice. All mouse strains
were maintained on a C57BL/6] background. A
sibling or age-matched male mice were used for all
the experiments.

For cold exposure, mice were singly housed at 10
°C for 1 or 3 days and 4 °C for 3 or 7 days according to
the requirements of the experiment. For HFD
treatment, mice at 8 weeks old were fed a diet
containing 60% fat-derived calories (TestDiet) for 15
weeks. Body weight was recorded weekly for the
period of HFD treatment.

For removal of BAT was performed as
previously described [52], all the mice were allowed

to recover for a week at room temperature before
further analyses.

Cells

Isolation of stroma-vascular fraction (SVF) cells
and mature adipocytes from iWAT were performed
as previously described [53], with minor
modifications. Briefly, iWATs were excised from
8-week-old male mice, minced into pieces with
scissors, and then incubated with digestion buffer
containing 3 mg/ml type II collagenase (C6685-1G;
Sigma-Aldrich) and 0.3% BSA (Sigma-Aldrich) in
HBSS (BI) in a ratio of 5 ml/g tissue at 37 °C for 60
mins, followed by centrifugation at 500 g for 5 min.
Mature adipocytes were then collected, washed with
PBS, and mixed with Trizol for RNA extraction.
Pellets containing SVF cells were rinsed three times in
PBS, collected by centrifugation at 500 g for 5 min, and
resuspended with DMEM/High glucose (BI)
supplemented with 10% fetal bovine serum (Gbico),
penicillin (100 U/ml, Gibco) and streptomycin (100
mg/ml, Gbico). The SVF cells were cultured in a
humidified atmosphere containing 5% CO/95% air at
37 °C. The SVF cells adhered to the wall for two hours
and were washed with PBS three times to remove
impurities. SVFs were immortalized using the SV40
Large T antigen (pBabe SV40 Large T antigen;
Addgene) according to the cell immortalization
protocol [54].

In vitro Beige adipocyte differentiation

Beige adipocyte differentiation in vitro was
carried out as previously described [12]. Briefly,
confluent SVF cells (designated as Day 0, DO) were
cultured in the induction media containing 0.5 mM
3-isobutyl-1-methylxanthine (IBMX, Sigma), 1 uM
dexamethasone (DEX, Sigma), 125 nM indomethacin
(IDM, Sigma), 850 nM insulin (MCE), 1 nM
3,3',5-Triiodo-L-thyronine (T3, Sigma) and 1 puM
rosiglitazone (Rosig, MCE) for 2 days (designated as
Day 2, D2) and then in maintenance media containing
850 nM insulin, 1 nM T3 and 1 pM rosiglitazone every
other day (designated as Day 4, D4) till Day 6
(designated as Day 6, D6). To activate thermogenic
gene expression, Rosiglitazone was abandoned from
the maintenance medium after four days of beige
adipocyte induction, and isoproterenol (10 pM.
Sigma) or rosiglitazone (1 pM, MCE) treated fully
differentiated adipocytes (D6) for 4 hr before cells
harvesting.

Woestern Blot

Protein was extracted from tissues and cells with
TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions and supplemented with a
complete protease inhibitor cocktail (Roche) and 1
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mM PMSF (Sigma). The protein content was
measured using BCA Protein Assay Kit (Thermo
Fisher Scientific, 23228). For immunoblotting, A
120-180 pg protein was denatured in SDS sample
buffer, resolved using a 10% SDS-PAGE, and trans-
ferred onto polyvinylidene fluoride (PVDF) transfer
membrane (Mllipore). The membrane was then
blocked with 10% blotting grade milk powder in TBST
(50 mM Tris-HCl, 0.15 M NaCl, 0.1% Tween-20,
pH7.4) and incubated with primary antibodies for
SOX4 (Abcam, #ab70598), UCP1 (Cell Signaling,
#14670), PPARy (Proteintech, #16643-1-AP), PRDM16
(Abcam, ab106410), PGC-1a (Mllipore, AB3242), HA
(Sigma-Aldrich, H6908), Flag (Sigma-Aldrich, F7425),
B-actin (Sigma, A1978) at 4 °C overnight. Membranes
were then washed and incubated with anti-rabbit-
HRP for UCP1, PPARy, PRDM16, PGC-1a, HA, and
Flag and anti-mouse-HRP for SOX4, p-actin for 1h at
room temperature. Enhanced chemiluminescence was
analyzed using Immobilon ECL Ultra Western HRP
Substrate (Mllipore, WBULS0100) and subjected to
chemiluminescence imaging.

