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SUMMARY
Beige fat plays key roles in the regulation of systemic energy homeostasis; however, detailedmechanisms and
safe strategy for its activation remain elusive. In this study, we discovered that local hyperthermia therapy
(LHT) targeting beige fat promoted its activation in humans and mice. LHT achieved using a hydrogel-based
photothermal therapy activated beige fat, preventing and treating obesity in mice without adverse effects.
HSF1 is required for the effects since HSF1 deficiency blunted the metabolic benefits of LHT. HSF1 regulates
Hnrnpa2b1 (A2b1) transcription, leading to increased mRNA stability of key metabolic genes. Importantly,
analysis of human association studies followed by functional analysis revealed that the HSF1 gain-of-function
variant p.P365T is associatedwith improvedmetabolic performance in humans and increasedA2b1 transcrip-
tion in mice and cells. Overall, we demonstrate that LHT offers a promising strategy against obesity by
inducing beige fat activation via HSF1-A2B1 transcriptional axis.
INTRODUCTION

Obesity, the excess accumulation of fat in adipose tissues, often

entailsmetabolic derangement and apredisposition tometabolic

diseases including type 2 diabetes (T2DM), hepatic steatosis,

and cardiovascular diseases (Ji andGuo, 2019). As an endocrine

organ of pleiotropic functions, adipose tissues are classified as

white, brown, and beige fat based on their anatomic location

and metabolic functions (Rosen and Spiegelman, 2014; Scheja

and Heeren, 2019). Particularly, beige fat exists in clusters amid

white fat and is indistinguishable from white adipocytes under

basal state but undergoes a process called browning of white

fat when activated, i.e., by cold stimuli or beta-adrenergic

signaling, and exhibits strong induction in brown gene programs

and heat production (Barbatelli et al., 2010; Harms and Seale,

2013; Wu et al., 2012). Of clinical significance, cold-inducible

beige fat is found to exist in adult human around the supraclavic-

ular region and thus offers great therapeutic potential for meta-

bolic diseases (van Marken Lichtenbelt et al., 2009; Nedergaard

et al., 2007; Virtanen et al., 2009). Previous studies implemented
cold stimuli or adrenergic signaling activation as a useful way to

activate beige fat (Harms and Seale, 2013; Vitali et al., 2012).

However, these treatments have limited applications because

of the various health concerns and potential cardiovascular haz-

ards (Bhadada et al., 2011; Larsen et al., 2002; Redman et al.,

2007; Vasconcelos et al., 2013). Thus, facing the obesity

epidemic, it is urgent to discover promising gene targets and ap-

proaches to achieve safe and effective beige fat activation.

Intriguingly, hyperthermia therapy (HT), which results in tempo-

rary hyperthermia through heating methods such as sauna or hot

tub bathing, has drawn increasing scientific interests as a thera-

peutic practice formetabolic diseases (Brunt et al., 2016; Laukka-

nen et al., 2015). For example, treating T2DM patients with

3 weeks of daily hot tub bathing improved metabolic parameters

including decreased HbA1, mild weight loss, and improved dia-

betic neuropathic symptoms (Hooper, 1999). HT through warm

water immersion also conferred metabolic improvements in

various animal models (Archer et al., 2018). These data support

the notion of implementing hyperthermia as a therapeutic revenue

to combat obesity, though many questions remain. For example,
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previous studies utilized HT against whole body; thus, it is not

clear which tissue plays a major role in mediating the metabolic

benefits of the therapy. Moreover, prolonged hot water submer-

sion poses potential neurological and cardiovascular risks (Ma-

suda et al., 2019) caused by increased core body temperature

and stress hormones production. Lastly, though the induction of

heat shock protein 72 (HSP72) has been implicated as a potential

mechanism of the beneficial effects of HT (Chung et al., 2008),

detailed mechanistic insights are lacking. It is thus desirable to

find innovative ways of locally delivered HT to avoid side effects

of whole-body HT and for better mechanistic unraveling. In this

regard, beige fat has recently beenshown tobeable tosense tem-

perature changes in a cell-autonomous and b-adrenergic-recep-

tor-independent way (Ye et al., 2013), rendering it a promising

metabolic target of local hyperthermia therapy (LHT).

HSF1 is a transcription factor that orchestrates cellular

responses to various stresses, including heat stress, via its regu-

lation on HSPs for protein refolding and homeostasis (Gomez-

Pastor et al., 2018) and is critical in various cancers (Dai and

Sampson, 2016) as well as longevity (Baird et al., 2014). Recent

studies utilizing sequencing analysis indicated that HSF1 might

regulate a broader array of target genes beyond the scope of

chaperones in cancer (Dong et al., 2019; Mendillo et al., 2012).

Notably, we and others have identified a molecular link between

HSF1 and PGC1a, a master regulator of energy homeostasis, in

multiple tissues (Gomez-Pastor et al., 2017; Ma et al., 2015; Qiao

et al., 2017; Xu et al., 2016). These studies indicated that HSF1

may exert vital functions aside from its classic role in protein re-

folding. Thus, in this study, we comprehensively investigated the

role of LHT in thermogenesis and fat metabolism and deciphered

its mechanisms via HSF1 activation, which would provide thera-

peutic strategies against obesity and metabolic diseases.

RESULTS

Hyperthermia induces thermogenesis and brown gene
programs in vitro and in vivo

To test whether beige adipocytes could sense hyperthermia in a

cell-autonomous way, we subjected beige adipocytes to hyper-

thermia environment (HT, 41�C) or control (Con, 37�C) treatment.

Both samples were then maintained in regular culture environ-

ments (37�C) and examined to see the impacts of hyperthermia.

We found that HT of various lengths of time all induced the

expression of Ucp1, a key protein in thermogenesis, to different

extents (Figure S1A). We chose 2-h HT in next in vitro studies for

its highestUcp1 induction. We assessed the effect of HT on ther-

mogenesis using a small molecule thermosensitive fluorescent

dye, ERthermAC, which is capable of monitoring temperature

rising in thermogenic adipocytes (Kriszt et al., 2017; Nguyen

et al., 2020). Intriguingly, compared with control, ERthermAC

fluorescent intensity was significantly decreased after HT to a

similar extent under the positive control forskolin (FSK) or

CL316,243 (CL) treatment, indicating higher temperature and

enhanced thermogenesis in beige adipocytes (Figure 1A). Impor-

tantly, we found that the expression of thermogenic gene pro-

grams including Pgc1a and Ucp1, the markers for mitochondrial

biogenesis and thermogenesis, featured significant increases in

HT cells (Figure 1B), while the viability of beige adipocytes was
2 Cell 185, 1–18, March 17, 2022
not affected by HT (Figure S1B). In addition, HT cells were

cultured in regular temperature at 37�C incubator before sub-

jecting to various assays, thus eliminating any potential effects

of hyperthermia itself on cellular temperature.

We next investigated whether LHT could activate beige fat

thermogenesis in vivo. Polyethylene glycol (PEG)-crosslinked

polydopamine nanoparticle (PDA), a biosafe and injectable pho-

tothermal hydrogel, is capable of converting near-infrared (NIR)

light input into accurately controlled temperature output (Cheng

et al., 2019; Liu et al., 2014; Wang et al., 2016b; Zhou et al.,

2017). We injected mice with PEG-PDA hydrogel (termed PDA)

subcutaneously in bilateral inguinal white adipose tissues

(iWATs), then illuminated one side of iWATs with non-invasive,

non-harmful NIR laser to achieve homogeneous hyperthermia

in iWAT (LHT) at 41�C ± 0.5�C for 10 min, while the other side un-

derwent the same shammanipulation without NIR laser illumina-

tion (Sham) (Figure 1C). Critically, skin temperatures were

elevated during LHT, while no obvious change in core body tem-

peratures were observed during the whole process (Figure S1C).

Strikingly, compared with pretreatment, LHT on iWAT resulted

in significantly enhanced heat production in iWAT comparedwith

Sham iWAT of the samemouse (Figure 1D). Molecular analysis in

iWAT showed increased mRNA levels of brown gene programs,

as well as increased UCP1 protein levels in LHT group (Figures

1E and 1F). The higher temperature in LHT iWAT is irrelevant to

hyperthermia itself, since mice were removed from NIR illumina-

tion before any assay was performed. Intriguingly, brown adi-

pose tissue (BAT) is less sensitive to LHT, as LHT on BAT re-

sulted in dampened responses (Figure S1D). In order to rule

out the possibility that LHT exhibited effects via macrophages,

which have been reported to be involved in beige adipocytes

activation and thermogenesis (Chen et al., 2021; Henriques

et al., 2020; Nguyen et al., 2011), we depleted macrophages in

iWAT and still observed sustained increase in Ucp1 expression

after LHT in mice, suggesting that LHT-induced beige fat ther-

mogenesis was independent of macrophages (Figure S1E). Be-

sides, LHT in iWAT did not lead to significant changes in angio-

genic or sympathetic neuron growth gene programs, which were

reported to impact thermogenesis (Pellegrinelli et al., 2018; Seki

et al., 2018; Zeng et al., 2019) (Figures S1F and S1G). Notably,

we found that LHT increased blood flow in iWAT, but not in

BAT, while norepinephrine (NE) levels in serum and in iWAT,

NE turnover rate in iWAT, cortisol levels in serum, and thermo-

genic and mitochondrial gene programs in BAT were not

changed in mice after LHT on iWAT (Figures S1H–S1K), overall

demonstrating that unlike whole-body HT, LHT in iWAT caused

no overt changes in stress hormone production systemically or

locally and thus ruled out the possibility that the increased ther-

mogenesis was due to sympathetic activation upon heat stress.

Taken together, these in vitro and in vivo data suggested that

LHT promoted thermogenesis and brown gene programs in

beige adipocytes in a cell-autonomous fashion.

Adult humans have been demonstrated to possess beige fat

mainly in the supraclavicular region (Jespersen et al., 2013; Wu

et al., 2012). Therefore, we then set out to examine the human

relevance of the impact of LHT on beige fat thermogenesis. Adult

male and female volunteers were set in a temperature- and hu-

midity-controlled environment. After 60-min acclimation (van



Figure 1. Hyperthermia therapy induces thermogenesis and brown gene programs both in vitro and in vivo
(A) Flow cytometry analysis of the thermosensitive fluorescent dye stained ERthermAC-positive cells in C3H10T1/2-derived beige adipocytes treated with 37�C
(Con) or 41�C hyperthermia therapy (HT) and rested for 12 h at 37�C, with forskolin (FSK) and b3-adrenergic receptor agonist CL316,243 (CL) as the positive

control (n = 5).

(B) mRNA levels of thermogenic and mitochondrial genes in control or HT-treated immortalized beige adipocytes (n = 3).

(C) Schematic representation of mice inguinal fat injected with PDA and underwent unilateral non-invasive, non-harmful NIR laser exposure as local hyperthermia

therapy (LHT) at 41�C ± 0.5�C or with Sham procedure for 10 min and rested for 24 h.

(D) Representative thermal images as shown by FLIR image (left) and quantification of temperature changes (DTemperature, post-pre) (right) under Sham or LHT

in iWAT. (n = 6).

(E and F) mRNA levels of thermogenic and mitochondrial genes (E), as well as immunoblotting for UCP1 protein levels (F) in unilateral iWAT under Sham or LHT

(n = 6).

(G) Schematic representation of thermal imaging of human supraclavicular area pre or post to Sham or 20 min LHT at 41�C ± 0.5�C and rest for 2 h.

(H) Representative thermal images as shown by the FLIR image (left) and quantification of the temperature change of supraclavicular area (DTemperature, post-

pre) (right) in humans under Sham or LHT (male n = 17, female n = 16).

Statistical significance was assessed by unpaired Student’s t test (A, B, D, and E) or paired Student’s t test (H). Data are presented as mean ± SEM and *p < 0.05

and **p < 0.01.

See also Figure S1.
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Marken Lichtenbelt et al., 2009; Bakker et al., 2014), a thermal

source of 41�C ± 0.5�Cwas applied locally to the supraclavicular

fat depots of each subject for 20 min (Figure 1G). The core tem-

peratures of all volunteers remained unperturbed along the test

process (Figure S1L). The thermal signatures of individuals

were visualizedwith FLIR systembefore LHT and recorded again

after removal of heat source and a rest period to avoid the influ-

ence of hyperthermia itself on temperatures (Figure 1G). After-

ward, the exact same experimental protocols were repeated

but without thermal source application on each volunteer as

Sham. As representative FLIR images shown in Figure 1H,

compared with pretreatment, LHT significantly enhanced heat

production in the supraclavicular depot around the neck area
compared with Sham, without affecting serum NE levels (Fig-

ure S1M). These results signified that LHT could also induce

thermogenesis in human, possibly by the activation of beige

adipocytes, without elevating core body temperature or cate-

cholamine signaling. Of note, the effects of LHTwere still present

after 5-week long-term treatment, suggesting prolonged effec-

tiveness of LHT in humans (Figure S1N).

Chronic LHT protected and treated obesity in mice
Considering the acute effects of LHT on beige fat thermogenesis

in mice and in humans, it is worthwhile to study the long-term

impact of chronic LHT on metabolic performances. First, to elim-

inate any toxic effects, we examined whether PDA would cause
Cell 185, 1–18, March 17, 2022 3



Figure 2. Chronic local hyperthermia therapy protected from diet-induced obesity in mice

(A) Schematic figure of chronic local hyperthermia therapy: mice under high-fat diet (HFD) were injected with PDA in bilateral iWATs and treated without NIR

illumination (Sham) or with NIR laser (LHT) for 10 min on each side of iWAT once every 3 days for over 10 weeks.

