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SUMMARY

Exposure to cold temperature is well known to upre-
gulate heat shock protein (Hsp) expression and
recruit and/or activate brown adipose tissue and
beige adipocytes in humans and animals. However,
whether and how Hsps regulate adipocyte function
for energy homeostatic responses is poorly under-
stood. Here, we demonstrate a critical role of
Hsp20 as a negative regulator of adipocyte function.
Deletion of Hsp20 enhances non-shivering thermo-
genesis and suppresses inflammatory responses,
leading to improvement of glucose and lipid meta-
bolism under both chow diet and high-fat diet condi-
tions. Mechanistically, Hsp20 controls adipocyte
function by interacting with the subunit of the ubiqui-
tin ligase complex, F-box only protein 4 (FBXO4), and
regulating the ubiquitin-dependent degradation of
peroxisome proliferation activated receptor gamma
(PPARg). Indeed, Hsp20 deficiency mimics and
enhances the pharmacological effects of the PPARg
agonist rosiglitazone. Together, our findings suggest
a role of Hsp20 in mediating adipocyte function by
linking b-adrenergic signaling to PPARg activity.

INTRODUCTION

Adipose tissue is a remarkably complex organ with profound ef-

fects on energy balance and glucose homeostasis (Rosen and

Spiegelman, 2014). In particular, white adipose tissue (WAT)
Cel
This is an open access article under the CC BY-N
can functionally adapt and expand to store excess calories

following chronic calorie overconsumption, whereas brown

adipose tissue (BAT) and beige adipocytes within WAT are char-

acterized by their thermogenic function in rodents (Kajimura

et al., 2015) and humans (Cypess et al., 2009), mainly mediated

by the action of uncoupling protein 1 (UCP1) following adren-

ergic stimulation by the sympathetic nervous system (Fedorenko

et al., 2012), and have the capacity to burn glucose and stored fat

to dissipate energy as heat.

‘‘Lipotoxicity’’ arises when chronic overconsumption of calo-

ries surpasses the capability of WAT and BAT and/or beige

adipocytes to adequately store or dissipate the excess fuel,

respectively. This involves ectopic accumulation of lipids in other

tissues, inflammation and whole-body insulin resistance, and

dyslipidemia (Peirce et al., 2014). Conceptually, lipotoxicity can

be ameliorated by increasing the capacity of WAT to store fat,

which results in reduced inflammation and improved glycemic

and lipid parameters (Cao, 2013). Alternatively, the excess

calories could also be eliminated by activating BAT and/or beige

adipocytes (Bartelt et al., 2011). Thus, mechanisms that simulta-

neously control both processes would be optimal targets for

treating metabolic disease.

As a master regulator of adipocyte development, peroxisome

proliferation activated receptor gamma (PPARg) is best known

for its role in regulating adipogenic and lipogenic pathways in

white adipocytes (Tontonoz et al., 1994), but it is also necessary

for the differentiation and control of the thermogenic program in

brown or beige adipocytes (Kajimura et al., 2009). Thiazolidine-

diones (TZDs) exert their insulin-sensitizing effects and adipo-

genic as well as thermogenic functions via regulating PPARg’s

posttranslational modifications, including phosphorylation and

acetylation (Hu et al., 1996; Qiang et al., 2012). Likewise,
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Figure 1. Genetic Disruption of Hsp20 Increases Whole-Body Energy Expenditure

(A) Hsp20 mRNA expression in different tissues was measured by qRT-PCR.

(B) mRNA levels of Hsp20 were determined using RT-PCR in the BAT, iWAT, and eWAT of mice housed at 23�C or 4�C for 48 hr (n = 5 per group).

(C) Western blot analysis of Hsp20 in various tissues of WT and KO mice.

(D) H&E (top) and UCP1-IHC staining (bottom) of the BAT and iWAT ofWT and KOmice housed at room temperature (RT) (scale bars, 100 um; n = 6 per genotype).

(E and F) Immunoblot analysis (E) of UCP1 in the BAT and iWAT of WT and KO mice housed at RT and quantification (F) (n = 8 per genotype).

(G and H) mRNA levels of thermogenic, mitochondrial, and fatty acid oxidation genes in the iWAT (G) and BAT (H) of WT and KO mice.

(I) Core body temperature of WT and KO mice during a 6-hr cold challenge (n = 5 per genotype).