RNA purification, Reverse Transcription, and
Quantitative PCR

Total RNA was extracted from tissues and cells
with TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. A 2-4 pg of total RNAs
was converted to cDNA with Random primers/Oligo
(dT)20VN primer mix using HiScript III RT SuperMix
for gqPCR (+ gDNA wiper) (Vazyme, R323).
Quantitative PCR was performed in the CFX384
(BIO-RAD) with specific primers and UltraSYBR
Mixture (CWBIO) according to the manufacturer’s
instructions. The relative abundance of mRNAs was
standardized with 18s mRNA as the invariant control.
All real-time qPCR reactions were carried out in
triplicate. PCR primers are shown in supplemental
Table S1.

Lentiviral Production and Infection

For construction of knockdown lentiviral
plasmids, the shRNA sequences of Sox4 and Ppary are
listed in supplemental Table S2, which were cloned
into a pLKO.1 lentiviral vector. To generate lentivirus
particles, lentiviral constructs were co-transfected
with pM2D.G and psPAX2 into HEK293T cells as
described [55]. Media containing lentivirus was
harvested, filtered, and concentrated at 48 and 72 hr
post-transfection. For beige adipocytes differentiation.
on day -2, 70% of confluent immortalized preadi-
pocyte were incubated with lentivirus premixed with
polybrene (10 pg/ml) for 48 hours. From day 0, cells
were cultured in induction media for 2 days and
maintenance media for 4 days. For beige adipocytes

function research, beige adipocytes differentiated on
day 4 were incubated with maintenance media
containing lentivirus premixed with polybrene (10
pug/ml) for 48 hours. The beige adipocytes were
harvested and used for analysis on day 6.

Mitochondrial Function and Respiration

Mitochondrial oxygen consumption rates
(OCRs) in beige adipocytes were measured using a
Seahorse XFe96 Extracellular Flux Analyzer (Agilent).
Briefly, immortalized-SVF cells (6x10° per well) were
seeded into XFe%6 cell culture microplate (Agilent)
and induced beige adipocyte differentiation, with
lentiviral infection at day 2 or day 4 of differentiation.
Cells at day 6 of differentiation were equilibrated in
XF assay medium supplemented with 1 mM sodium
pyruvate, 2 mM GlutaMAX-I, and 25 mM glucose for
1 hin a 37 °C incubator without CO, before analysis.
The XF9 plates were then transferred to a
temperature-controlled (37 °C) Seahorse XFe96
analyzer, followed by equilibration for 12 min and 3
assay cycles (the samples were mixed for 3 min. Then,
the basal respiration rate was determined. Oligo-
mycin (4 pM), carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP, 2.5 pM), and rotenone/
actinomycin A (3 pM each) were then sequentially
added into the microplate by automatic pneumatic
injection, followed by the measurement of OCR by
ATP production, maximal respiration rate, and spare
respiratory capacity with 3 assay cycles (mix the
samples for 3 min, wait for 2 min and measure the
rates for 3 min) for each compound. OCRs were
recorded at the time points indicated in the figures.
Total proteins from beige adipocytes of each well
were extracted after OCR measurement assays using
cell lysis buffer (50 mM Tris-HCI, 0.02 g/mL SDS, Ph
6.8) and quantified using BCA Protein Assay Kit
(Thermo Fisher Scientific, 23228) for normalization.
All compounds mentioned above were obtained from
XF Cell Mito Stress test kit (Agilent). Data was
analyzed using Seahorse Wave Desktop Software
(Agilent).