(B–K) Analysis of metabolic performances of mice treated chronically with Sham or LHT (n = 5) as described in (A), including (B) body weight, (C) fat mass, (D) cold

tolerance, (E) whole-body oxygen consumption, (F) GTT, (G) insulin tolerance test (ITT), (H) adipose tissue weights, (I) representative H&E staining of adipose

tissues, (J) mRNA levels of Pgc1a and Ucp1 genes in iWAT, and (K) immunoblotting for PGC1a and UCP1 protein levels in iWAT.

(legend continued on next page)
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any long-termdefect inmice injectedwithPDAorPBSsubcutane-

ously in bilateral iWATs and subjected to a high-fat diet (HFD) (Fig-

ure S2A). We found that PDA group showed similar body weight

accretion compared with PBS group (Figure S2B). Subsequent

thorough comparison of organ weights, tissue morphology, and

serumparameters including liver and kidney function analysis be-

tweenPDAandPBSgroups revealednoobvious toxicity ofPDA in

mice (Figures S2C–S2E; Table S1).

We then set out to test the metabolic effects of long-term LHT

in mice. Bilateral LHT models were established whereas mice

were injected with PDA in bilateral iWATs and subjected to

HFD. They were then treated with NIR laser (HFD LHT) or

Sham treated without NIR illumination (HFD Sham) once every

3 days for over 10 weeks (Figure 2A). Strikingly, HFD LHT mice

showed significantly reduced body weights mainly contributed

by a reduction in fat mass (Figures 2B and 2C), accompanied

with enhanced cold tolerance capability (Figure 2D) and elevated

energy expenditure (Figure 2E). HFD LHT group also showed

better metabolic fitness, i.e., improved serum parameters (Fig-

ure S2F), enhanced insulin sensitivity (Figures 2F and 2G)

compared with HFD Sham, while NE levels in serum and iWAT,

food intake, and locomotor activity were similar between the

two groups (Figures S2G–S2I). Detailed tissue analysis revealed

that HFD LHT mice have significantly smaller adipose depots

and largely ameliorated hepatic steatosis, with consistently

smaller adipocyte sizes and less lipid accumulation in livers un-

der histological examination (Figures 2H, 2I, and S2J). Chronic

LHT caused no adverse effect, as demonstrated by similar

serum liver and kidney function parameters, as well as compara-

ble major organ weights between HFD LHT and Shammice (Fig-

ure S2K; Table S1). At the molecular level, we found increased

expression of Pgc1a and Ucp1 in both mRNA and protein levels

(Figures 2J and 2K). Of note, we observed enhanced energy

expenditure and increased brown gene programs in iWAT of

LHT mice in the first week of treatment (early HFD), prior to sig-

nificant body weight changes and without differences in food

intake (Figures S2L–S2N).

Thinking from a therapeutic standpoint, we applied chronic

LHT on diet-induced obese (DIO) mice to study its effects in

treating obesity. Mice were first fed HFD to induce a body weight

increase to over 40 g, then injected with PDA in bilateral iWATs,

and treated with (DIO LHT) or without NIR (DIO Sham) once every

3 days (Figure S3A). Prolonged treatment led to similarmetabolic

benefits of LHT in DIO LHT mice as in HFD LHT mice, including

reduced body weights, fat mass, alleviated adipose tissue

weights, improved insulin sensitivity, hepatic steatosis, and

serum parameters and increased expression of Pgc1a and

Ucp1 in both mRNA and protein levels (Figures S3B–S3K), with

no obvious side effects in LHT-treated DIO mice compared

with their controls (Table S1). Besides, we observed increased

energy expenditure in DIO LHT mice compared with Sham in

the first week of treatment (early DIO), without changes in food

intake or residual energy in feces (Figures S3L and S3M).
Statistical significance was assessed by two-way ANOVA followed with Bonferro

covariant (E) or unpaired Student’s t test (H–J).

Data are presented as mean ± SEM and *p < 0.05 and **p < 0.01. Scale bars, 50

See also Figures S2 and S3 and Table S1.
Together, these results suggest that chronic LHT can both pre-

vent and treat obesity and metabolic dysfunctions, possibly

through the activation of beige fat in mice.

HSF1 is indispensable for the effects of LHT in
adipocytes and in mice
Next, we set out to unravel the mechanism of LHT on beige fat

activation. HSF1 and transient receptor potential channel, vanil-

loid subfamily member 1 (TRPV1), are classic heat-responsive

proteins critical in orchestrating cellular response to heat, and

their functions have also been implicated in fat biology, energy

metabolism, and obesity (Baler et al., 1993; Baskaran et al.,

2016; Caterina et al., 1997; Gomez-Pastor et al., 2018; Ma

et al., 2015; Xu et al., 2016). Therefore, we delivered specific

siRNA targeting Hsf1 and Trpv1, respectively, into beige adipo-

cytes to investigate their essentialness in the metabolic re-

sponses of beige adipocytes toward LHT. Compared with

scramble controls (Scr), TRPV1 knockdown caused no obvious

changes possibly due to higher temperature threshold �43�C
for TPRV1 activation (Caterina et al., 1997), while HSF1 defi-

ciency largely blunted LHT-induced Pgc1a and Ucp1 expres-

sions in beige adipocytes (Figure S4A), suggesting that HSF1

might be vital for LHT-induced thermogenesis in adipose

tissues.

To further test this hypothesis in vivo, we generated HSF1 fat

conditional knockout mice (HSF1 FKO) by crossing Adiponec-

tin-Cre mice with HSF1-loxp mice (Figure S4B). Comprehensive

characterizations of the metabolic performances of HSF1 FKO

mice showed that, under normal chow diet (NCD), wild-type

(WT), and HSF1 FKO mice have similar body weights and

body mass compositions, comparable fat depot and liver

weights, and tissue morphology (Figures S4C–S4E). Interest-

ingly, molecular analysis revealed that HSF1 FKO mice showed

impaired thermogenic gene program in iWAT, but not in BAT,

indicating that the loss of HSF1 in fat may cause a specific func-

tional defect in iWAT (Figure S4F). This might be due the mild

HSF1 activity under basal condition in beige adipocytes, since

we found that HSF1 characterized partial nuclear localization

associated with higher UCP1 expression in primary beige adi-

pocytes (Figure S4G).

Next, we put WT and HSF1 FKO mice under a HFD challenge,

which unveiled that HSF1 FKO mice featured increased

adiposity compared with WT, as shown by elevated body

weights, fat mass, adipose tissue weights, and adipocyte sizes,

as well as more severe insulin resistance and hepatic steatosis

(Figures 3A–3F and S4H). Moreover, HSF1 deficiency in fat re-

sulted in impaired thermogenic capability in mice, as shown by

decreased core temperature during cold challenge (Figure 3G).

Consistently, oxygen consumption was reduced in HSF1 FKO

mice without alternations in NE levels in iWAT and serum, food

intake, or locomotor activity, indicative of decreased energy

expenditure in FKOmice (Figures 3H, S4I, and S4J). These differ-

ences were not caused by an enhancement in adipogenesis in
ni’s multiple comparisons test (B–D, F, and G), ANCOVA with body weight as

mm.

Cell 185, 1–18, March 17, 2022 5



Figure 3. HSF1 regulates browning of white fat and is indispensable for the effects of LHT in adipocytes and in mice

(A–J) Analysis of metabolic parameters of wild-type (WT) and Adiponectin-Cre Hsf1loxp/loxp mice (HSF1 FKO) on 8 weeks of HFD; set the Hsf1loxp/loxp mice without

Adiponectin-Cre asWT (n = 6), including (A) bodyweight; (B) body composition; (C) adipose tissueweights; (D) representative H&E staining of adipose tissues and

adipocyte sizes; (E) GTT; (F) ITT; (G) cold tolerance test; (H) whole-body oxygen consumption; (I) PCR array analyzing adipocyte functionality in FKO iWAT

normalized to individual gene levels in WT iWAT; (J) mRNA levels of thermogenic, mitochondrial, and adipogenic genes in iWAT.

(K–M) Analysis of metabolic parameters of WT and HSF1 FKOmice treated with Sham or LHT once every 3 days on HFD (n = 6), including (K) body weight and fat

mass, (L) representative H&E staining of adipose tissues and quantification of average adipocyte sizes, and (M) mRNA levels of Pgc1a and Ucp1 genes in iWAT.

Statistical significance was assessed by two-way ANOVA followed with Bonferroni’s multiple comparisons test (A, E–G, and K), ANCOVA with body weight as

covariant (H) or unpaired Student’s t test (B–D, J, L, and M). Data are presented as mean ± SEM and *p < 0.05 and **p < 0.01. Scale bars, 50 mm.

See also Figures S4 and S5.

ll

6 Cell 185, 1–18, March 17, 2022

Please cite this article in press as: Li et al., Local hyperthermia therapy induces browning of white fat and treats obesity, Cell (2022), https://
doi.org/10.1016/j.cell.2022.02.004

Article



Figure 4. HSF1 controls Hnrnpa2b1 transcription, and Hnrnpa2b1 levels in beige adipocytes are associated with metabolic status

(A) Venn diagram of overlapped top metabolic processes genes from HSF1 ChIP-seq C3H10T1/2-derived beige adipocytes dataset (GSE176375) and human

white adipocyte dataset (GSE24326) and a highly enriched binding of HSF1 on the promoter of A2b1 at the putative HSE site.

(B) ChIP assay assessing HSF1 binding on the putative HSE region of the A2b1 promoter in C3H10T1/2-derived beige adipocytes (n = 3).

(C) HSF1 activation induced wild-type A2b1 transcriptional activity but not a HSE mutant reporter (A2b1-mHSE) (n = 3).

(D and E) mRNA level of A2b1 following HSF1 activation or deficiency. (D) Control (Con) or HT-treated C3H10T1/2-derived beige adipocytes (left, n = 4); Sham- or

LHT-treated iWAT of mice (middle, n = 6); AAV-mediated GFP (Con) or active form HSF1 (active HSF1) overexpression in iWAT of mice (right, n = 6); (E) scramble

(Scr) or siHSF1 delivery into immortalized beige adipocytes (left, n = 3); iWAT from WT or HSF1 FKO mice (right, n = 6).

(legend continued on next page)
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HSF1 FKO mice, since primary preadipocytes from WT and

HSF1 FKO mice showed similar differentiation capacity in vitro

(Figure S4K) and comparable expression levels of adipogenic

gene programs were observed in adipose tissues of WT and

HSF1 FKO mice (Figures 3J and S4L). Notably, PCR array anal-

ysis and subsequent qPCR assay showed that, compared with

WT, HSF1 FKO mice exhibited significantly suppressed thermo-

genic and mitochondrial genes accompanied with elevated

white gene programs in iWAT, but not in BAT (Figures 3I, 3J,

and S4L).

Next, we investigated whether HSF1 plays an important role in

mediating the metabolic benefits of LHT. As expected, LHT pro-

moted significant metabolic improvements, including reduced

body weighs, fat mass, and adipocyte sizes. However, these

metabolic benefits of LHT were abrogated in HSF1 FKO mice,

as FKO LHT and FKO Sham mice exhibited comparable in-

creases in adiposity (Figures 3K and 3L). Further molecular anal-

ysis revealed that LHT failed to increase the expression levels of

Pgc1a and Ucp1 in FKO LHT mice as it did in WT LHT mice (Fig-

ure 3M). This was recapitulated inWT and HSF1 FKOmice under

thermoneutral environment without impacts on angiogenic or in-

flammatory gene programs (Figures S4M and S4N). These re-

sults unveiled a critical role of HSF1 in mediating the metabolic

benefits of LHT.

To further evaluate the role of HSF1 in LHT, we utilized an

adenovirus-associated virus (AAV) overexpressing an active

form of HSF1 (AAV Active HSF1), which lacks the LZ2 region crit-

ical for oligomerization repression and thus remains constantly

active (Uchiyama et al., 2007), and delivered it in iWAT of mice

to induce specific increase in HSF1mRNA levels in beige fat (Fig-

ure S5A). AAV Active HSF1 delivery in iWAT largely recapitulated

the metabolic improvements induced by LHT in HFD mice, as

demonstrated by decreased bodyweights and fatmass, reduced

adipose tissue weights and smaller adipocytes, improved serum

lipid profiles, mitigated hepatic steatosis (Figures S5B–S5G), as

well as improved insulin sensitivity (Figures S5H andS5I). Consis-

tently, HSF1 activation in mice iWAT also increased their energy

expenditure and cold tolerance capacity, as well as brown gene

programs and PGC1a and UCP1 protein levels in iWAT of AAV

Active HSF1 group compared with AAV GFP group (Figures

S5J–S5M). These data suggest that fat-specific Active HSF1

overexpressionmimics themetabolic actions of LHT through pro-

moting white fat browning.

HSF1 controls Hnrnpa2b1 transcription and Hnrnpa2b1
levels are associated with metabolic status in beige
adipocytes
To further elucidate the mechanism of HSF1 in regulating beige

fat activation, we performed ChIP-seq to access the genomic
(F) mRNA level of A2b1 in iWAT of b-adrenergic receptor agonist CL316,243 (CL

genetic- (ob/ob) induced obese mice, aging mice, under thermoneutral condition

(G) The correlation between A2b1 and Pgc1a (left) or Ucp1 (right) mRNA levels in

(H) mRNA levels of thermogenic and mitochondrial genes in immortalized beige

(I) mRNA levels of Pgc1a and Ucp1 in immortalized beige adipocytes treated wit

Statistical significance was assessed by unpaired Student’s t test (B–F, H, and

presented as mean ± SEM and *p < 0.05 and **p < 0.01.