(J) Respiratory exchange ratio (RER) in WT and KO mice at different environmental temperatures (n = 8 per genotype).

(legend continued on next page)
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FGF21 increases PPARg activity in adipocytes by preventing

PPARg sumoylation at Lys107 (Dutchak et al., 2012). Addition-

ally, recent evidence has demonstrated that PPARg can also

be covalently attached to ubiquitin proteins (i.e., Siah2, Mkrn1,

Fbxo9, and Trim23) and degraded in a proteasome-dependent

manner (Kilroy et al., 2012; Kim et al., 2014; Lee et al., 2016; Wa-

tanabe et al., 2015), which represents another level of control.

However, the in vivo relevance of the change in absolute magni-

tude of PPARg because of its ubiquitination remains obscure.

Heat shock proteins (Hsps) are a family that exerts chaperone

functions by protecting cellular proteins from denaturation and

aggregation in response to a variety of stimuli (Craig et al.,

1993). Interestingly, among Hsp family members, Hsp20 is the

most upregulated protein during differentiation of human adi-

pose-derived stem cells into mature adipocytes (DeLany et al.,

2005); however, the exact role of Hsp20 in adipocytes remains

unknown. By combining in vivo and in vitro gain- and loss-of-

function studies, we demonstrate in this study that Hsp20 is a

critical repressor of adrenergic signaling on adipocyte function

by promoting FBXO4-dependent ubiquitination of PPARg. Our

results support the hypothesis that inhibition of Hsp20 activity

is a potential target of therapies seeking to enhance metabolic

control by improving adipose tissue function.

RESULTS

Genetic Disruption of Hsp20 Increases Whole-Body
Energy Expenditure
Using qRT-PCR analysis, Hsp20 was shown to be highly ex-

pressed in the heart, testis, and BAT compared with other

tissues, including inguinal WAT (iWAT) and epididymal WAT

(eWAT) (Figure 1A). Given the critical role of BAT in generating

heat, we investigated the effect of cold exposure (48 hr at

4�C) on Hsp20 levels in wild-type (WT) mice. Cold exposure

significantly increased both the mRNA and protein levels of

Hsp20 in BAT but also in iWAT (Figures 1B and S1A), suggest-

ing a role for Hsp20 in adaptive thermogenesis. We thus gener-

ated animals lacking Hsp20 (referred to as knockout [KO] in this

paper) (see molecular characterization in Figures 1C and S1B–

S1E) and performed histological analysis of BAT, eWAT, and

iWAT collected at room temperature (23�C) by H&E staining

as well as by Ucp1 immunoreactivity. Intriguingly, BAT and

eWAT of KO mice appeared histologically similar to those

from WT controls (Figures 1D and S1F). However, iWAT from

KO mice contained more multilocular, Ucp1-positive, beige

adipocytes (Figure 1D). Immunoblot of Ucp-1 protein confirmed

the histological evidence of increased Ucp-1 expression in the

iWAT of KO mice (Figures 1E and 1F). We also quantified

mRNA expression of thermogenic genes by qRT-PCR in various

adipose depots of WT and KO mice housed at 23�C. Consistent
with histological inspection and protein expression analysis,

Ucp1 mRNA expression in BAT was similar in KO and WT
(K and L) Energy expenditure (EE) (K) and quantification (L) of WT and KO mice f

(M) Energy expenditure in WT and KO mice when injected intraperitoneally (i.p.)

(N) SVCs isolated from iWAT of WT and KO mice were differentiated ex vivo ove

treated with CL316,243 for the indicated lengths of time.

*p < 0.05. Data are represented as the mean ± SEM. See also Figure S1.
mice (Figure 1G). Indeed, BAT of KO mice exhibited significantly

reduced mRNA levels of Prdm16, Dio2, and Acox1mRNA levels

compared with WT controls, although Ppara levels were signif-

icantly increased in BAT of KO mice (Figure 1G). In contrast,

Ucp1 mRNA levels exhibited a 15-fold increase in the iWAT of

KO mice compared with WT controls (Figure 1H), an increase

that is consistent with the differences in Ucp1 protein levels

(Figures 1E and 1F). The expression of other genes involved

in the control of thermogenesis (Cidea, Cox8b, and Dio2), fatty

acid oxidation (Ppara, Mcad, and Cpt1a), and mitochondrial

metabolism (Cox7a1 and Cytc) was also increased in iWAT of

KO mice (Figure 1H). Interestingly, mRNA levels of Cidea,

Elovl3, Ppara, Mcad, and Cytc were also significantly higher in

eWAT of KO mice, although a trend toward increased Ucp1

mRNA did not reach statistical significance (Figures S1G and

S1H).