Immunoprecipitation

For Co-IP experiments using tagged constructs,
HEK293T cells were transfected using PEI (Poly-
sciences, 23966-1) to express FLAG-tagged protein
and HA-tagged protein. Cells were lysed in IP buffer
containing 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate,
1% Triton-100 supplemented with both protease
inhibitors cocktail (Roche), and phosphatase
inhibitors (PMSF, Sigma). Total cell lysates were
incubated with indicated antibodies of affinity gel
(MCE).
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PPARy immunoprecipitation was performed on
beige adipocytes differentiated from immortalized-
SVF cells or iWAT tissue. The total cell lysates in lysis
buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 1
mM EDTA, 1 mM EGTA, 25 mM sodium
pyrophosphate, and 1% Triton-100 supplemented
with both protease inhibitors cocktail and PMSF
(Sigma) was incubated overnight with 2 pg of
anti-PPARy antibody (Proteintech, #16643-1-AP)
previously cross-linked to protein A/G magnetic
beads (MCE) followed by washing with lysis buffer.
Immunoprecipitated PPARy and co-immunopreci-
pitated SOX4 and PRDM16 were detected by Western
blotting.

Chromatin Immunoprecipitation (ChlIP) Assay

Chromatin immunoprecipitation was performed
using ChIP Assay Kit (Beyotime, P2078) following the
manufacturer’s protocol. Beige adipocytes differen-
tiated from immortalized preadipocyte at day 6 were
transfected with the Flag-Sox4 and fixed with 4%
formaldehyde for 15 min at day 8, followed by 0.125
M glycine quenching for 5 min. Adipocytes were
scraped and lysed in SDS lysis buffer supplemented
with a complete protease inhibitor cocktail (Roche)
and 1 mM PMSF (Sigma), and the DNA was
fragmented by sonication to approximately 200-1000
bp. Immunoprecipitation was performed with 20 pl
Flag-beads (MCE, HY-K0207) in 2ml lysate overnight
at 4 °C. Antibody-bound chromatins were washed,
eluted, and reverse cross-linked. ChIPed DNA was
extracted by phenol/chloroform, and ethanol
precipitated. The immunoprecipitated DNA was
quantified by qPCR using CFX384 (BIO-RAD). The
PCR primers are shown in supplemental Table S3.

Formaldehyde-assisted Isolation of Regulatory
Elements (FAIRE) Assay

Immortalized preadipocyte were subjected to
beige adipocyte differentiation for 4 days and infected
with Scramble or shSOX4 lentivirus for 48 hr. Cells
were cross-linked for 10 min at room temperature by
adding formaldehyde directly to the culture medium
at a final concentration of 1% (v/v). The
formaldehyde was quenched by the addition of 0.125
M glycine for 5 minutes at room temperature. After
three washes with cold PBS supplemented with 1 mM
PMSF, samples were collected and lysed by lysis
buffer (1% SDS containing 10 mM EDTA, 50 mM
Tris-HCI pH 8.1, 1 mM PMSF and 1 mM cocktail) for
10 min on ice. Cell lysates were sonicated under
appropriate conditions to obtain 200-1,000 bp DNA
fragments. After centrifugation, the supernatant for
each group was collected and incubated with RNase
A for 1h at 37 °C. Then the samples were split into two

equal parts. For decrosslinking (control DNA), 10uL
of proteinase K (20 mg/mL) was added and incubated
at 37 © C for 4 hr, 656 ° C for 6 hr. The
non-de-crosslinked and de-crosslinked samples were
purified by phenol: chloroform. The chromatin
accessibility was measured by qPCR and assessed
according to the calculation method reported
previously [56]. The primers (targeting the PPRE site
at - 2.5 kb of Ucp1 enhancer) used for FAIRE-PCR are
list as below:

Forward: 5'-CACGGACACTAGGTAAGTGAA
GCTTG-3";

Reverse:
CA-3'.