See also Table S2.
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landscape of HSF1-binding targets in C3H10T1/2-derived beige

adipocytes. Gene ontology analysis of HSF1 binding targets en-

riched functions closely related to metabolic processes (Table

S2). To find direct target genes feature conserved metabolic

regulation by HSF1, we cross-analyzed our in-house ChIP-seq

dataset (GSE176375) from mice beige adipocytes with dataset

from human adipocytes differentiated from mesenchymal stem

cells (GSE24326) and focused on top genes involved in meta-

bolic processes (Lo et al., 2011) (Figure 4A). A detailed analysis

of overlapping genes showed that, in consistent with conven-

tional HSF1 functionality, most of these HSF1 targets are

involved in modulation of protein homeostasis, including classic

HSF1 targets chaperon HSP90AB1, HSPA1B, HSP90AA1,

HSPA8, HSP-interacting protein CHORDC1, HSPF4, HSPH1,

HSPF1, co-chaperon PTGES3, as well as ubiquitin B (UBB), a

peptide critical for protein ubiquitination and degradation.

Intriguingly, the analysis also revealed a unique candidate,

HNRNPA2B1 (A2B1), as the only RNA-binding protein and a po-

tential HSF1 target, which piqued our interest (Figure 4A).

ChIP-seq analysis revealed specific enrichment of HSF1 bind-

ing on the A2b1 promoter region, while in silico prediction re-

vealed a classic heat-shock-factor-binding element (HSE) within

this region (Figure 4A). Subsequent ChIP assay confirmed spe-

cific HSF1 binding on the predicted HSE region of A2b1 pro-

moter, but not on the adjacent region, in bothC3H10T1/2-derived

beige adipocytes and immortalized beige adipocytes. Impor-

tantly, this HSF1 binding is largely enhanced upon HT (Figures

4B and S5N). As shown in luciferase assay, overexpression of

active form HSF1 significantly induced A2b1 transcriptional acti-

vation, while this activation was lost by mutating the HSE site

(mHSE) on the A2b1 promoter (Figure 4C). Echoing the results

of luciferase analysis, in vitro manipulation using hyperthermia

on beige adipocytes, in vivomanipulations via LHT or AAV Active

HSF1 in mice iWAT, all resulted in enhanced A2b1 expression

(Figure 4D), while HSF1 deficiency abrogated A2b1 expression

both in vitro and in vivo, as demonstrated using siHSF1 delivery

into beige adipocytes or iWAT of HSF1 FKO mice (Figure 4E).

Collectively, these results signified a possible HSF1-A2B1 axis

upon LHT.

Next, we examined the involvement of A2B1 in beige fat func-

tion. Of note, we found that A2b1 levels are tightly associated

with beige fat function, as A2b1 showed increased expressions

in iWAT in conditions that promoting white fat browning,

including CL316,243 treatment and cold stimulation (Figure 4F),

while conversely, A2b1was downregulated in iWAT in scenarios

that suppressing beige fat function, i.e., diet- (HFD) or genetic-

(ob/ob) induced obese mice, aging mice, as well as mice under

thermoneutral environment (Figure 4F). Furthermore, we found

that there is a close correlation between A2b1 mRNA levels
) or cold-treated mice versus their controls (left, n = 6); iWAT of diet- (HFD) or

versus their controls (right, n = 6). RT, room temperature.

mice iWAT (n = 30).

adipocytes treated with scramble (Scr) and siA2B1 (n = 4).

h scramble (Scr) or siA2B1 under control or HT (n = 3).

I). Values were presented as Pearson’s r correlation coefficient (G). Data are
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with Pgc1a and Ucp1 mRNA levels, respectively, in mice iWAT

(Figure 4G). Functionally, A2B1 knockdown (siA2B1) decreased

brown fat gene programs in beige adipocytes (Figure 4H). More

importantly, HT-induced enhancement in Pgc1a and Ucp1 ex-

pressions are at least partially dependent on A2B1 (Figure 4I).

Overall, these results uncovered a previously unappreciated

role of A2B1 in beige fat functions, as well as an indispensable

role of the HSF1-A2B1 transcription axis in mediating beige fat

activation by LHT.

HNRNPA2B1 promotes browning of white fat and energy
metabolism
Next, we focused on assessing the physiological relevance of

A2B1 in beige fat function and energymetabolism in vivo. We es-

tablished a fat-specific A2B1 gain-of-functionmodel by adminis-

trating an AAV carrying A2B1 construct (AAV A2B1) or control

(AAV GFP) in mice iWAT. AAV A2B1 delivery achieved specific

A2b1 overexpression in iWAT (Figure S6A). When subjected to

HFD, mice with fat-A2B1 overexpression showed significant

decrease in body weights, fat mass, and adipose tissue weights

with smaller adipocyte sizes (Figures 5A and 5B). They also

featured increased oxygen consumption, enhanced resistance

to cold challenge, as well as improved insulin sensitivity and he-

patic steatosis (Figures 5C–5E and S6B). Both groups had

similar food intake and locomotor activity (Figure S6C). Notably,

AAV A2B1 group exhibited enhanced levels of brown gene pro-

grams, as well as increased PGC1a and UCP1 protein level in

iWAT compared with AAV GFP group (Figure 5F).

On the other hand, we also studied the impact of HNRNPA2B1

loss of function on beige fat using mice injected with an AAV car-

rying shRNA targeting HNRNPA2B1 (AAV shA2B1) or control

(AAV shNC) in iWAT. AAV shA2B1 delivery achieved specific

knockdown of A2b1 expression in iWAT (Figure S6D). Upon

HFD, we observed opposite phenotypes in mice with fat-A2B1

knockdown compared with mice with fat-A2B1 overexpression.

AAV shA2B1 mice showed increased body weights and

adiposity, decreased oxygen consumption, impaired cold toler-

ance, as well as more severe insulin resistance and hepatic stea-

tosis compared with AAV shNC mice (Figures 5G–5K and S6E),

whereas both groups had similar food intake and locomotor ac-

tivity (Figure S6F). A2B1 ablation in iWAT suppressed brown

gene programs, as well as PGC1a and UCP1 protein levels, in

AAV shA2B1 mice compared with control (Figure 5L).

To have a better understanding of the in vivo role of A2B1 on

metabolic performances from a genetic point of view, we gener-

ated A2B1 haploinsufficient mice (A2B1 HET) that characterized

an approximately 50% reduction in the A2b1 level in adipose tis-

sues, which mimics the organismal decrease of A2b1 levels in

response to physiological cues that suppress browning (Fig-

ure S6G). Under normal chow diet, A2B1 HET mice showed

comparable body weights, adipose tissue weights, oxygen con-

sumption, food intake, and locomotor activity to WT littermates

(Figures S6H, S6I, and S6M). Intriguingly, we noticed that

A2B1 HET mice featured increased adipocyte sizes in iWAT

and impaired insulin sensitivity (Figures S6J–S6L), in accordance

with suppressed brown gene programs in iWAT in these mice

(Figure S6N). They also exhibited impaired thermogenic capacity

as evident by more profound drops in core temperatures and
blunted ability to induce Pgc1a and Ucp1 expression in iWAT

upon cold challenge (Figure S6O). These changes in A2B1 HET

mice seems to be specific to beige fat, as their BAT showed

no obvious mitigation on thermogenic gene programs or cold re-

sponses, indicating a unique role of A2B1 on beige fat function-

ality (Figures S6O and S6P).

Taken together, these results emphasized an indispensable

and protective role of A2B1 against DIO and metabolic dysfunc-

tions by promoting beige fat activation in mice.

HNRNPA2B1 acts downstream of HSF1 to enhance the
stability of metabolic gene transcripts
We then set out to unravel the role of A2B1 in mediating the

metabolic functions of HSF1 in adipocytes. To achieve this, we

overexpressed A2B1 via AAV A2B1 or vector via AAV GFP in

iWAT of HSF1 FKO mice (FKO + A2B1, FKO + GFP) and

compared them with WT mice treated with AAV GFP (WT +

GFP). UponHFD feeding, evaluation ofmetabolic parameters re-

vealed that A2B1 overexpression in fat largely alleviated the

metabolic impairments of HSF1 FKO mice (Figures 6A–6G).

Furthermore, ectopic expression of A2B1 in iWAT of HSF1

FKO mice rescued the decreased expression of thermogenic

genes in HSF1 FKO mice (Figure 6H). These data suggest that

HSF1-A2B1 axis regulates browning of white fat to protect

against obesity and metabolic dysfunction.

A2B1 is an RNA-binding protein that has been reported to be

critical for miRNAmaturation andmRNA splicing and processing

(Alarcón et al., 2015; Geissler et al., 2016; Martinez et al., 2016;

Wang et al., 2019). To decipher the exact regulatory mechanism

of A2B1 in beige fat function, we first examined the levels of

miR324, miR93, miR222, and miR106b, the miRNAs reported

to be modulated by A2B1, upon A2B1 overexpression or knock-

down (Alarcón et al., 2015). We found that perturbation of A2B1

levels failed to impact these miRNA levels, indicating that A2B1

may not affect miRNAs in beige fat (Figure S7A). We then per-

formed RNA-seq analysis using iWAT from fat-specific A2B1

overexpression mice or control mice. A detailed analysis of en-

riched gene sets impacted by A2B1 revealed that A2B1 caused

more profound alterations in transcriptional events than splicing

events (around 4-fold) (Figure S7B). Furthermore, Kyoto Ency-

clopedia of Genes and Genomes (KEGG) analysis on oscillating

genes that underwent transcriptional changes enriched for

metabolism as top one pathway (Figure S7C, left), while KEGG

analysis on gene sets that underwent splicing events enriched

pathways unrelated to lipid and glucosemetabolism (Figure S7C,

right). Overall, these results indicate that the regulation of A2B1

on beige fat function may through its impact on lipid and glucose

metabolic gene expression rather than splicing or miRNA

processing.

A2B1 has been reported to function as a m6A reader by bind-

ing to the 30 untranslated region (30 UTR) of target mRNAs and

subsequently impact mRNA destiny, i.e., mRNA stability and

mRNA translocation (Wang et al., 2019). Sequence analysis

showed the existence of specific A2B1-binding site on 30 UTR
of key genes in browning programs, including Pgc1a, Ucp1,

Elovl3, and Cytc, which was confirmed by RNA immunoprecipi-

tation (RIP) analysis (Figure 6I). We further demonstrated that in

beige adipocytes, A2B1 overexpression significantly increased
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Figure 5. HNRNPA2B1 promotes browning of white fat and energy metabolism

(A–L) Analysis of metabolic parameters of C57BL/6Jmice on HFDwith iWAT injection of AAV-mediated GFP (AAVGFP) or A2B1 overexpression (AAV A2B1) (A–F,

n = 5), or AAV-mediated scrambled control (AAV shNC) or HNRNPA2B1 knockdown (AAV shA2B1) (G–L, n = 6), including (A and G) body weight and fat mass; (B

and H) adipose tissue weights, representative H&E staining of adipose tissues; (C and I) whole-body oxygen consumption; (D and J) cold tolerance test; (E and K)

GTT and ITT; (F and L) mRNA levels of thermogenic and mitochondrial genes in iWAT; immunoblotting for A2B1, PGC1a, and UCP1 protein levels in iWAT.

Statistical significancewas assessed by unpaired Student’s t test (A, B, F–H, and L), ANCOVAwith bodyweight as covariant (C and I) or two-way ANOVA followed

with Bonferroni’s multiple comparisons test (A, D, E, J, and K). Scale bars, 50 mm. Data are presented as mean ± SEM and *p < 0.05 and **p < 0.01.

See also Figure S6.
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the luciferase activity of a luc-reporter construct containing

Pgc1a 30 UTR (30 UTR-WT), while deletion of the A2B1 binding

site in Pgc1a 30 UTR (30 UTR-DEL) abrogated this activation,

whereas assays using Ucp1 30 UTR-WT and Ucp1 30 UTR-DEL
rendered similar effects (Figure 6J). Importantly, A2B1 knock-

down reduced, while A2B1 overexpression extended, the
10 Cell 185, 1–18, March 17, 2022
mRNA stability of Pgc1a, Ucp1, Elovl3, and Cytc, suggesting

that A2B1 may function through recognizing and binding to

mRNAs of a specific set of key browning genes to enhance their

mRNA stability (Figures 6K, 6L, S7D, and S7E). In addition,

consistent with the role of A2B1 as a downstream mediator of

HSF1 in regulating beige fat function, we found that HSF1



Figure 6. HNRNPA2B1 acts downstream of HSF1 to enhance the stability of metabolic gene transcripts

(A–H) Analysis of metabolic parameters of AAV-mediated GFP overexpression in iWAT ofWTmice onHFD, or GFP, or A2B1 overexpression in iWAT of HSF1 FKO

mice on HFD (n = 5), including (A) body weight (BW) and fat mass (FM); (B) adipose tissue weights; (C) representative H&E staining of adipose tissues; (D) GTT; (E)

ITT; (F) cold tolerance test; (G) oxygen consumption; (H) mRNA levels of Pgc1a and Ucp1 in iWAT.