We then studied whether the increased thermogenic molecu-

lar signature in iWAT of KO mice resulted in increased thermo-

genesis in vivo. First, we challenged KO and WT controls with

acute cold exposure. Consistent with the changes in thermo-

genic gene expression, KO mice were able to maintain thermal

homeostasis during acute cold stress; in contrast, the body tem-

perature of WT mice dropped significantly (Figure 1I). We next

assessed home cage energy expenditure in mice via indirect

calorimetry while the mice were housed at standard room tem-

perature (23�C) or at thermoneutrality (29�C) for 48 hr. The KO

mice exhibited a significant increase in respiratory exchange

ratio (RER) regardless of the housing temperature (Figure 1J),

suggesting that Hsp20 deletion stimulated a substantial shift

from lipid to carbohydrate fuels. The increase in external temper-

ature led to a similar decrease in energy expenditure (EE) in KO

and WT mice, suggesting that KO mice retain intact neural

control of adaptive thermogenesis (Figures 1K and 1L). However,

energy expenditure was significantly increased in KO mice

compared with body weight-matched WT controls, regardless

of the housing temperature (Figures 1K and 1L), and a similar

trend was also noted in oxygen consumption (VO2) and carbon

dioxide production (VCO2) (data not shown). Locomotor activity

did not differ between the two genotypes (data not shown). We

reasoned that the persistence of increased energy expenditure

in KO mice, despite normal dynamic adjustment to external

temperatures, was consistent with increased intrinsic adaptive

thermogenesis in adipose tissue. To test this hypothesis, we

challenged KO and WT mice, which were maintained at thermo-

neutrality for 18 hr, with the b-adrenergic receptor agonist

norepinephrine (NE). KO mice exhibited a significantly higher

increase in energy expenditure thanWT controls following NE in-

jection (Figure 1M), which is consistent with increased Ucp-1-

dependent thermogenesis (Feldmann et al., 2009). These results

suggest a role for Hsp20 in inhibiting Ucp-1-dependent thermo-

genesis in adipocytes. However, it has been reported that Hsp20

can be found in exosomes released into the circulation, raising
rom (J).

with norepinephrine (NE).

r an 8-day period. qRT-PCR was performed on day 8, when adipocytes were
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Figure 2. KO of Hsp20 Leads to Increased

Fat Mass but Improved GlucoseMetabolism

(A) Gross morphology of KO mice (12 weeks old)

and 3 fat pads on a chow diet (CD)

(B) Body weight of WT and KO mice on a CD (n =

9–10 per group).

(C) Food intake in WT and KO mice on a CD (n =

9–10 per group).

(D and E) Gross morphology (D) and weight of

different fat pads to body weight ratio (E) (n = 4 per

genotype).

(F) Body composition of WT and KOmice (n = 8 per

genotype).

(G–I) H&E staining (G) and cell size quantification of

iWAT (H) and eWAT (I) adipocytes (n = 6 per ge-

notype; scale bars, 100 mm).

(J) Serum leptin levels in mice after 6-hr fasting

(n = 3 per genotype).

(K and L) IPGTT (1.5 g/kg) (K) and IPITT (1 U/kg) (L)

analyses were performed in WT and KO mice on a

CD (n = 5 per genotype).

(M) Fasting basal and glucose-stimulated (1.5g/kg)

insulin levels (n = 3–5 per genotype).

(N) Phosphorylation of AKT (Ser-473 and Thr-308)

was measured in the iWAT, liver, and skeletal

muscle after insulin stimulation (n = 5 per geno-

type).

*p < 0.05. Data are represented as the mean ±

SEM. See also Figure S1.
the possibility of cross-talk between organs (Wang et al., 2016).