5-GAGTCTGATTTCTGCTCTTCTGG

Luciferase Reporter Assays

The mouse Ucpl enhancer containing the PPRE
site (positions -2720 to -2102 bp) or 3 tandem copies of
a PPARYy response element (3 x DR1-Luciferase) [57]
was inserted into the pGL4.26 vector. Differentiated
beige adipocytes cells were cultured in 24-well plates
and co-transfected with PPARy plasmid (30 ng/well),
RXRa plasmid (15 ng/well), SOX4 plasmid (60
ng/well), PRDM16 plasmid (60 ng/well), luciferase
reporter construct (30 ng/well), and galactosidase
expression vector (control reporter) (15 ng/well)
using PEI (Polysciences, 23966-1). The mass of
transfected plasmids was balanced with an empty
vector. After 48 hr, cells were harvested, and the
luciferase activity was measured. p-gal activity was
used to normalize for transfection efficiency. All
luciferase assay experiments were performed in
triplicate.

Oil red O staining and Nile red staining

Cells at the specified stage of differentiation
were rinsed with PBS and fixed with 4%
formaldehyde in PBS for 10 min. After two washes in
PBS, cells were stained with oil red O at RT for 10 min.
The stain was then removed, and the cells were
washed twice with PBS and photographed. For Nile
red staining, fixed cells were stained in a working
solution (3% BSA-PBS solution, 0.2 pg/ml Nile red, 5
ng/ml DAPI) for 10 minutes at 22 °C in the dark. The
cells were then rinsed with PBS to remove extra
solution and photographed.

Body Composition and Indirect Calorimetric
Analysis

Body composition was measured in non-
anesthetized mice using magnetic resonance imaging
(EchoMRI). For indirect calorimetry, mice were
housed individually in cages equipped with the
Promethion system for monitoring indirect calori-
metry, physical activity, and food and water intake.
Mice were maintained under a 12-hr light/12-hr dark
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cycle. The concentration and flow of O, and CO; as
well as the environmental temperature, were
monitored for 36-48 hr.

Glucose and Insulin Tolerance Tests

For glucose tolerance tests, mice on HFD for 15
weeks or NCD received an intraperitoneal injection of
glucose (1.5 g/kg body weight) after 16 hours of
fasting. For insulin tolerance tests, mice on HFD for 15
weeks received an intraperitoneal injection of insulin
(1.0 U/kg body weight) after 6 hours of fasting; mice
on NCD received an intraperitoneal injection of
insulin (0.75 U/kg body weight) after 6 hours of
fasting. Glucose level was measured in tail blood at 0,
15, 30, 60, 90, and 120 mins after glucose or insulin
injection using a glucometer (ONETOUCH Ultra-
Easy).

Tissue histology and immunohistochemistry

For hematoxylin and eosin (H&E) staining, the
tissues were fixed in 4% formaldehyde overnight at 4
°C. After the dehydration procedure, tissues were
embedded in paraffin and sectioned (5 pm thickness).
Paraffin-embedded tissues were then deparaffinized
twice in xylene and subsequently rehydrated, stained
with H&E. Images were acquired using a microscope
(Leica Aperio Versa 200).

For immunostaining, paraffin-embedded tissues
were deparaffinized twice in xylene and subsequently
rehydrated. After incubating the slides for 20 min in
boiling water, the tissues were blocked in PBS
containing 10% goat or donkey serum with 0.1%
Tween 20 for 60 min. After washing in PBS, slides
were incubated with rabbit anti-UCP-1(1: 100, A5857,
ABclonal) antibody overnight at 4 °C, followed by
incubation with fluorescence conjugated the second
antibody for 60 min at room temperature. Alexa Fluor
555 antibody (1:500, Thermo Fisher) was used as a
second antibody for UCP1. After washing, the
sections were stained with 4,6-diamidino-2-
phenylindole (DAPI). Images of tissue samples were
captured using the Leica TCS SP8 DLS and analyzed
using the LAS X software.

For immunohistochemistry, paraffin-embedded
tissues were deparaffinized twice in xylene and
subsequently rehydrated. After incubating the slides
for 20 min in boiling water, tissue sections were
incubated with 3% H>O. (MXB) for quenching
endogenous peroxidases, permeablized by 0.1%
Triton X-100, and incubated with SOX4 Ab (Mllipore,
#AB10537) overnight. Subsequently, adipocytes with
SOX4 Ab labeling were detected using goat
anti-rabbit IgG conjugated with HRP, following the
DAB chromogenesis kit (MXB) instructions.