(I) RNA immunoprecipitation (RIP) assay assessing A2B1 binding on 30UTR of Pgc1a, Ucp1, Elovl3, and Cytc in immortalized beige adipocytes (n = 3).

(J) A2B1 overexpression induces Pgc1a and Ucp1 wild-type 30UTR transcriptional activity (Pgc1a/Ucp1 30UTR-WT) but not promoters with the deletion of the

putative A2B1-binding site on Pgc1a or Ucp1 30UTR (Pgc1a/Ucp1 30UTR-DEL) (n = 3).

(K–M) mRNA level of Pgc1a in (K) control (Con) or A2B1 overexpression, (L) scramble (Scr) or A2B1 knockdown (siA2B1) and (M) ADV mediated GFP or A2B1

overexpression co-treated with scramble (Scr) and siHSF1 immortalized beige adipocytes upon transcriptional inhibition with actinomycin D at indicated time

(n = 4).

Statistical significance was assessed by unpaired Student’s t test (A–C and H–M), two-way ANOVA followed with Bonferroni’s multiple comparison test (D–F) or

ANCOVA with body weight as covariant (G). Data are presented as mean ± SEM and *p < 0.05 and **p < 0.01. Scale bars, 50 mm.

See also Figure S7.
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deficiency reduced half-life of Pgc1a, Ucp1, Elovl3, and Cytc

mRNA, which was reversed upon A2B1 overexpression (Figures

6M and S7F). Interestingly, we found that Hsf1 and A2b1 mRNA

levels, as well as A2B1-binding activities on thermogenic genes

were higher in beige fat versus brown fat, which may partially

explain the differential responses of beige and brown fat to

LHT (Figures S7G and S7H). Overall, these results support that

A2B1 may regulate beige fat functions by binding to the 30 UTR
of key browning genes to enhance their mRNA stability.

The association of HSF1 variant P365T with human
metabolic traits
For clinical relevance, we explored the association of HSF1 ge-

netic variants (single-nucleotide polymorphisms, SNPs) with

metabolic traits in humans. Interestingly, using previously re-

ported genome-wide association study (GWAS) datasets from

Shanghai Nicheng Cohort Study (Chen et al., 2018) and

exome-wide association study datasets from Shanghai Fat Dis-

tribution and Disease (FADE) (Bao et al., 2013), we identified a

missense variant p.Pro365Thr (c.1093C>A, rs78202224) in

exon 9 of the HSF1 gene (Figure 7A). The genotype distribution

was 9,380 subjects (93.04%) with CC, 688 subjects (6.82%)

with AC, and 14 subjects (0.14%) with AA. The characteristics

of different genotype subjects are shown in Table S3. Of note,

the carrying of A allele in subjects was associated with mild

but significant decrease in body mass index (BMI) and serum to-

tal triglyceride (Figures 7B and 7C). Besides, subjects with A

allele also had significantly lowered fasting glucose, lower

plasma glucose levels after oral glucose tolerance test (OGTT),

and lower g-glutamyltranspeptidase (Figures 7D–7G). Multiple

linear regression adjusting for age and sex showed that

rs78202224-A was negatively associated with BMI (b = �0.25,

se = 0.12, p = 0.0478), serum total triglyceride (b = �0.02, se =

0.01, p = 0.0304), fasting plasma glucose (b = �0.07, se =

0.02, p = 0.0014), 2-h plasma glucose (b = �0.38, se = 0.07,

p = 2.12 3 10�8), glucose area under the curve (AUC) after

OGTT (b = �27.88, se = 6.22, p = 7.51 3 10�6), and g-glutamyl-

transpeptidase (b = �3.67, se = 1.18, p = 0.0019). Importantly,

subsequent molecular studies revealed that the missense

variant p.Pro365Thr (HSF1 AA) exhibited stronger activation ef-

fects on A2b1 transcription than its WT counterpart (HSF1 CC)

in the luciferase assay, while HSE mutation abrogated the effect

(Figure 7H). Besides, HSF1 AA also promoted A2b1 levels and

brown fat gene programs more extensively than HSF1 CC in

beige adipocytes or in mice iWAT, without affecting adipogenic

genes (Figures 7I and 7J). Overall, these results demonstrate

the potential contribution of HSF1 in human metabolism and

that HSF1 activation may serve as a promising target in prevent-

ing and treating obesity.

DISCUSSION

In this study, we achieved localized LHT on beige adipocytes

in vivo using PEG-PDA hydrogel. PDA is a very safe and biocom-

patible photothermal agent that can efficiently convert NIR light

input into local heat output (Cheng et al., 2019; Liu et al., 2014;

Zhou et al., 2017). Moreover, PEG-PDA hydrogel is used here

to facilitate the repeated light illuminations in a long period
12 Cell 185, 1–18, March 17, 2022
(Wang et al., 2016b). Consistently, we found no adverse effects

of mice injected with PDA upon long-term observation. Of note,

this study offered a proof of concept of LHT of beige fat in treat-

ing obesity and metabolic diseases. It would be worthwhile to

utilize newly developed ways of PDA delivery methods, including

nanopatch for needle-free and painless delivery, or other new

nanomaterials capable of precise temperature control to achieve

improved ways of LHT in beige fat, including in human.

The impacts of thermal stress have recently been studied on

various immune cells (Lin et al., 2019; O’Sullivan et al., 2021;

Wang et al., 2020). Although the thermal stress used in these

studies (39�C–40�C) seemed lower than that in our study (41�C
± 0.5�C), it should be noted that these studies are conducted

in the context of fever; thus, the thermal stress reflects a signifi-

cant change in core temperature, whereas in our study, the ther-

mal stress is locally applied, without affecting core temperature

in human or mice. Importantly, the increasing of LHT-induced

local temperature to 41�C ± 0.5�C in this study did not cause

overt stress to skin or adjacent tissues, as similar or even higher

temperature was generally used in studies of whole-body HT in

mice and in humans (Chung et al., 2008; Fu et al., 2010; Boreham

et al., 1995; Kihara et al., 2002; Thomas et al., 2017), which sup-

ported the safeness of the temperature and treating duration in

our study. In addition, we have shown that LHT did not alter

NE levels, NE turnover rate, or cortisol levels in mice and human

subjects, overall suggesting the safeness of 41�C ± 0.5�C LHT

in vivo. Interestingly, it has been shown that severe burn induces

browning of white fat in mice and humans via adrenergic stress

and inflammation (Abdullahi et al., 2019; Patsouris et al., 2015;

Vinaik et al., 2019). Although we have eliminated a potential

contribution of macrophages and stress hormones in the brown-

ing effect of LHT, it would be necessary to study the roles of other

immune cells in the process of LHT, as well as the possible

involvement of HSF1-A2B1 axis in burning-induced fat brown-

ing. Besides, future work on other possible mechanisms of

LHT on metabolic improvements, including enhanced lipids

secretion through skin (Choa et al., 2021) or adipose-tissue-in-

testine crosstalk (Zhang et al., 2021), microbiota composition

and metabolomics, may provide more information.

Interestingly, we observed different responses of beige and

brown fat to LHT, which may at least partially due to the higher

expression levels of Hsf1 and A2b1, as well as the greater

A2B1-binding activities on thermogenic genes in beige adipo-

cytes than brown adipocytes, Besides, previous studies using

transponder probe implantation in brown fat indicated that

BAT temperature is higher than core body temperature and

would experience further elevation upon activation (Ikeda

et al., 2017; Lute et al., 2014). Thus, BAT may be relatively insen-

sitive to LHT compared with iWAT. In addition, high-throughput

analysis and studies with genetic animal models suggested

that although the majority of the gene programs or proteins are

similar, there are no doubt that distinct signatures between

iWAT and BAT exist (Kazak et al., 2015; Long et al., 2014; Cohen

et al., 2014; Kleiner et al., 2012), which may underlie their

different responses to stimuli.

Recently, we and other groups have revealed the existence of

HSF1-PGC1a transcriptional axis in multiple organs including

fat, muscle, liver, and brain (Gomez-Pastor et al., 2017; Ma



Figure 7. The association of HSF1 with human metabolic traits

(A) Region plot shows the association between genetic variants in the HSF1 gene region (SNP, p.Pro365Thr, rs78202224) with body mass index (BMI), tri-

glyceride, fasting plasma glucose, 2-h plasma glucose after oral glucose tolerance test (OGTT), area under curve (AUC) of glucose after OGTT and g-gluta-

myltranspeptidase. Genome build is aligned with the GRCh37/hg19 assembly. Linkage disequilibrium of variants is calculated based on East-Asian population

from 1000 Genomes project phase III.

(B–G) Association between rs78202224 (CC, wild-type; AC, heterozygous; AA, mutation) with (B) body mass index; (C) serum total triglyceride levels; (D) fasting

plasma glucose levels; (E) 2-h plasma glucose levels after OGTT; (F) AUC of glucose after OGTT; (G) g-glutamyltranspeptidase levels.

(H) HSF1 wild-type (CC) and Pro365Thr variant (AA) overexpression for Hnrnpa2b1 luciferase transcriptional activities (n = 3).

(I and J) mRNA levels of brown fat gene programs and adipogenic genes in immortalized beige adipocytes (n = 3) or mice of iWAT (n = 6) expressing HSF1 wild-

type (CC) or Pro365Thr variant (AA).

Linear regression analysis was used to test for the effects of SNP on quantitative traits under the additive genetic model (B–G). Statistical significance was

assessed by unpaired Student’s t test (H–J). Data are presented as mean ± SEM and *p < 0.05 and **p < 0.01.

See also Table S3.
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et al., 2015; Qiao et al., 2017). In this study, we performed ChIP-

seq to evaluate the regulatory network of HSF1 on genomic scale

and revealed a HSF1-A2B1 axis that impacts the mRNA stability

of various key metabolic genes, including PGC1a. Thus, HSF1

may regulate Pgc1a levels at both transcriptional and post-tran-

scriptional level for stress responses, which may be vital in main-

taining cellular homeostasis, as well as in pathological states

where HSF1-A2B1 axis is damaged, i.e., through obesity and ag-

ing. Moreover, besides Pgc1a, we further identified Ucp1 as a

target of HSF1-A2B1 axis, suggesting a previously unappreci-

ated broader role of HSF1 in metabolic control. Future work on

a comprehensive picture of HSF1’s function in energy meta-

bolism is warranted.

An interesting observation of this study is that hyperthermia in-

duces thermogenesis by activating beige fat. This seemingly

contradictory phenomenon could be explained by a role of

HSF1 in mitohormesis (Labbadia et al., 2017; Tharp et al.,

2021). In this sense, heat stress has been shown to induce mito-

chondrial reactive oxygen species (ROS) production (Yu et al.,

2019). Unchecked ROS production causes cell death in the sce-

nario of lethal high temperature, while non-lethal hyperthermia

causes perturbation, which activates HSF1 and triggers mito-

hormesis with long-term beneficial effects for cellular and organ-

ismal health (Labbadia et al., 2017; Tharp et al., 2021; Yun and

Finkel, 2014). Of note, PGC1a, a strong inducer of mitochondrial

biogenesis, has been shown to induce a potent antioxidant

stress resistance program, i.e., in brain and heart, thus promote

mitochondrial ROS balance (Bouitbir et al., 2012; St-Pierre et al.,

2006). Meanwhile, UCP1 is reported to enhance mitochondrial

proton leak and inhibit mitochondrial ROS production through

a feedback mechanism (Chan et al., 2010; Hoerter et al.,

2004). Thus, it is possible that hyperthermia induces the mito-

hormesis response through HSF1 activation to restore mito-

chondrial ROS balance through its regulation of Pgc1a and

Ucp1, which in turn enhances thermogenesis as their innate

functions. Consistent with this notion, it has been demonstrated

that mitochondrial ROS induces UCP1 Cys253 sulfenylation and

UCP1 activation (Chouchani et al., 2016), which also point to a

potential link between hyperthermia and thermogenesis via

mitochondria ROS levels. Meanwhile, HSF1 activation may pro-

mote metabolic benefits through its role as a mitohormesis

inducer via multiple mechanism, i.e., protection of protein ho-

meostasis and restoring cellular redox balance.

Of clinical significance, we revealed the association of a gain-

of-function HSF1 missense variant p. Pro365Thr with improved

human BMI and metabolic traits. Interestingly, the variant char-

acterized Pro365Thr substitution in the regulatory domain (RD)

of HSF1. The activity of HSF1 has been reported to be regulated

by various post-translational modifications including acetylation,

phosphorylation, and sumoylation in its RD (Gomez-Pastor et al.,

2018). Of note, HSF1 hyperphosphorylation has been shown to

result in HSF1 transactivation under heat shock or its agonist ce-

lastrol treatment (Holmberg et al., 2001; Soncin et al., 2003;

Westerheide et al., 2004), while phosphorylation of various sites

within HSF1 RD, i.e., S363 and T367, have been reported to

negatively regulate HSF1 transcriptional activity (Asano et al.,

2016; Chu et al., 1998). The HSF1 Pro365Thr variant falls within

S363 and T367, two negative regulatory phosphorylation sites.
14 Cell 185, 1–18, March 17, 2022
Threonine is an amino acid residue frequently subjected to phos-

phorylationmodification. It is thus possible that Pro365Thrmuta-

tion results in a positive regulatory phosphorylation site in RD,

thus enhancing HSF1 transcriptional activity, or interfering

S363/T367 phosphorylation and blunting their repressive func-

tion. Although the structure of HSF1 N-terminal DNA-binding

domain has been solved, the crystal structure of its RD domain

remains a mystery (Neudegger et al., 2016). It would be inter-

esting to perform future structural study to clarify the exact func-

tion of HSF1 Pro365Thr variant.