To investigate whether Hsp20 regulates the thermogenic pro-

gram in a cell-autonomousmanner, we isolated stromal vascular

cells (SVCs) from iWAT of WT and KO mice. When differentiated

into mature adipocytes ex vitro, we treated them with the b3

adrenoceptor agonist CL316,243 and monitored the changes

in Ucp-1 gene expression. Adipocytes from KO mice exhibited

a significant increase in Ucp-1 expression (at 15, 60, and

120 min) compared with those from WT controls (Figure 1N),

suggesting that cell-autonomous mechanisms regulated by

Hsp20 contribute to the ‘‘browning’’ of iWAT (Figure 1D) and

the increased energy expenditure (Figure 1J) exhibited by the

KO mice.
3610 Cell Reports 23, 3607–3620, June 19, 2018
KO of Hsp20 Leads to Increased Fat
Mass but Improved Glucose
Metabolism
Despite increased thermogenic capacity,

KO mice maintained on a chow diet

(CD) exhibited increased body weight

compared with WT controls (Figures 2A

and 2B), which was accompanied by a

proportional (15%) increase in food intake

(Figure 2C). The increased weight gain

was due to increased weight of both

visceral and subcutaneous fat depots

(Figures 2D and 2E). Consistently, nuclear

magnetic resonance (NMR) analysis of

body composition revealed a 68% and a

15% increase in fat and lean mass,

respectively, in KO mice compared with
WT controls (Figure 2F). Histological analysis of iWAT and

eWAT from 12-week-old mice showed that the average adipo-

cyte sizes in KO mice were 2- to 4-fold larger than those in WT

mice (Figures 2G–2I). Consistent with the increased adiposity,

serum leptin levels were significantly higher in KO mice (Fig-

ure 2J). These results suggest that increased food intake leads

to weight gain beyond the effect of higher thermogenic capacity

in Hsp20-deficient mice at room temperature.

Because body weight and thermogenic capacity are tightly

linked to regulation of systemic glucose metabolism (Peirce

et al., 2014), we next conducted glucose and insulin tolerance

tests at 12 weeks of age, when the body weight is significantly

higher in KO mice. Despite the higher body weight,



Hsp20-deficient mice exhibited a lower blood glucose level

during an intraperitoneal glucose tolerance test (IPGTT)

compared with their WT controls (Figure 2K). Furthermore, KO

mice displayed a significant reduction in blood glucose during

an insulin tolerance test compared with WT controls (Figure 2L)

and reduced glucose-stimulated insulin levels (Figure 2M),

suggesting increased whole-body insulin sensitivity in KO

mice. We also directly investigated the action of insulin in meta-

bolically active tissues, including the liver, iWAT, and skeletal

muscle, by measuring Akt phosphorylation at Ser-473 (S473)

and Thr-308 (T308) upon insulin stimulation. Insulin-stimulated

Akt phosphorylation was significantly increased in all three tis-

sues of KO mice compared with the insulin-treated WT controls

(Figure 2N). Altogether, these findings indicate that loss of Hsp20

in vivo results in increased weight gain but enhanced insulin

sensitivity and systemic glucose metabolism.

Gene Enrichment Analyses from iWAT Reflect a
Comparable Role of Hsp20 Deletion in Lipid Metabolism
and Inflammation with Cold Treatment
The unique characteristics displayed above in Hsp20-deficient

mice provoked us to dissect the molecular mechanism by which

Hsp20 regulates energy metabolism, especially in adipose

tissues. Toward this end, we performed RNA sequencing

(RNA-seq) analyses of the gene expression profile of iWAT in

both WT and KO mice under conditions of room temperature

and cold exposure (4�C) for 48 hr (Figure 3A). Surprisingly, com-

parisons of gene expression patterns in iWATs revealed that

Hsp20 deficiency highly mimicked the gene signature of the

cold-treated WT (Figure 3A). Specifically, cold exposure drasti-

cally downregulated the expression of pro-inflammatory genes

(i.e.,Ccl2,Cxcl2,Cxcl10, IL-1b, IL1RL1, andVcam1) and upregu-

lated the expression of lipogenesis genes (i.e., Acly, Acaca,

Dgat2, Fasn, Me1, and Scd1) and thermogenesis genes (i.e.,

Elovl3, Dio2, Ppara, Ucp1, Cidea, Cox8b, Cox7a, Acadam, and

Cytc) in iWAT, which were similar to alterations in Hsp20-defi-

cient iWAT without cold exposure (Figures 3B and 3C). Subse-

quent gene network analysis identified that a total of 278 genes

were upregulated to a similar degree between KO- and cold-

treated iWATs, whereas there were 204 genes similarly downre-

gulated in both KO- and cold-treated iWATs (Figures 3D and

S2A). Gene ontology (GO) enrichment analysis showed that the

PPAR pathway was greatly activated in both KO- and cold-

treated iWAT compared with WT controls (Figures 3E and 3F).