RNA-Seq

Total RNA was extracted using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. RNA quality was assessed
on an Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA) and checked using RNase free
agarose gel electrophoresis. After total RNA was
extracted, mRNA was enriched by Oligo(dT) beads.
Then the enriched mRNA was fragmented into short
fragments using fragmentation buffer and reverse
transcribed into cDNA with random primers.
Second-strand cDNA was synthesized by DNA
polymerase I, RNase H, dNTP, and buffer. Then the
cDNA fragments were purified with a QiaQuick PCR
extraction kit (Qiagen, Venlo, The Netherlands),
end-repaired, mixed with poly(A), and ligated to
Illumina sequencing adapters. The ligation products
were size selected by agarose gel electrophoresis, PCR
amplified and sequenced using Illumina HiSeq2500
by Gene Denovo Biotechnology Co. (Guangzhou,
China).

Statistical Analysis

Each experiment was repeated at least three
times. Representative experiments are shown unless
stated otherwise. Data was analyzed using the
GraphPad software package. Data are presented as
the means + SD (in vitro experiments) or SEM (in vivo
experiments) and were analyzed by unpaired
two-tailed student t-test. P < 0.05 was considered
statistically significant (*P < 0.05, **P < 0.01, ***P <
0.001; ***P < 0.0001;, ns, no significance). No
randomization was used, and the experimenter was
blinded to genotypes.
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stromal-vascular fraction; DMSO: dimethyl sulfoxide;
ISO: isoproterenol; Rosig: rosiglitazone; RT: room
temperature; CS: cold stimulation; GTT: glucose
tolerance tests; ITT: insulin tolerance tests; pAd:
Porcine adenovirus.

Supplementary Material

Supplementary figures and tables.
https:/ /www.thno.org/v12p7699s1.pdf

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 18

7715

Acknowledgments

This work was supported by grants from the
National Key Research and Development Program of
China (2020YFA0112300), the National Natural
Science Foundation of China (grant number 81972458
to B.-A.L. 32071150 to H.G.), the Health-Education
joint research project of Fujian province (grant
numbers 2019-WJ-34 to B.-A.L. and Z.-M.Z.), and
“Project 111”7 sponsored by the State Bureau of
Foreign Experts and Ministry of Education (grant
number B06016).

Author contributions

H.-M.S., T.H. designed and carried out overall
experiments and wrote the paper. SSW., L-F.H. and
Y.-X.W. performed experiments, analyzed, and
interpreted data. Y.-J.L., C.-LM., Z-H.Z., W.-XY.
assisted with mouse experiments and data analysis.
H.-L.G. helped supervise the project and write the
paper. B.-A L. supervised the project and revised the
manuscript. B.-A.L. is the guarantor of this work and,
as such, had full access to all the data in the study and
takes responsibility for the integrity of the data and
the accuracy of the data analysis.

Data and materials availability

All data needed to evaluate the conclusions in
this study are present in this article and
Supplementary Materials. Additional data related to
this paper may be requested from the authors.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Bastias-Pérez M, Zagmutt S, Soler-Vazquez MC, Serra D, Mera P, Herrero L.
Impact of adaptive thermogenesis in mice on the treatment of obesity. Cells.
2020; 9: 316.

2. Chouchani ET, Kazak L, Spiegelman BM. New advances in adaptive
thermogenesis: UCP1 and beyond. Cell Metab. 2019; 29: 27-37.

3. Harms M, Seale P. Brown and beige fat: development, function and
therapeutic potential. Nat Med. 2013; 19: 1252-63.

4. Wang, Li X, Liu C, Zhou L, Shi L, Zhang Z, et al. WTAP regulates postnatal
development of brown adipose tissue by stabilizing METTL3 in mice. Life
Metabolism. 2022; loac028.

5. Wang Y, Gao M, Zhu F, Li X, Yang Y, Yan Q, et al. METTL3 is essential for
postnatal development of brown adipose tissue and energy expenditure in
mice. Nat Commun. 2020; 11: 1648.