Limitations of the study
The major finding of this work signifies LHT as a promising strat-

egy against obesity by inducing beige fat activation via the

HSF1-A2B1 transcriptional axis. Future studies to investigate

other possible mechanisms for the beneficial effects of LHT

would provide more comprehensive understanding. Besides, it

would be interesting to further understand the mechanisms un-

derneath the differential responses of beige and brown fat under

LHT. Additionally, it would be important to generate humanized

knockin mice to provide genetic evidences of HSF1 SNPs on

energy metabolism. Further clinical studies are warranted to

investigate the long-term effects of LHT on weight control and

metabolic parameters in obese or diabetic patients.
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C., Zheng, K., Lin, J., Yang, W., et al. (2006). Suppression of reactive oxygen

species and neurodegeneration by the PGC-1 transcriptional coactivators.

Cell 127, 397–408. https://doi.org/10.1016/j.cell.2006.09.024.

Sveidahl Johansen, O., Ma, T., Hansen, J.B., Markussen, L.K., Schreiber, R.,

Reverte-Salisa, L., Dong, H., Christensen, D.P., Sun, W., Gnad, T., et al.

(2021). Lipolysis drives expression of the constitutively active receptor GPR3

to induce adipose thermogenesis. Cell 184, 3502–3518.e33. https://doi.org/

10.1016/j.cell.2021.04.037.

Symonds, M.E., Henderson, K., Elvidge, L., Bosman, C., Sharkey, D., Perkins,

A.C., and Budge, H. (2012). Thermal imaging to assess age-related changes of

skin temperature within the supraclavicular region co-locating with brown ad-

ipose tissue in healthy children. J. Pediatr. 161, 892–898. https://doi.org/10.

1016/j.jpeds.2012.04.056.

Tharp, K.M., Higuchi-Sanabria, R., Timblin, G.A., Ford, B., Garzon-Coral, C.,

Schneider, C., Muncie, J.M., Stashko, C., Daniele, J.R., Moore, A.S., et al.

(2021). Adhesion-mediated mechanosignaling forces mitohormesis. Cell

Metab. 33, 1322–1341.e13. https://doi.org/10.1016/j.cmet.2021.04.017.

Thomas, K.N., van Rij, A.M., Lucas, S.J., and Cotter, J.D. (2017). Lower-limb

hot-water immersion acutely induces beneficial hemodynamic and cardiovas-

cular responses in peripheral arterial disease and healthy, elderly controls. Am.
Cell 185, 1–18, March 17, 2022 17

https://doi.org/10.1001/jamainternmed.2014.8187
https://doi.org/10.1001/jamainternmed.2014.8187
https://doi.org/10.1016/j.immuni.2018.11.013
https://doi.org/10.1021/cr400407a
https://doi.org/10.1371/journal.pone.0019778
https://doi.org/10.1016/j.cmet.2014.03.025
https://doi.org/10.1016/j.cmet.2014.03.025
https://doi.org/10.1016/j.cmet.2014.05.021
https://doi.org/10.1016/j.cmet.2015.08.005
https://doi.org/10.1016/j.neuron.2016.09.050
https://doi.org/10.1016/j.neuron.2016.09.050
https://doi.org/10.1016/j.jtherbio.2019.03.014
https://doi.org/10.1016/j.cell.2012.06.031
https://doi.org/10.1016/j.cell.2012.06.031
https://doi.org/10.1016/j.cmet.2018.06.019
https://doi.org/10.1152/ajpendo.00691.2006
https://doi.org/10.1038/nsmb.3149
https://doi.org/10.1016/j.molcel.2019.12.002
https://doi.org/10.1038/nature10653
https://doi.org/10.1073/pnas.2023752118
https://doi.org/10.1073/pnas.2023752118
https://doi.org/10.1016/j.celrep.2015.10.028
https://doi.org/10.1016/j.celrep.2015.10.028
https://doi.org/10.1038/s41467-018-07453-x
https://doi.org/10.1038/s41467-018-07453-x
https://doi.org/10.1086/519795
https://doi.org/10.1083/jcb.201607091
https://doi.org/10.1083/jcb.201607091
https://doi.org/10.1210/jc.2006-1740
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1016/j.cell.2013.12.012
https://doi.org/10.1038/s41574-019-0230-6
https://doi.org/10.1084/jem.20171012
https://doi.org/10.1016/j.cmet.2009.09.013
https://doi.org/10.1016/j.cmet.2009.09.013
https://doi.org/10.1016/s0006-291x(03)00398-x
https://doi.org/10.1016/s0006-291x(03)00398-x
https://doi.org/10.1016/j.cell.2006.09.024
https://doi.org/10.1016/j.cell.2021.04.037
https://doi.org/10.1016/j.cell.2021.04.037
https://doi.org/10.1016/j.jpeds.2012.04.056
https://doi.org/10.1016/j.jpeds.2012.04.056
https://doi.org/10.1016/j.cmet.2021.04.017


ll

Please cite this article in press as: Li et al., Local hyperthermia therapy induces browning of white fat and treats obesity, Cell (2022), https://
doi.org/10.1016/j.cell.2022.02.004

Article
J. Physiol. Regul. Integr. Comp. Physiol. 312, R281–R291. https://doi.org/10.

1152/ajpregu.00404.2016.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit-anti-HSF1 antibody CST Cat# 4356S; RRID: AB_10695463

Mouse-anti-PGC1a antibody Santa Cruz Cat# sc-517380; RRID: AB_2755043

Rabbit-anti-UCP1 antibody Abcam Cat# ab10983; RRID: AB_2241462

Mouse-anti-b-ACTIN antibody Sigma-Aldrich Cat# A3854; RRID: AB_262011

Rabbit-anti-HNRNPA2B1 antibody Abcam Cat# ab31645; RRID: AB_732978

Normal Rabbit IgG Antibody CST Cat# 2729; RRID: AB_1031062

IRDye 680RD Goat anti-Rabbit IgG (H +L)

Secondary Antibody

LI-COR Cat# 926-68071; RRID: AB_10956166

IRDye 800CW goat anti-mouse IgG (H+L)

Secondary Antibody

LI-COR Cat# 926-32210; RRID: AB_621842

Mouse anti-HSF1 antibody Santa Cruz Cat# sc-17757; RRID: AB_627753

Goat anti-rabbit Alexa 488 Thermo Fisher Cat# A11034; RRID: AB_2576217

Goat anti-mouse Alexa 594 Thermo Fisher Cat# A11032; RRID: AB_2534091

Bacterial and virus strains

Adenovirus:Hnrnpa2b1 This paper N/A

Adeno-associated virus: HSF1 active form This paper N/A

Lentivirus: HSF1 wild-type (CC) This paper N/A

Lentivirus: HSF1 Pro365Thr variant (AA) This paper N/A

Adeno-associated virus: Hnrnpa2b1 This paper N/A

Adeno-associated virus: HSF1 shRNA This paper N/A

Adeno-associated virus: Hnrnpa2b1 shRNA This paper N/A

Chemicals, peptides, and recombinant proteins

PDA-PEG hydrogel (Wang et al., 2017) N/A

RNAiso Plus Takara Cat# 9108

PrimeScript�RT Master Mix Takara Cat# RR036A

Hieff� qPCR SYBR Green Master Mix (Low

Rox Plus)

Yeasen Cat# 11202ES03

DMEM, high glucose, with L-glutamine Gibco Cat# 11995065

Fetal Bovine Serum Gibco Cat# 10270

Forskolin Sigma-Aldrich Cat# F6886

CL 316,243 Sigma-Aldrich Cat# 5976

Dexamethasone Sigma-Aldrich Cat# D4902

Insulin solution Sigma-Aldrich Cat# I9278

Indomethacin Sigma-Aldrich Cat# I8280

3-Isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich Cat# I5879

Lipofectamine2000 Transfection Reagent Thermo Fisher Cat# 11668030

Oil Red O Sigma-Aldrich Cat# O0625

Formalin solution, neutral buffered, 10% Sigma-Aldrich Cat# HT501128-4L

RIPA Lysis and Extraction Buffer Thermo Fisher Cat# 89900

Phenyl methane sulfonyl fluoride (PMSF) Thermo Fisher Cat# 36978

Protease inhibitors Thermo Fisher Cat# A32963

Rosiglitazone Sigma-Aldrich Cat# R2408

T3 (3,3’,5-Triiodo-L-thyronine) Sigma-Aldrich Cat# T2877

D-glucose Sigma-Aldrich Cat# GT528

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Penicillin-Streptomycin Gibco Cat# 15070063

Actinomycin D Sigma-Aldrich Cat# SBR00013

Clodronate-loaded liposomes Liposoma Cat# CP-005-005

Hematoxylin and eosin Beyotime Cat# C0105S

EZ-Trans transfection kit Life Ilab Biotechnology Cat# C4058L1090

ErthermAC Emdmillipore Cat# SCT057

Cell Counting Kit-8 Beyotime Cat# C0041

a-methyl-p-tyrosine (a-MT) Sigma-Aldrich Cat# M3281

Benzoic acid Parr Instrument Company Cat# 3413

Critical commercial assays

Triglyceride quantification kit BioVision Cat# K622

Total Cholesterol quantification kit Sigma-Aldrich Cat# MAK043

HDL/LDL quantification kit Sigma-Aldrich Cat# MAK045

AST activity assay kit Sigma-Aldrich Cat# MAK055

ALT activity assay kit Sigma-Aldrich Cat# MAK052

Creatine Kinase (CK) activity assay kit Sigma-Aldrich Cat# MAK116

Uric Acid assay kit Sigma-Aldrich Cat# MAK077

Creatinine assay kit Sigma-Aldrich Cat# MAK080

Urea nitrogen assay kit Sigma-Aldrich Cat# MAK006

Albumin assay kit Sigma-Aldrich Cat# 09753

Total protein assay kit Sigma-Aldrich Cat# 71285-M

Alkaline phosphatase activity assay kit Abcam Cat# ab83369

Amylase activity assay kit Sigma-Aldrich Cat# MAK009

Lactate dehydrogenase activity assay kit Sigma-Aldrich Cat# MAK066

Mouse Noradrenaline, NA ELISA Kit CUSABIO Cat# CSB-E07870m

Human Noradrenaline Research ELISA kits LDN Cat# BA E-5200

QIAamp DNA Blood Mini Kit QIAGEN Cat# 51106

Mouse Cortisol ELISA Kit CUSABIO Cat# CSB-E05113m

SimpleChIP� Enzymatic Chromatin IP Kit

(Magnetic Beads)

CST Cat# 9003

Magna RIP� RNA-Binding Protein

Immunoprecipitation Kit

Millpore Cat# 17-700

Dual luciferase reporter assay kit Promega Cat# E1960

BCA protein assay kit Beyotime Cat# P0012

Deposited data

ChIP-seq data in mice beige adipocytes This paper GSE176375

ChIP-seq data in human adipocytes

differentiated frommesenchymal stem cells

(Lo et al., 2011) GSE24326

RNA-seq data This paper GSE176376

Raw and analyzed data: genotype data

from Nicheng Cohort and FADE cohort

This paper NODE: OEP003133 http://www.biosino.

org/node/project/detail/OEP003133

Experimental models: Cell lines

HEK293T cell ATCC Cat# CRL-3216; RRID: CVCL_0063

C3H10T1/2 cell ATCC Cat# CCL-226; RRID: CVCL_0190

Immortalized beige preadipocytes line This paper N/A

Immortalized brown preadipocytes line This paper N/A

Primary beige preadipocytes This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratories Cat# JAX 000664;

RRID: IMSR_JAX:000664

Mouse: Adiponectin-Cre Jackson Laboratories Cat# JAX 028020;

RRID: IMSR_JAX:028020

Mouse: Adiponectin-Cre Hsf1loxp/loxp This paper N/A

Mouse: Hnrnpa2b1 heterozygous This paper N/A

Oligonucleotides

Primers for qPCRs, sequence provided in

Table S4

This paper N/A

Primers for ChIP qPCRs, sequence

provided in Table S4

This paper N/A

Recombinant DNA

Plasmid: pcDNA3.1 Invitrogen Cat# V795-20

Plasmid: PCDH-HSF1 wild-type (CC) and

Pro365Thr variant (AA)

This paper N/A

Plasmid: PGL4.17-A2B1 promoter (WT and

A2b1 mHSE)

This paper N/A

pMD2.G Addgene Cat# 12259

psPAX2 Addgene Cat# 12260

Software and algorithms

GraphPad Prism V7 GraphPad Software https://www.graphpad.com/

FLIR Tools FLIR System http://support.flir.com

FlowJo FlowJo http://www.flowjo.com/

FastQC (Andrews, 2010) http://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

Bowtie2 (v.2.2.5) (Langmead and

Salzberg, 2012)

http://bowtie-bio.sourceforge.

net/bowtie2/index.shtml;

MACS2 (v2.1.1) (Zhang et al., 2008) https://github.com/taoliu/MACS

Integrative Genomic Viewer genome (IGV)

browser (v.2.8.0)

(Robinson et al., 2011) https://software.broadinstitute.org/

software/igv/

Moor LDI Image Processing software Moor Instruments https://www.moor.co.uk/products/

control/moorldi2-research-software/

SPSS Statistics 23 IBM N/A

PLINK (Purcell et al., 2007) http://zzz.bwh.harvard.edu/plink/

Other

High Fat Diet Research Diets Cat# D12492

808-nm near-infrared (NIR) laser Changchun New

Industries Optoelectronics

Technology Co.