Conversely, the signaling cascades involved in diabetesmellitus,

nuclear factor kB (NF-kB), mitogen-activated protein kinase

(MAPK), cytokine-cytokine, and chemokine, were significantly

attenuated (Figures 3E and 3F). These results suggest that abla-

tion of Hsp20 shares common mechanistic underpinnings with

cold-treated lean WT mice, which leads to enhanced thermo-

genic capacity and activation of the PPARg pathway, known to

enhance adiposity, improve insulin sensitivity, and exert anti-in-

flammatory effects (Ahmadian et al., 2013). The unique expres-

sion pattern displayed in KO iWAT may explain, at least in part,

the increased fat mass with higher thermogenic capacity and

improved insulin sensitivity observed in Hsp20-deficient mice.

Consistent with the RNA-seq data, qRT-PCR further validated

a significant increase in the expression of the Fasn, Slc25a1,
Acly, Me1, Acaca, Dgat2, and Scd1 genes, which are involved

in the control of lipogenesis in iWAT of KOmice, whereas general

markers for adipose tissue demonstrated no difference between

the two genotypes (Figure 3G). To determine the effects of

altered lipogenesis on lipid composition in KOmice, a lipidomics

analysis was performed in iWAT and liver. iWAT of KO mice

exhibited a significant enrichment of C16:1n7 palmitoleate (Fig-

ure S3A), enrichment consistent with the increasedScd1 expres-

sion and Scd1 desaturation index (C16:1/C16:0) in iWAT (Fig-

ure S3A). Palmitoleate levels in the livers of KO mice were also

significantly elevated, albeit to a lesser extent (Figure S3B). In

contrast to the activation of lipogenesis, additional qRT-PCR

analyses validated that loss of Hsp20 had a profound inhibitory

effect on a whole array of chemokines, such as Ccl2, Ccl7,

Cxcl1, Cxcl2, and Cxcl10, and cytokines, such as IL-1b and

IL-6 (Figure 3H). A similar significant reduction was also

observed in the expression of genes important for inflammatory

processes, such as Tlr2, Timp1, Socs3, Mmp3, Mmp9, and

Vcam1 (Figure 3I). In line with the changes in inflammatory

markers, flow cytometry analysis revealed that the number of

classically activated macrophages (M1 macrophages) was

significantly decreased, whereas the number of alternatively

activated macrophages (M2 macrophages) was significantly

elevated in the iWAT of KO mice compared with WT mice (Fig-

ures 3J and 3K). Likewise, the mRNA levels of inducible nitric

oxide synthase (iNOS) (an M1 macrophage marker) were signif-

icantly decreased in iWAT, eWAT, and BAT, although the M2

macrophage marker Arg1 was decreased only in iWAT (Fig-

ure S3C). Taken together, these results indicate that Hsp20-

KO-mediated functions in iWAT are highly associated with the

activation of lipogenesis and suppression of inflammatory

responses, both of which affect insulin sensitivity and systemic

glucose metabolism.

Inflammation and Insulin Resistance Associated with
Increased Obesity Are Ameliorated because of Hsp20
Deficiency
Given that ablation of Hsp20 improves systemic glucose meta-

bolism, we next asked whether nutrient challenge might accen-

tuate Hsp20’s role in metabolic regulation. To address this ques-

tion, we employed a high-fat diet (HFD)-induced obesity model

that provokes insulin resistance, glucose intolerance, and hepat-

ic steatosis. Interestingly, we observed that HFD feeding of WT

mice elevated Hsp20 protein levels in all three fat depots

(eWAT, iWAT, and BAT) but not in other metabolically relevant

tissues, such as muscle or liver (Figures S4A and S4B). During

the 16-week period of HFD feeding, KO mice exhibited a signif-

icant increase in body weight (Figures 4A and 4B), accompanied

by a significant increase of food intake (Figure 4C). MRI analysis

revealed a nearly 30% increase in whole-body fat content,

whereas there was no difference in lean body mass (Figure 4D).