6. lkeda K, Yamada T. UCP1 Dependent and independent thermogenesis in
brown and beige adipocytes. Front Endocrinol (Lausanne). 2020; 11: 498.

7. LeeSY, Oh HR, Kim YH, Bae SH, Lee Y, Lee YS, et al. Cerenkov luminescence
imaging of interscapular brown adipose tissue using a TSPO-targeting PET
probe in the UCP1 ThermoMouse. Theranostics. 2022; 12: 6380-94.

8. Cannon B, Nedergaard ]. Brown adipose tissue: function and physiological
significance. Physiol Rev. 2004; 84: 277-359.

9. Lowell BB, Spiegelman BM. Towards a molecular understanding of adaptive
thermogenesis. Nature. 2000; 404: 652-60.

10. Reinisch I, Schreiber R, Prokesch A. Regulation of thermogenic adipocytes
during fasting and cold. Mol Cell Endocrinol. 2020; 512: 110869.

11. Enerbick S, Jacobsson A, Simpson EM, Guerra C, Yamashita H, Harper ME, et
al. Mice lacking mitochondrial uncoupling protein are cold-sensitive but not
obese. Nature. 1997; 387: 90-4.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lee CC, Shih YC, Kang ML, Chang YC, Chuang LM, Devaraj R, et al. NaalOp
inhibits beige adipocyte-mediated thermogenesis through N-a-acetylation of
Pgcla. Mol Cell. 2019; 76: 500-15.e8.

Seale P, Conroe HM, Estall ], Kajimura S, Frontini A, Ishibashi J, et al. Prdm16
determines the thermogenic program of subcutaneous white adipose tissue in
mice. ] Clin Invest. 2011; 121: 96-105.

Cederberg A, Grenning LM, Ahrén B, Taskén K, Carlsson P, Enerbick S.
FOXC2 is a winged helix gene that counteracts obesity, hypertriglyceridemia,
and diet-induced insulin resistance. Cell. 2001; 106: 563-73.

Kopecky ], Clarke G, Enerbick S, Spiegelman B, Kozak LP. Expression of the
mitochondrial uncoupling protein gene from the aP2 gene promoter prevents
genetic obesity. ] Clin Invest. 1995; 96: 2914-23.

Cohen P, Levy JD, Zhang Y, Frontini A, Kolodin DP, Svensson K], et al.
Ablation of PRDM16 and beige adipose causes metabolic dysfunction and a
subcutaneous to visceral fat switch. Cell. 2014; 156: 304-16.

Branddo BB, Poojari A, Rabiee A. Thermogenic fat: development,
physiological function, and therapeutic potential. Int ] Mol Sci. 2021; 22.

Wu J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH, et al. Beige adipocytes
are a distinct type of thermogenic fat cell in mouse and human. Cell. 2012; 150:
366-76.

Schulz TJ, Huang TL, Tran TT, Zhang H, Townsend KL, Shadrach JL, et al.
Identification of inducible brown adipocyte progenitors residing in skeletal
muscle and white fat. Proc Natl Acad Sci U S A. 2011; 108: 143-8.

Lee YH, Petkova AP, Mottillo EP, Granneman JG. In vivo identification of
bipotential adipocyte progenitors recruited by p3-adrenoceptor activation and
high-fat feeding. Cell Metab. 2012; 15: 480-91.

Long JZ, Svensson K], Tsai L, Zeng X, Roh HC, Kong X, et al. A smooth
muscle-like origin for beige adipocytes. Cell Metab. 2014; 19: 810-20.

Berry DC, Jiang Y, Graff JM. Mouse strains to study cold-inducible beige
progenitors and beige adipocyte formation and function. Nat Commun. 2016;
7:10184.

Himms-Hagen J, Melnyk A, Zingaretti MC, Ceresi E, Barbatelli G, Cinti S.
Multilocular fat cells in WAT of CL-316243-treated rats derive directly from
white adipocytes. Am J Physiol Cell Physiol. 2000; 279: C670-81.

Oguri Y, Shinoda K, Kim H, Alba DL, Bolus WR, Wang Q, et al. CD81 controls
beige fat progenitor cell growth and energy balance via FAK signaling. Cell.
2020; 182: 563-77.20.