N/A

infrared camera FLIR E60 FLIR Systems AB N/A

AccuFat-1050 Mag-med N/A

Metabolic Chamber-Comprehensive Lab

Animal Monitoring System (CLAMS)

Columbus Instruments N/A

Roche LightCycler480 Roche N/A

Nanodrop spectrophotometer Thermo Fisher N/A

Optical microscope Nikon N/A

High-resolution Laser-Doppler Imaging

(HR-LDI)

Moor Instruments N/A

Temperature-controlled incubator NK system N/A
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Infrared thermal imaging camera Magnity Electronics N/A

Rectal thermometer TH-5 Braintree N/A

DHG-9240AHigh Temperature DryingOven Shanghai Jinghong Corporation N/A

6400 Automatic Isoperibol Calorimeter Parr Instrument Company N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead contact, Professor

Xinran Ma (xrma@bio.ecnu.edu.cn).

Materials availability
All mouse lines and plasmids generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and code availability
The ChIP-seq and RNA-seq datasets generated during this study are accessible at GEO: GSE176375, GSE176376. The human ge-

notype data for genetic variants in HSF1 gene region can be found in the National Omics Data Encyclopedia (NODE) with accession

number OEP003133 (http://www.biosino.org/node/project/detail/OEP003133). Individual phenotype data cannot be shared due to

informed consent regulations.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal experiments were performed in accordance with procedures approved by the ethics committee of Animal experiments of

East China Normal University. Mice were allocated to experimental groups randomly. 8-week male C57BL/6J mice were used in the

study. Mice with a targeted deletion of HSF1 in adipose tissues (Adiponectin-Cre Hsf1loxp/loxp) were generated by crossing the

Hsf1loxp/loxp mice with transgenic mice expressing Cre-recombinase under the control of the adiponectin promoter (Adiponectin-

Cre). Littermates expressing no Cre (WT mice) were used as a control group throughout the experiments. Hnrnpa2b1 heterozygous

mice were generated by Shanghai Bioray Laboratory with single strand exon 2-6 deletion. Mice were kept at 22�C at room temper-

ature under a 12-hour light/dark cycle with free access to food andwater. For thermoneutral environment, mice were kept at 30�C in a

temperature-controlled chamber (LP-80LED-6CTAR, NK system).

Local hyperthermia therapy in mice
8-week-old mice were injected with PDA/PEG hydrogel (PDA) (Wang et al., 2016b) bilaterally in inguinal fat pads (iWAT) and the skin

areas covering beige fat were illuminated with an 808-nm near-infrared (NIR) laser for 10 minutes (LHT) for each session, while the

other group underwent the same protocol but without NIR illumination (Sham). The NIR intensity and iWAT loci temperature were

closely monitored during the whole illumination period to ensure a local hyperthermia of 41±0.5�C in the inguinal area. The temper-

ature was raised to indicated degrees within 0.5 minutes and maintained for 10 minutes. Core temperatures were monitored during

the experimental process with a rectal thermometer (Braintree, TH-5) and skin temperatures were recorded with an infrared thermal

imaging camera (Magnity Electronics). Mice were returned to normal housing environment at 22�C after treatment. For chronic LHT,

LHT groupwere treatedwith illumination for 10minuteswhile Shamgroupwere sham treated once every three days. For acute exper-

iment, mice were treated with illumination unilaterally on one side of iWAT (LHT) for 10 minutes while the other side of iWAT remained

unilluminated (Sham). Images were taken with an infrared camera (FLIR E60, FLIR Systems) or tissue samples were collected after

24 hours.

For LHT on BAT, mice were anesthetized with isoflurane during the whole operation, and the incision site was shaved and disin-

fected using 70% ethanol. A longitudinal incision at the interscapular region was performed to expose the brown fat as previously

reported (Sveidahl Johansen et al., 2021). PDAwas bilaterally injected into both lobes of the brown fat and the incisions were sutured

after injection. After surgery, all mice received carprofen (5 mg/kg) by intraperitoneal injection. Animals were received carprofen

(5mg/kg) and monitored daily till the wound healing. LHT group were then treated with illumination at interscapular region at

41±0.5�C for 10 min while Sham group were sham treated.
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Local delivery of adeno-associated virus (AAV) in adipose tissues
Adeno-associated virus (AAV) vector-mediated overexpression of mouse Hsf1 active form, Hnrnpa2b1, control (GFP), shRNA target-

ing Hnrnpa2b1 and scrambled control (GFP) were constructed, amplified, and purified by Hanbio biotechnology (Shanghai, China). A

total of 50 ml of 1*109 Vg/ml of each AAV diluted in PBSwas injected into the inguinal fat pads of mice (Jimenez et al., 2018). Mice were

monitored for changes in body weight, fat mass, cold tolerance, and oxygen consumption, then mice were sacrificed and tissues

were dissected for further analysis.

Macrophage depletion in adipose tissues
In prior to macrophage depletion, 8-weeks old mice were injected with PDA/PEG hydrogel (PDA) bilaterally in inguinal fat pads. Two

days later, these mice were injected with 110mg/kg of clodronate-loaded liposomes (Liposoma, CP-005-005) every two days for

three times. Afterwards, skin areas covering beige fat were illuminated unilaterally on one side of iWAT with an 808-nm near-infrared

(NIR) laser for 10 min (LHT) while the other side of iWAT remained unilluminated (Sham). Mice were sacrificed to collect iWAT tissues

for further analysis after 24 h.

Local hyperthermia therapy in human subjects
The study was conducted according to the ethical guidelines of the East China Normal University and all the subjects have signed

informed consent to participate in the study (HR 042-2021). The study involved 33 healthy individuals (17males, 16 females) with ages

of 24.6 (SD±1.8) years and with normal BMI of 22.01 (SD±3.53) kg/m2. The subjects were requested to follow a similar daily schedule,

including time and composition of meals, rest/active hours and amounts of exercises, and avoid vigorous exercise, caffeine, drugs or

alcohol consumption one week prior to the experiment to avoid impacts of circadian rhythm/life style on thermogenesis. For local

hyperthermia therapy, each subject was in a relaxed state within a familiar, temperature- and humidity-controlled room, where

they were seated in an upright posture, with arms adducted and wearing a standard test robe with head, neck, and shoulders un-

clothed and one meter away from a thermal imaging camera (FLIR E60, FLIR Systems) fixed on a tripod to ensure visualization of

the supraclavicular depots. The test room was kept quiet and strictly undisturbed while all volunteers were instructed to maintain

a relax posture with minimal movement during the whole test procedure to avoid unnecessary influences on body heat production.

Participants were acclimated in the test room for one h prior to baseline imaging. After baseline imaging, the supraclavicular fat de-

pots (around upper shoulder/upper back area) of participants were exposed to a thermal source (41±0.5�C) for 20 min. After thermal

source removal, subjects were rested for 2 h and thermal images of their supraclavicular depots were taken and analyzed. Human

core temperatures and skin temperatures were monitored before and after LHT. Afterwards, the exact same experimental protocols

were repeated but without thermal source application on every volunteer as Sham. Serum NE levels were examined in 20 healthy

individuals (10 males, 10 females) among these subjects after Sham or LHT treatment with Noradrenaline ELISA kits (LDN, BA

E-5200) according to the manufacturer’s instructions. These same 20 individuals were subjected to long-term LHT on Monday,

Wednesday and Friday each week for 5 weeks and parameters were collected following same protocols mentioned above.

Human participants for genotyping
10082 subjects from Shanghai FAt Distribution and disease (FADE) cohort and Nicheng cohort (Bao et al., 2013; Chen et al., 2018;

Wang et al., 2016a; Xu et al., 2019) were included for human HSF1 genotyping analysis. Detailed standard about recruitment and

clinical data acquisition were described previously (Bao et al., 2013; Chen et al., 2018; Wang et al., 2016a; Xu et al., 2019), and sub-

jects with diabetes were excluded. Human study was approved by Shanghai Jiaotong University Affiliated Sixth People’s Hospital

according to Declaration of Helsinki II. Written informed consent was obtained from all subjects. The metabolic traits of human par-

ticipants were summarized in Table S3.

Genomic DNA was extracted from blood samples by QIAamp DNA Blood Mini Kit (, Hilden, Germany). Genotyping was performed

by Infinium Asian Screening Array, Multi-Ethnic Genotyping Array and Infinium Exome array platform. Single nucleotide polymor-

phisms (SNPs) passed through quality-control procedure were further analyzed (call rateR98%, concordant rateR99% and Hardy

Weinberg equilibrium was approved (P>0.01). As for participants, all subjects had call rate R95%. Imputation was conducted ac-

cording to 504 East-Asian subjects from 1000 Genomes Project phase III, SNPs with rsq value R0.4 were retained. SNPs from

different genotyping array were analyzed together after imputation. rs78202224 was genotyped in all subjects.

The statistical analysis was performed by PLINK (Purcell et al., 2007) and SAS (version 9.2, SAS Institute, Cary, NC). Descriptive

statistics were shown by different rs78202224 genotype groups. Quantitative traits with skewed distribution were logarithmically

transformed. Multiple linear regression was performed after adjusting for age and sex as confounding factors.

Differentiated adipocytes
C3H10T1/2 (ATCC) cells weremaintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 11995065) supplemented with 10%

fetal bovine serum (FBS, Gibco, 10270) and 1% penicillin and streptomycin (Gibco, 15070063) in a humidified incubator at 37�Cwith

5% CO2. Primary preadipocytes, immortalized beige and brown preadipocytes were maintained in DMEM supplemented with 20%

fetal bovine serum and 1% penicillin and streptomycin.

For differentiation procedure, C3H10T1/2 cells were induced to differentiate to beige/brown adipocytes in differentiation medium

supplemented with 5mg/ml insulin (Sigma-Aldrich, I9278), 0.5mM 3-isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich, I5879), 5mM
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dexamethasone (Sigma-Aldrich, D4902), 0.125mM indomethacin (Sigma-Aldrich, I8280), 50nM T3 (Sigma-Aldrich, T2877), and 1mM

rosiglitazone (Sigma-Aldrich, R2408) for two days and subsequently cultured in maintenance medium supplemented with 5mg/ml

insulin, 50nM T3 and 1mM rosiglitazone. Primary preadipocytes were induced to differentiate with an adipogenic cocktail (6mg/ml in-

sulin, 0.5mM IBMX, 1mMdexamethasone, 50nMT3, and 1mM rosiglitazone) in DMEMmedium containing 10%FBS, 1%pen/strep for

two days and subsequently maintained in maintenance medium containing 50nM T3, 1mM rosiglitazone and 6mg/ml insulin. Immor-

talized beige preadipocytes were induced to differentiate to beige adipocytes in differentiation medium supplemented with 5mg/ml

insulin, 0.5mM IBMX, 1mM dexamethasone, and 1mM rosiglitazone for two days and subsequently cultured in maintenance medium

supplemented with 1 mM rosiglitazone and 5 mg/ml insulin. Immortalized brown preadipocytes were induced to differentiate to brown

adipocytes in differentiation medium supplemented with 1mg/ml insulin, 0.5mM IBMX, 1mM dexamethasone, 0.125mM indometh-

acin, 1nM T3 and 1mM rosiglitazone for two days and subsequently cultured in maintenance medium supplemented with 1 nM T3

and 1 mg/ml insulin. The maintenance medium was changed every two days and mature adipocytes were collected on seventh day.

To investigate cellular thermogenesis, differentiated adipocytes on plates were maintained in a water bath for homogenized tem-

perature changing inside incubator set at 41�C (HT) or 37�C (Con) for 0.5, 1 or 2 h. Both HT and Con cells were then placed back to

37�C. After 12 h, differentiated adipocytes were collected for gene expression analysis, cellular viability analysis (Cell Counting Kit-8,

Beyotime, C0041) or treated with ERthermAC dye (250 nM, Emdmillipore, SCT057) for 30 min and subjected to FACS analysis (BD

LSR Fortessainstrument).

METHOD DETAILS

Metabolic analysis in mice
Mice (8weeks) were fedwith chowdiet or HFD (60%,ResearchDiet, D12492) for indicated time. For assessingmetabolic parameters,

body weight, and body compositions were measured once a week using AccuFat MRI system (AccuFat-1050, MAG-MED). Oxygen

consumption, food intake and locomotor activity were measured in Comprehensive Lab Animal Monitoring System (CLAMS, Colum-

bus Instruments).

For cold exposure, mice were housed at 4�C and core temperature were measured at indicated time. For glucose tolerance test,

mice were fasted overnight and injected intraperitoneally with a glucose solution in saline (1.25 g/kg body weight). For insulin toler-

ance test, mice received an intraperitoneal injection of insulin at 1.25 or 1.5U/kg body weights. Blood glucose levels were measured

at 0, 15, 30, 60, 90 and 120 m after injection with an automated reader (Bayer).

Tomeasure liver triglyceride contents, liver tissues were homogenized in 5%NP40 in PBS. Tissue lysates were centrifuged and the

supernatant liquid were obtained and triglyceride levels were determined by Triglycerides kit (BioVision, K622) and normalized to liver

protein content using BCA protein assay kit (Beyotime, P0012).