The increase of fat mass was in part due to a 60% increase in

iWAT depot weight and a 20% increase in eWAT depot in KO

mice compared with their WT controls (Figure 4E). Analysis of

energy expenditure by indirect calorimetry after 11 weeks of

HFD feeding revealed a significant increase in energy expendi-

ture in KO mice compared with WT mice (Figures 4F and 4G),

whereas the RER remained unchanged (Figure 4H). The
Cell Reports 23, 3607–3620, June 19, 2018 3611



Figure 3. Gene Enrichment Analyses from iWAT Reflect a Comparable Role of Hsp20 Deletion in Lipid Metabolism and Inflammation with

Cold Treatment

(A) Normalized heatmap comparison of gene expression alterations in iWAT isolated from WT or KO mice housed at RT or cold using RNA-seq (n = 3 per

genotype).

(B and C) Normalized heatmap comparison of genes involved in inflammation, lipogenesis (B), and thermogenesis (C) in iWAT isolated from WT or KO mice

housed at RT or cold using RNA-seq.

(D) Venn diagram comparing differentially expressed genes following cold treatment with those from KO mice.

(E) Normalized heatmap comparison of gene expression alterations in iWAT isolated from WT mice housed at cold (WT-Cold) versus at RT (WT) and KO mice

versus WT mice housed at RT using RNA-seq.

(F) Kegg pathway analysis of significantly activated or inhibited genes from (A).

(G–I) mRNA expression of lipogenic genes (G), chemokines and cytokines (H), and genes involved in pro-inflammatory pathways (I) in iWAT of WT and KO mice.

(J and K) Flow cytometry analysis (J) and its quantification (K) for M1 and M2macrophages in iWAT of WT and KOmice (ATM, adipose tissue macrophage) (n = 5

per genotype).

*p < 0.05. Data are represented as the mean ± SEM. See also Figures S2 and S3.
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Figure 4. Inflammation and Insulin Resistance Associated with a HFD Are Ameliorated Because of Hsp20 Deficiency

(A) Gross morphology of WT and KO mice after 16-week HFD feeding.

(B) Body weight of WT and KO mice on an HFD (n = 7–8 per group).

(C) Food intake of WT and KO mice fed with HFD (n = 8 per genotype).

(D and E) Body composition (D) and weight of various tissues (E) in WT and KO mice.

(F) Energy expenditure after 12 weeks of HFD feeding (n = 8 per genotype).

(G) Linear regression analysis of energy expenditure against lean body mass.

(legend continued on next page)
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increased energy expenditure was consistent with a significant

increase in oxygen consumption and carbon dioxide production

(Figures S4C–S4F) andwas not the result of increased locomotor

activity, which was, in fact, significantly reduced in the KO mice

(Figure S4G).

Because diet-induced obesity (DIO) is associated with the

development of inflammation, we then assessed the expression

of chemokine and proinflammatory genes by qRT-PCR. Consis-

tent with the findings in their CD counterparts (Figures 3H and 3I),

some chemokines (i.e., Ccl2, Cxcl2, Cxcl10, Cxcl15, and IL-6)

and pro-inflammatory markers (i.e., Timp1, Mmp9, IL4ra, and

IL1rl1) were significantly reduced in DIO-KO mice (Figures 4I

and 4J). We next assessed glucose homeostasis in HFD-fed

WT and KO mice. An IPGTT revealed similar glucose tolerance

(Figure 4K) and similar insulin levels (Figure S4H) in DIO-WT

and DIO-KO animals. Given that KO mice are more obese, this

similarity suggested relatively improved whole-body glucose

control. Indeed, blood glucose levels in DIO-KO mice remained

significantly lower than in WT controls at several time points

(15, 30, 90, and 120 min) throughout the intraperitoneal insulin

tolerance test (IPITT), suggesting elevated insulin sensitivity (Fig-

ure 4L). Importantly, this was confirmed by significantly

increased insulin-stimulated Akt phosphorylation at Ser-473 in

the liver and iWAT of KO mice compared with WT mice (Figures

4M and 4N). In addition, fasting serum nonesterified fatty acid

(NEFA) levels were significantly reduced by 26% in KOmice (Fig-

ure S4I), in line with their increased insulin sensitivity. Serum tri-

glycerides, but not cholesterol (Figures S4J and S4K), were

increased in ad libitum-fed DIO-KO mice. Interestingly, DIO-KO

mice showed less liver steatosis and decreased hepatic triglyc-

eride content (Figures 4O–4Q) as well as significantly reduced

expression of genes involved in lipogenesis (i.e., Fasn and

Scd1) and gluconeogenesis (i.e., Pepck and G6pase; Figures

S4L and S4M), features also consistent with improved hepatic

insulin signaling. Furthermore, the expression of Mcad was

significantly increased, suggesting increased fatty acid oxidation

in DIO-KO mice (Figure S4M). Collectively, these data indicate

that DIO-induced insulin resistance, meta-inflammation, and

liver steatosis were substantially alleviated in KOmice compared

with WT mice.