Inagaki T, Sakai J, Kajimura S. Transcriptional and epigenetic control of brown
and beige adipose cell fate and function. Nat Rev Mol Cell Biol. 2016; 17:
480-95.

Sears IB, MacGinnitie MA, Kovacs LG, Graves RA. Differentiation-dependent
expression of the brown adipocyte uncoupling protein gene: regulation by
peroxisome proliferator-activated receptor gamma. Mol Cell Biol. 1996; 16:
3410-9.

Ohno H, Shinoda K, Spiegelman BM, Kajimura S. PPARy agonists induce a
white-to-brown fat conversion through stabilization of PRDM16 protein. Cell
Metab. 2012; 15: 395-404.

Qiang L, Wang L, Kon N, Zhao W, Lee S, Zhang Y, et al. Brown remodeling of
white adipose tissue by SirT1-dependent deacetylation of Ppary. Cell. 2012;
150: 620-32.

Schilham MW, Oosterwegel MA, Moerer P, Ya ], de Boer PA, van de Wetering
M, et al. Defects in cardiac outflow tract formation and pro-B-lymphocyte
expansion in mice lacking Sox-4. Nature. 1996; 380: 711-4.

Nissen-Meyer LS, Jemtland R, Gautvik VT, Pedersen ME, Paro R, Fortunati D,
et al. Osteopenia, decreased bone formation and impaired osteoblast
development in Sox4 heterozygous mice. ] Cell Sci. 2007; 120: 2785-95.

Potzner MR, Griffel C, Liitjen-Drecoll E, Bosl MR, Wegner M, Sock E.
Prolonged Sox4 expression in oligodendrocytes interferes with normal
myelination in the central nervous system. Mol Cell Biol. 2007; 27: 5316-26.
Abe Y, Fujiwara Y, Takahashi H, Matsumura Y, Sawada T, Jiang S, et al.
Histone demethylase JMJD1A coordinates acute and chronic adaptation to
cold stress via thermogenic phospho-switch. Nat Commun. 2018; 9: 1566.
Huang L, Pan D, Chen Q, Zhu L], Ou J, Wabitsch M, et al. Transcription factor
Hlx controls a systematic switch from white to brown fat through
Prdm16-mediated co-activation. Nat Commun. 2017; 8: 68.

Pontiggia A, Rimini R, Harley VR, Goodfellow PN, Lovell-Badge R, Bianchi
ME. Sex-reversing mutations affect the architecture of SRY-DNA complexes.
EMBO J. 1994; 13: 6115-24.

Vervoort SJ, van Boxtel R, Coffer PJ. The role of SRY-related HMG box
transcription factor 4 (SOX4) in tumorigenesis and metastasis: friend or foe?
Oncogene. 2013; 32: 3397-409.

van Houte LP, Chuprina VP, van der Wetering M, Boelens R, Kaptein R,
Clevers H. Solution structure of the sequence-specific HMG box of the
lymphocyte transcriptional activator Sox-4. ] Biol Chem. 1995; 270: 30516-24.
Lee S, Benvie AM, Park HG, Spektor R, Harlan B, Brenna JT, et al. Remodeling
of gene regulatory networks underlying thermogenic stimuli-induced adipose
beiging. Commun Biol. 2022; 5: 584.

Liu T, Mi L, Xiong J, Orchard P, Yu Q, Yu L, et al. BAF60a deficiency
uncouples chromatin accessibility and cold sensitivity from white fat
browning. Nat Commun. 2020; 11: 2379.

Hiraike Y, Waki H, Yu J, Nakamura M, Miyake K, Nagano G, et al. NFIA
co-localizes with PPARy and transcriptionally controls the brown fat gene
program. Nat Cell Biol. 2017; 19: 1081-92.

Karamitri A, Shore AM, Docherty K, Speakman JR, Lomax MA. Combinatorial
transcription factor regulation of the cyclic AMP-response element on the

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 18

7716

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Pgc-lalpha promoter in white 3T3-L1 and brown HIB-1B preadipocytes. ] Biol
Chem. 2009; 284: 20738-52.