Serum parameters were measured via colorimetric assays with commercially available kits including serum triglyceride (TG, Bio-

Vision, K622), total cholesterol (TC, Sigma-Aldrich, MAK043), high-density lipoprotein cholesterol (HDL, Sigma-Aldrich, MAK045),

low-density lipoprotein cholesterol (LDL, Sigma-Aldrich, MAK045), Alanine aminotransferase (ALT, Sigma-Aldrich, MAK052), Aspar-

tate aminotransferase (AST, Sigma-Aldrich, MAK055), Creatine kinase (Sigma-Aldrich, MAK116), Uric acid (Sigma-Aldrich, MAK077),

Creatinine (Sigma-Aldrich, MAK080), Urea nitrogen (Sigma-Aldrich, MAK006), Albumin (Sigma-Aldrich, 09753), Total protein (Sigma-

Aldrich, 71285-M), Alkaline phosphatase (Abcam, ab83369), Amylase (Sigma-Aldrich, MAK009) and Lactate dehydrogenase (Sigma-

Aldrich, MAK066). Serum and iWAT norepinephrine (NE) levels were determined by ELISA kit (CUSABIO, CSB-E07870m). Serum

Cortisol levels were measured using a commercial ELISA kit (CUSABIO, CSB-E05113m).

Thermal image analysis
Thermal images analysis was performed as previously reported (Symonds et al., 2012). Briefly, the thermal imageswere imported into

FLIR software to define the area of interest, which is the supraclavicular fat area in human and the inguinal fat area in mouse. Radio-

metric temperature data from the defined area were exported. The thermal imageswere identifiedwith the hottest 10%points among

supraclavicular area temperature in human or inguinal fat area temperature in mouse and mean values were calculated with mean

value of those unified points.

Measurement of NE turnover
NE turnover was measured on the basis of the decline in tissue NE content after the inhibition of catecholamine biosynthesis with

a-methyl-p-tyrosine (a-MT) as described previously (Shiuchi et al., 2009). After 10 min LHT or Sham on iWAT, mice were either i.p.

injected with a-MT (200 mg/kg, Sigma-Aldrich, M3281). Prior or 4 h after a-MT injection, the animals were sacrificed and iWAT

were removed, weighed, and homogenized in 0.2 M perchloric acid containing 0.1 mM EDTA. The homogenates were centrifuged

at 4�C and the NE content of the supernatants was assayed by ELISA (CUSABIO, CSB-E07870m) and normalized to iWAT weights.

Blood flow measurements in mice
Mice were injected with PDA/PEG hydrogel (PDA) bilaterally in iWAT prior to blood flow measurement. For the analysis of iWAT and

BAT blood flow after LHT on iWAT, mice were anesthetized with 75mg/kg pentobarbital sodiumwith i.p. injection and the fur over the

interscapular or inguinal regions were carefully removed. Skin areas covering beige fat were illuminated unilaterally on one side of
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iWAT with NIR laser for 10 m (LHT) while the other side of iWAT remained unilluminated (Sham). Afterwards, the animals were placed

in the supine (for iWAT studies) or prone (for BAT studies) position for blood flowmeasurements by HR-LDI (Moor Instruments) at the

speed of 4 ms/pixel over the area of iWAT or BAT as previously reported (Abreu-Vieira et al., 2015). Acquired images were analyzed

with MoorLDI Image Processing software (research version 5.3).

Fecal bomb calorimetry
Mice were housed individually with less padding and feces were collected over a 24-hour period. Then feces were dehydrated for

48 h and heat of combustion was determined using an automatic oxygen bomb calorimeter (Parr 6400). Benzoic acid standards

were used to determine the calorimeter energy equivalent factor. The sample calory was normalized to dry feces weight.

Lentivirus-mediated gene transfer
HSF1wild-type (CC), p.Pro365Thr (AA), psPAX2, and pMD2.Gwere used for lentiviral package. High-titer lentivirus were packaged in

293T cells using lipofectamine2000 transfection agent. Viral supernatants were collected and concentrated by centrifugation and

used for adipocytes infection and mouse adipose tissue delivery.

Plasmid construction
Active form of HSF1 plasmid was constructed by deleting amino acids 186-202 of HSF1 (Jung et al., 2008) and cloned in pcDNA3.1

vector. Point mutation of HSF1 with substitution of Pro to Thr at 365AA (Pro365Thr) were generated by site-directed mutagenesis

(Vazyme, C215). The luciferase reporter A2B1-Luc (-2007 to +261) and the putative HSE deletion reporter A2B1-dHSE-Luc (-207

to -195) was cloned into PGL4.17 basic vector. The Pgc1a /Ucp1 30UTR or Pgc1a/Ucp1 30UTR with deletion of the putative A2B1

binding motif were cloned into pMIR-REPORTTM. Primer pairs for plasmid construction were listed in Table S4.

RNA Extraction, quantitative PCR, PCR array, and RNA-seq
Total RNAwas extracted from cultured cells or tissues with RNAiso Plus (TaKaRa, 9108), and 1 mg total RNAwas reverse transcribed

to cDNA using the PrimeScriptTM RT Master Mix (TaKaRa, RR036A) according to the manufacturers’ instructions. Quantitative Real-

time PCR was performed using the Hieff� qPCR SYBR Green Master Mix (Low Rox Plus) (Yeasen, 11202ES03) on the Roche Light-

Cycler480 (Roche). Experiments were repeated three times and gene expression levels were calculated using the delta Ct method,

after normalization to 36B4 expression. Sequences of primers used for real-time PCR are listed in Table S4. PCR array regarding

adipocyte functionality was purchased from Qiagen (PAMM-049Z).

For RNA-seq, RNA quality was examined with a Nanodrop spectrophotometer (Thermo, MA, USA) and agarose gel electrophoresis.

High quality RNA was used to construct library and Illumina NovaSeq6000 was used to perform RNA-seq (Genergy Biotechnology,

Shanghai, China). Briefly, RNA libraries were constructed by TruSeq� RNA LT Sample Prep Kit v2 (illumina, USA) following the man-

ufacturer’s protocol andquantified byQubit (invitrogen,USA) for cluster generation. ProcessedRNA-seq datawere filtered by removing

genes with low read counts. Read counts were normalized using TMM normalization and CPM (counts per million) were calculated to

create amatrix of normalized expression values. p-value <0.05 and |FC| >= 2 were used to determine differential genes. GOenrichment

analysis was performed by clusterProfiler (v3.12.0) (Yu et al., 2012). p-value <0.05 was considered as significantly enrichment.

Immunoblotting
Cells and tissues were lysed in RIPA lysis buffer (Thermo Fisher, 89900) containing PMSF (Thermo Fisher, 36978) and protease in-

hibitors (Thermo Fisher, A32963). Total protein lysates were boiled with loading sample buffer containing 10% SDS-PAGE. Subse-

quently, separated proteins were transferred onto PVDFmembranes. PVDF membrane blots were blocked in 10% skimmedmilk for

1 h at room temperature, washed in Tris-buffered saline with Tween 20 (TBS-T) and incubated overnight at 4�Cwith rabbit anti-UCP1

(Abcam, ab10983), anti-HSF1 (CST, 4356S), anti-HNRNPA2B1 (Abcam, ab31645), mouse anti-PGC1a (Santa Cruz, sc-517380) or

anti-b-ACTIN (Sigma-Aldrich, A3854). Anti-rabbit IgG (LI-COR, 926-68071) was used as the second antibody for UCP1, HSF1 and

HNRNPA2B1. Anti-mouse IgG (LI-COR, 926-32210) was used as the second antibody for PGC1a and b-ACTIN.

Immunofluorescence
Immortalized beige adipocytes were cultured on coverslip in 48-well plates and fully differentiated, fixed, permeabilized, and incu-

batedwith primary antibodies against HSF1 andUCP1 (mouse anti-HSF1, Santa cruz, sc-17757; rabbit anti-UCP1, Abcam, ab10983)

overnight at 4�C. Cells were washed and incubated with goat anti-mouse Alexa Fluor 594 (Thermo Fisher, A11032) and goat anti-rab-

bit Alexa Fluor 488 (Thermo Fisher, A11034) for 1 h at room temperature. DAPI was used to visualize the nuclei. Images were taken

using a Leica confocal microscope and processed using ImageJ.

Oil Red O staining and quantitative analysis
Cells were fixed with 10% paraformaldehyde and washed twice with PBS and rinsed with 60% isopropanol, then stained with a

filtered Oil Red O working solution (Sigma-Aldrich, O0625) for 20 min at room temperature. After the cells were photographed,

the Oil Red O was eluted with 60% isopropanol for 30 min at room temperature. The optical density (OD) value of each well at

520 nm was measured with colorimetric assay on BMG Labtech SPECTROstar Nano.
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ChIP and ChIP-seq assays
For ChIP-seq, ChIP assays were first performed using a SimpleChIP� Plus Enzymatic Chromatin IP Kit (CST, 9003) according to

manufacturer’s instructions. In brief, differentiated C3H10T1/2-derived beige adipocytes or immortalized beige adipocytes were

cross-linked by 1% formaldehyde for 10 min and stopped by glycine. The extracted chromatin was digested and fragmented into

200 to 1000 bp, which was then immunoprecipitated by ChIP grade antibodies anti-HSF1 (CST, 4356S) or normal IgG (CST,

2729) using Magnetic Beads. After that, samples were uncrosslinked to obtain pure DNA fragment and ChIP-seq analysis was per-

formed by Genergy Biotechnology (Shanghai, China) using illumina Hiseq3000. Quality control was processed by FastQC software

(Andrews, 2010). Then the filtered sequencing reads were mapped to the mouse reference (mm10) using Bowtie2 (v.2.2.5) (Lang-

mead and Salzberg, 2012). For peak calling, MACS2 (v2.1.1) (Zhang et al., 2008) was used to scan peaks in genomic-wide level

according to each IP (treatment) and Input (control) pair. Finally, visualization is performed by Integrative Genomic Viewer genome

(IGV) browser (v.2.8.0) (Robinson et al., 2011) using BigWig tracks. ChIP analysis was performed using same kit and protocols without

sequencing. ChIP primers were listed in Table S4.

RNA immunoprecipitation assay
RNA immunoprecipitation (RIP) assay was performed with Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore,

17-700) according to manufacturer’s instructions. Briefly, fully differentiated immortalized beige or brown adipocytes were washed

with ice-cold PBS and resuspended in RIPA lysis buffer (containing RNase inhibitor, Millipore, CS203219). The extract was pre-

cleared with Sepharose beads and subjected to immunoprecipitation with HNRNPA2B1 antibody (Abcam, ab31645). After extensive

washing with RIP washing buffer (containing RNase inhibitor, Millipore, CS203219), co-precipitated RNAs were purified. The RNA

samples precipitated were extracted, reversed transcribed, and subjected to RT-qPCR analysis.

Luciferase reporter assay
HEK293T cells (ATCC) were transfected with indicated plasmids and luciferase reporter together with Renilla luciferase control re-

porter by EZ-Trans transfection reagent. Cells were collected with passive lysis buffer (Promega, E1960) and luciferase assays

were performed using a dual luciferase reporter assay kit (Promega, E1960).

Histological analysis
Dissected adipose and liver tissues were fixed in 10% neutral buffered formalin (Sigma-Aldrich, HT501128-4L) and embedded in

paraffin. 5mm tissue sections were stained with Hematoxylin and eosin (Beyotime, C0105S) according tomanufacturer’s instructions.

The images were acquired by optical microscope (Nikon) using a 20x objective. Adipocyte sizes were quantified by ImageJ.

Preparation of PDA-PEG hydrogel
The PDA-PEG hydrogel (PDA) was prepared as previously reported (Wang et al., 2017). Briefly, PDA nanoparticles were prepared via

a spontaneous oxidative polymerization of dopamine under alkaline condition. Subsequently, 0.5 mL PDA nanoparticles (50 mg/mL)

and 0.5 mL 4-arm-PEG-SH (100 mg/mL) both in aqueous solution were mixed and blended on a Vortex mixer for 5 m. The mixture

was kept at 4�C without disturbance or immediately used for injection.

siRNA transfection
siRNAwas designed and synthesized by GenePharma (Shanghai, China). siRNAwas transfected into differentiated adipocytes using

Lipofectamine2000 Transfection Reagent (Thermo Fisher, 11668030) according to themanufacturer’s protocol. The gene expression

analysis was determined by RT-qPCR after 48 h.