Hsp20 Regulates PPARg Protein Ubiquitination and
Stability in Isolated Adipocytes
The concurrence of increased fat mass with increased thermo-

genic capacity, reduced inflammation, and improved insulin

sensitivity in KO-iWAT could be explained by an increase in

PPARg’s activity as a result of reduced Hsp20 activity. Indeed,

our RNA-seq analysis had shown that the PPAR signaling

pathway was activated in KO-iWAT. To further clarify this issue

and exclude the in vivo effects of neurohumoral and inflamma-
(H) RER in WT and KO mice from (F).

(I and J) mRNA levels of chemokines and cytokines (I) and genes involved in pro-in

(K and L) IPGTT (K) and IPITT (L) analyses were performed in WT and KO mice a

(M and N) Phosphorylation of AKT (Ser-473) in iWAT, liver, and skeletal muscle (

(O and P) Gross morphology (O) and representative liver sections (H&E) (P) from

(Q) Hepatic triglyceride content after 16 hr fasting.

*p < 0.05. Data are represented as the mean ± SEM. See also Figure S4.
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tory factors, we first examined the differentiation of SVCs

isolated from iWAT of WT and KO mice into adipocytes. Consis-

tent with the in vivo findings, cells derived from KO mice

exhibited more lipid droplets than those from WT controls (Fig-

ure S5A). Expression analysis of lipogenic genes revealed that

PPARg, Cebpa, Fabp4, Fasn, Me1, and Slc25a1 levels were

significantly increased in KO adipocytes after day 6 post-differ-

entiation (Figure S5B). The expression of thermogenic genes

was minimally (i.e., Prdm16) or unchanged (Ucp1) between two

genotypes (Figure S5B). These results suggest that Hsp20 re-

strains adipocyte differentiation in a cell-autonomous manner.

The ex vivo analysis of PPARg total protein levels revealed a

significant increase (5-fold) in KO adipocytes (Figure S6A).

Despite this increase, the levels of phospho-PPARg (both S112

and S273) were similar to those of WT controls (Figure S6A),

which resulted in a significant reduction in the relative levels of

each of the phosphorylated forms in KO adipocytes compared

with WT adipocytes (Figure S6A). Total PPARg protein was

also significantly increased in iWAT tissue samples from KO

mice (Figure S6B), with a significant reduction in the relative

levels of phospho-PPARg (S112) and no change in phospho-

PPARg (S273) in iWAT (Figure S6B). This relative decrease in

PPARg phosphorylation did not correlate with changes in phos-

pho-extracellular signal-related kinase (ERK), phospho-MAPK,

CDK5, or CDK9, which were comparable between WT and KO

adipocytes (Figures S6A–S6D). Taken together, the ex vivo and

in vivo data suggest that disruption of Hsp20 may enable an

increase in PPARg transcriptional activity by increasing PPARg

protein levels.

The discrepancy between the increased PPARg gene

(1.4-fold; Figure S5B) and protein (5-fold; Figure S6A) expression

in KO adipocytes led us to assess the role of Hsp20 in the control

of PPARg degradation. Given that a physiological increase in

adrenergic signaling (i.e., cold exposure) increases Hsp20 in

iWAT (Figure S1A), we treated adipocytes differentiated from

iWAT-derived SVCs with the b3 adrenoceptor agonist

CL316,243 to indirectly promote (WT) or not (KO) Hsp20 gain

of function, and then we measured PPARg protein levels.