Kong X, Banks A, Liu T, Kazak L, Rao RR, Cohen P, et al. IRF4 is a key
thermogenic transcriptional partner of PGC-1a. Cell. 2014; 158: 69-83.
Dempersmier J, Sambeat A, Gulyaeva O, Paul SM, Hudak CS, Raposo HF, et
al. Cold-inducible Zfp516 activates UCP1 transcription to promote browning
of white fat and development of brown fat. Mol Cell. 2015; 57: 235-46.

Scime A, Grenier G, Huh MS, Gillespie MA, Bevilacqua L, Harper ME, et al.
Rb and p107 regulate preadipocyte differentiation into white versus brown fat
through repression of PGC-1alpha. Cell Metab. 2005; 2: 283-95.

Powelka AM, Seth A, Virbasius JV, Kiskinis E, Nicoloro SM, Guilherme A, et
al. Suppression of oxidative metabolism and mitochondrial biogenesis by the
transcriptional corepressor RIP140 in mouse adipocytes. J Clin Invest. 2006;
116: 125-36.

Villanueva CJ, Vergnes L, Wang J, Drew BG, Hong C, Tu Y, et al. Adipose
subtype-selective recruitment of TLE3 or Prdm16 by PPARy specifies lipid
storage versus thermogenic gene programs. Cell Metab. 2013; 17: 423-35.

Pan D, Huang L, Zhu LJ, Zou T, Ou J, Zhou W, et al. Jmjd3-mediated
H3K27me3 dynamics orchestrate brown fat development and regulate white
fat plasticity. Dev Cell. 2015; 35: 568-83.

Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM. A
cold-inducible coactivator of nuclear receptors linked to adaptive
thermogenesis. Cell. 1998; 92: 829-39.

Jeffery E, Berry R, Church CD, Yu S, Shook BA, Horsley V, et al
Characterization of Cre recombinase models for the study of adipose tissue.
Adipocyte. 2014; 3: 206-11.

Chang YS, Hou SY, Yu SS, Tsai SY, Chen YY, Hsu LJ, et al. Postnatal
dexamethasone therapy impairs brown adipose tissue thermogenesis and
autophagy flux in neonatal rat pups. Theranostics. 2022; 12: 5803-19.

Han JS, Jeon YG, Oh M, Lee G, Nahmgoong H, Han SM, et al. Adipocyte
HIF2a functions as a thermostat via PKA Ca regulation in beige adipocytes.
Nat Commun. 2022; 13: 3268.

Loft A, Forss I, Siersbeek MS, Schmidt SF, Larsen AS, Madsen JG, et al.
Browning of human adipocytes requires KLF11 and reprogramming of PPARy
superenhancers. Genes Dev. 2015; 29: 7-22.

Seki T, Yang Y, Sun X, Lim S, Xie S, Guo Z, et al. Brown-fat-mediated tumour
suppression by cold-altered global metabolism. Nature. 2022; 608: 421-8.

Chen Y, Ikeda K, Yoneshiro T, Scaramozza A, Tajima K, Wang Q, et al.
Thermal stress induces glycolytic beige fat formation via a myogenic state.
Nature. 2019; 565: 180-5.

Shinoda K, Luijten IH, Hasegawa Y, Hong H, Sonne SB, Kim M, et al. Genetic
and functional characterization of clonally derived adult human brown
adipocytes. Nat Med. 2015; 21: 389-94.

Guo H, Wang J, Ren S, Zheng LF, Zhuang YX, Li DL, et al. Targeting
EGFR-dependent tumors by disrupting an ARF6-mediated sorting system.
Nat Commun. 2022; 13: 6004.

Rodriguez-Gil A, Riedlinger T, Ritter O, Saul VV, Schmitz ML.
Formaldehyde-assisted isolation of regulatory elements to measure chromatin
accessibility in mammalian cells. J Vis Exp. 2018; 134: 57272.

Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang S, et al. PRDM16 controls
a brown fat/skeletal muscle switch. Nature. 2008; 454: 961-7.

https://lwww.thno.org