RNA stability assay
Differentiated immortalized beige adipocytes were transfected with siNC or siRNA against Hnrnpa2b1 or adenovirus mediated

Hnrnpa2b1 overexpression (Hanbio biotechnology, Shanghai, China) for two days. Cells were treated with 5mg/ml actinomycin D

(Sigma-Aldrich, SBR00013) and harvested at indicated time points. The total RNA was isolated and analyzed by RT-qPCR. The

degradation rate of mRNA Kd was estimated by: lnðCt =C0Þ = � Kdt, where t is the time as actinomycin D treatment for transcription

inhibition. C is the mRNA concentration. The mRNA half-life t1/2 is calculated by: t1=2 = ln 2=Kd.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics were computedwith GraphPad Prism 7 software. The statistical details of experiment are indicated in the figure legend. The

normalcy of data was examined by Shapiro-Wilk normality test. Statistical comparisons between two groups weremade by unpaired

Student’s t-test. Paired t-test was used for assessing the difference of temperature change between the same subject in Sham and

LHT group. Two-way ANOVA with Bonferroni’s multiple comparisons was used for comparisons of multiple factors and ANCOVA

was used to analyze oxygen consumption data by SPSS software (Butler and Kozak, 2010; Mina et al., 2018; Tschöp et al.,

2011). Results are shown as mean ± SEM. p<0.05 was considered as statistically significant, *p<0.05, **p<0.01.
e8 Cell 185, 1–18.e1–e8, March 17, 2022



Supplemental figures

Figure S1. Thermogenesis induced by hyperthermia in vivo is independent of central sympathetic and immune systems, related to Figure 1

(A)Ucp1mRNA levels in C3H10T1/2-derived beige adipocytes treated with 37�C (Con) or 41�C hyperthermia therapy (HT) for 0.5, 1, or 2 h (n = 3) and rest for 12 h.

(B) The cellular viability of C3H10T1/2-derived beige adipocytes treated with or without HT for 2 h and rest for 12 h were evaluated by CCK8 assays (n = 5).

(C) The body core temperature change (left) and local skin temperature change (right) of mice unilaterally treated with Sham or LHT for 10 min (n = 6).

(D) mRNA levels of thermogenic and mitochondrial genes in BAT of mice with 10-min Sham or LHT on BAT and rest for 24 h (n = 6).

(E) F4/80 (left) and Ucp1 (right) mRNA levels in mice with Sham or LHT for 10 min and rest for 24 h with or without iWAT macrophage depletion via 110 mg/kg

clodronate-loaded liposome injection in iWAT for three times (n = 6).

(legend continued on next page)
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(F and G) mRNA levels of angiogenic (F) and sympathetic neuron growth (G) gene programs in iWAT of mice with Sham or LHT for 10 min and rest for 24 h.

(H) Visualization of iWAT and BAT blood flow by high-resolution laser-Doppler imaging (HR-LDI) pre- or post-unilateral iWAT Sham or LHT for 10 min and

quantification (n = 6).

(I and J) Serum and iWAT norepinephrine (NE) levels, NE turnover in iWAT and serum cortisol levels of mice acutely treated with Sham or LHT for 10 min (n = 6).

(K) mRNA levels of thermogenic and mitochondrial genes in BAT of mice with 10-min Sham or LHT on iWAT and rest for 24 h (n = 6).

(L) The core temperature of human pre-, mid-, and post-Sham/LHT treatment (male, n = 17; female, n = 16).

(M) Serum NE of subjects post-Sham or LHT (male, n = 10; female, n = 10).

(N) Quantification of temperature changes of human supraclavicular area (DTemperature, post-pre) under Sham or 5 weeks LHT (male, n = 10; female, n = 10).

Statistical significancewas assessed by unpaired Student’s t test (A–I, J right, and K–M), two-way ANOVA (J left), or paired Student’s t test (N). Data are presented

as mean ± SEM and *p < 0.05, **p < 0.01.
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Figure S2. Chronic injection of PDA shows no obvious adverse effect onmice, and LHT ameliorates serumparameters and hepatic steatosis

in HFD mice, related to Figure 2

(A) Schematic figure of mice injected with PBS or PDA in bilateral iWATs on HFD to examine the toxic effects of PDA.

(B–E)Mice injectedwith PBS or PDA in inguinal fat on HFD (n = 4), including (B) bodyweight; (C) adipose tissueweights; (D) representative H&E staining of adipose

tissues; and (E) liver weight, representative H&E staining of liver and hepatic TG levels.

(F–K) Analysis of metabolic parameters of mice treated following the same treatment as in Figure 2A for over 10 weeks (n = 5), including (F) serum total cholesterol

(TG), total cholesterol (TC), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) levels; (G) NE levels in serum (left) and iWAT (right); (H) food intake; (I)

locomotor activity; (J) liver weight, representative H&E staining of liver and hepatic TG levels; and (K) organ weights.

(L–N) Analysis of metabolic parameters of mice treated following the same treatment as in Figure 2A for 1 week (early HFD) (n = 5), including (L) oxygen con-

sumption; (M) mRNA levels of thermogenic and mitochondrial genes; and (N) food intake.

Statistical significance was assessed by two-way ANOVA followed with Bonferroni’s multiple comparison test (B) or unpaired Student’s t test (C–K, M, and N) or

ANCOVA with body weight as covariant (L). Scale bars, 50 mm. Data are presented as mean ± SEM and *p < 0.05 and **p < 0.01.
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Figure S3. LHT improves the metabolic dysfunctions in diet-induced obesity (DIO) mice, related to Figure 2

(A) Schematic figure of DIO mice: HFD feeding to over 40 g with iWAT bilateral injection with PDA and treated chronically without NIR illumination (Sham) or with

10 min NIR laser (LHT) on each side of iWAT once every 3 days.

(B–I) Analysis of metabolic performances of DIOmice following the treatment as in (A) for over 4 weeks (n = 6), including (B) body weight; (C) fat mass; (D) adipose

tissue weights; (E) representative H&E staining of adipose tissues; (F) GTT; (G) ITT; (H) liver weight, representative H&E staining of liver tissues and hepatic TG; and

(I) serum parameters TG, TC, HDL, and LDL levels.

(J and K) Analysis of mRNA and protein levels of Pgc1a and Ucp1 in iWAT of DIO mice following the treatment as in (A) for over 4 weeks (n = 6).

(L and M) Analysis of metabolic parameters of DIO mice following the treatment as in (A) for 1 week (early DIO) (n = 6), including (L) oxygen consumption and (M)

food intake and fecal energy content.

Statistical significance was assessed by two-way ANOVA followed with Bonferroni’s multiple comparisons test (B, C, F, and G) or unpaired Student’s t test (D, E,

H, I, J, and M) or ANCOVA with body weight as covariant (L). Scale bars, 50 mm. Data are presented as mean ± SEM and *p < 0.05 and **p < 0.01.
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Figure S4. Metabolic parameters of HSF1 FKO mice under normal chow diet (NCD), related to Figure 3

(A) mRNA levels of Pgc1a andUcp1 in scramble (Scr) and Hsf1 knockdown (siHSF1) or Trpv1 knockdown (siTRPV1) immortalized beige adipocytes under control

or HT condition (n = 3).

(B) Construction strategy of Adiponectin-Cre Hsf1loxp/loxp mice for HSF1-specific knockout in fat (HSF1 FKO).

(C–F) Analysis of metabolic parameters of WT and HSF1 FKO mice on NCD at 8 weeks of age (n = 5), including (C) body weight, body compositions (left), and

adipose tissue weights (right) and (D) representative H&E staining of adipose tissues. (E) Liver weight, H&E staining of liver and hepatic TG levels. (F) mRNA levels

of thermogenic, mitochondrial, and adipogenic gene programs in iWAT and BAT.

(G) Immunofluorescence staining of HSF1 and UCP1 in differentiated primary beige adipocytes under basal condition.

(H) Liver weight, H&E staining, and hepatic TG levels of WT and HSF1 FKO mice on HFD (n = 6).

(I) Serum (left) and iWAT (right) NE levels of WT and HSF1 FKO mice on HFD (n = 6).

(J) Food intake and locomotor activity measured by CLAMS of WT and HSF1 FKO mice on HFD (n = 5).

(K) Oil red O staining and TG levels of differentiated primary beige adipocytes from WT and HSF1 FKO mice (n = 3).

(L) mRNA levels of thermogenic, mitochondrial, and adipogenic gene programs in BAT from WT and HSF1 FKO mice on HFD (n = 6).

(legend continued on next page)
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(M andN)mRNA levels ofPgc1a andUcp1(M), angiogenic and inflammatory genes (N) in iWAT fromWT andHSF1 FKOmice kept under thermoneutral conditions

of 30�C (n = 6).

Statistical significancewas assessed by unpaired Student’s t test (A,C–F, andH–N). Scale bars, 50 mm (D, E, H, andK) and 30 mm (G). Data are presented asmean±

SEM and *p < 0.05 and **p < 0.01.
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Figure S5. AAV-mediated active form of HSF1 overexpression in iWAT promotes browning of white fat and energy metabolism, related to

Figure 3

(A) Hsf1 expression in metabolic organs after AAV mediated GFP (AAV GFP) or active form of HSF1 (AAV Active HSF1) delivery in iWAT (n = 5).

(B–M) Analysis ofmetabolic parameters of C57BL/6Jmicewith inguinal fat pad injection of AAV-mediatedGFP or active form of HSF1 overexpression onHFD (n =

5), including (B) body weight; (C) fat mass; (D) adipose tissue weights; (E) representative H&E staining of adipose tissues; (F) serum parameters of TG, TC, HDL,

and LDL levels; (G) liver weight, representative H&E staining of liver and hepatic TG levels; (H) GTT; (I) ITT; (J) oxygen consumption; (K) cold tolerance test; (L)

mRNA levels of thermogenic and mitochondrial genes; and (M) immunoblotting for HSF1, PGC1a, and UCP1 proteins in iWAT.

(N) ChIP assay assessing HSF1 binding on the putative HSE region of the A2b1 promoter in immortalized beige adipocytes (n = 3).

Statistical significance was assessed by unpaired Student’s t test (A, D–G, L, and N), ANCOVAwith body weight as covariant (J) or two-way ANOVA followed with

Bonferroni’s multiple comparison test (B, C, H, I, and K). Scale bars, 50 mm. Data are presented as mean ± SEM and *p < 0.05 and **p < 0.01.

ll
Article



Figure S6. HNRNPA2B1 promotes browning of white fat and energy metabolism, related to Figure 5

(A–C) Analysis of metabolic parameters of C57BL/6J mice with iWAT injection of AAV-mediated GFP (AAV GFP) or HNRNPA2B1 (AAV A2B1) on HFD (n = 5),

including (A) Hnrnpa2b1 expression levels in metabolic organs; (B) liver weight, representative H&E staining of liver and hepatic TG levels; and (C) food intake and

locomotor activity measured in CLAMS.

(legend continued on next page)
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(D–F) Analysis of metabolic parameters of C57BL/6J mice with iWAT injection of AAV-mediated scrambled control (AAV shNC) or HNRNPA2B1 knockdown (AAV

shA2B1) on HFD (n = 6), including (D)Hnrnpa2b1 expression levels in metabolic organs (n = 6); (E) liver weight, representative H&E staining of liver and hepatic TG

levels (n = 6); and (F) food intake and locomotor activity measured in CLAMS (n = 5).

(G) Hnrnpa2b1 mRNA levels in adipose tissues of wild-type and Hnrnpa2b1 heterozygous (A2B1 HET) mice (n = 5).

(H–P) Analysis ofmetabolic parameters of wild-type andHnrnpa2b1 heterozygousmice onNCD at 4weeks old (n = 5), including (H) bodyweight; (I) adipose tissue

weights; (J) representative H&E staining of adipose tissue; (K) GTT; (L) ITT; (M) oxygen consumption, food intake, and locomotor activity; (N) mRNA levels of

thermogenic andmitochondrial genes in iWAT; (O) cold tolerance test aswell asPgc1a andUcp1mRNA expression in BAT and iWAT upon cold exposure; and (P)

mRNA levels of thermogenic and mitochondrial genes in BAT.

Statistical significance was assessed by unpaired Student’s t test (A–J, N, and P) or two-way ANOVA followed with Bonferroni’s multiple comparisons test (K, L,

and O) or ANCOVA with body weight as covariant (M). Scale bars, 50 mm. Data are presented as mean ± SEM and *p < 0.05 and **p < 0.01.
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(legend on next page)
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Figure S7. HNRNPA2B1 regulates gene transcription in beige adipocytes rather than miRNA processing or alternative splicing, related to

Figure 6

(A) Reported HNRNPA2B1 (A2B1) target miRNA levels after A2B1 overexpression (n = 5) or knockdown (n = 6) compared with their controls.

(B) RNA-seq data in transcriptional gene expression changes (fold change > 2 and p value < 0.05) and alternative splicing events (PSI > 0.1, p value < 0.05) in iWAT

overexpressing GFP or A2B1.

(C) KEGG pathway enrichment analysis of top changed transcriptional or splicing gene categories in iWAT overexpressing A2B1 compared with GFP.

(D) mRNA levels of Ucp1, Elovl3, and Cytc in control (Con) and A2B1 overexpression immortalized beige adipocytes upon transcriptional inhibition with acti-

nomycin D at indicated time (n = 4).

(E) mRNA levels of Ucp1, Elovl3, and Cytc in scramble (Scr) and A2B1 knockdown (siA2B1) immortalized beige adipocytes upon transcriptional inhibition with

actinomycin D at indicated time (n = 4).

(F) mRNA levels of Ucp1, Elovl3, and Cytc in scramble (Scr) and siHSF1-immortalized beige adipocytes with ADV-mediated GFP or A2B1 overexpression upon

transcriptional inhibition with actinomycin D at indicated time (n = 4).

(G) mRNA levels of Hsf1 and A2b1 in BAT and iWAT of NCD mice (n = 6).

(H) RIP assay assessing A2B1 binding on 30UTR of Pgc1a, Ucp1, Elovl3, and Cytc in immortalized brown adipocytes (n = 3).

Statistical significance was assessed by unpaired Student’s t test (A, G, and H). Data are presented as mean ± SEM and *p < 0.05 and **p < 0.01.
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