Consistent with previous reports (Lindgren et al., 2004), adren-

ergic stimulation reduced PPARg levels, but this reduction was

significantly prevented in KO adipocytes (Figure 5A). These

data link the control of PPARg protein levels by adrenergic

signaling to Hsp20 activity. Consistently, inhibition of protein

translation with cycloheximide (CHX) revealed a significantly

extended half-life of PPARg protein levels in KO-derived adipo-

cytes compared with the WT control (Figure 5B). Altogether,

ubiquitin-proteasome-dependent degradation is one of the

mechanisms that control PPARg protein levels, and our in vitro

analysis revealed that PPARg polyubiquitination was diminished

upon Hsp20 ablation (Figure 5C).
flammatory pathways (J) in iWAT of WT and KOmice fed an HFD for 16 weeks.

fter 16 weeks of HFD feeding (n = 5 per genotype).

M) after insulin stimulation and quantification (N) (n = 5 per genotype).

WT and KO mice after 16-week HFD feeding (n = 5).
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Figure 5. Hsp20 Regulates PPARg Protein

Ubiquitination and Stability in Isolated

Adipocytes

(A) Protein levels of PPARg in differentiated WT or

KO adipocytes upon CL316,243 treatment. The

expression level of PPARg in control cells was set

to 100%.

(B) The differentiated cells were treated with

cycloheximide (CHX) (5 mM) for 0, 1, 2, or 4 hr.

Immunoblot analysis results of PPARg are re-

ported as a percentage of the value at 0 hr.

(C) The differentiated cells were treated with

MG132 (10 mM) for 4 hr, and protein extracts were

immunoprecipitated with anti-PPARg, followed by

immunoblotting with anti-ubiquitin (Ub).

(D) Immunoblot analysis and quantification of total

PPARg and phospho-PPARg at Ser-112 and Ser-

273 on day 8 of SVC differentiation.

(E) The differentiated cells were treated with CHX

(5 mM) for 0, 1, 2, or 4 hr. Immunoblot analysis of

PPARg was conducted, and quantification results

are indicated as a percentage of the value at 0 hr.

(F) The differentiated cells were treated with

MG132 (10 mM) for 4 hr, and protein extracts were

immunoprecipitated with anti-PPARg, followed by

immunoblotting with anti-Ub.

(G) mRNA expression of lipogenic genes in Hsp20-

KO adipocytes treated with PPARg (5 mM, 8 hr).

*p < 0.05. Data are represented as the mean ±

SEM. See also Figures S5 and S6.
To further investigate the extent to which gain of Hsp20 activity

in adipose tissue regulates adipocyte function, we generated

transgenic (TG) mice specifically overexpressing Hsp20 in adi-

pose tissue by using adiponectin promoter cassette (data not

shown). These transgenic mice bred normally, and they were

morphologically and behaviorally similar to WT controls. Inter-

estingly, the food intake and body weight gain of TG mice were

similar to their WT controls when fed with a CD or HFD (data

not shown), suggesting that physiological levels of Hsp20 are

sufficient to mediate its effects on whole-body energy balance.

Assessment of Hsp20 levels by immunoblotting demonstrated

a 3- to 10-fold increase in Hsp20 protein levels in different fat

pads (data not shown). We then isolated SVCs from iWAT of

WT and TGmice for an 8-day differentiation process into mature

adipocytes. We found no significant difference in lipid accumula-

tion between both types of adipocytes (data not shown). Trans-
Cell R
genically derived adipocytes exhibited

a dramatic increase in Hsp20 levels

compared with WT controls (Figure 5D).

Interestingly, and opposing the findings

seen in KO, total PPARg protein levels

were significantly reduced by 20%

compared with WT adipocytes, although

the ratio of phospho-PPARg at S112 or

S273 did not differ between groups (Fig-

ure 5D). Furthermore, the half-life of

endogenous PPARg was significantly

reduced in adipocytes derived from

Hsp20-TG mice (Figure 5E). This reduc-
tion was consistent with the significant increase in PPARg poly-

ubiquination exhibited by TG adipocytes (Figure 5F). To further

investigate whether Hsp20 regulates adipocyte function through

PPARg, we measured genes involved in lipogenesis from KO

adipocytes after treating the cells with the PPARg inhibitor.

The results showed a significant reduction in genes, including

Scd1, Me1, Fabp4, and Acly, which indicated that Hsp20-KO-

induced lipogenesis was PPARg-dependent (Figure 5G).

Altogether, these loss- and gain-of-function studies further

demonstrate a role of Hsp20 in the control of adipocyte function

by regulating ubiquitination-dependent PPAR g2 degradation.

FBXO4 Is Required for Hsp20-Mediated Control of
PPARg Stability
To dissect the mechanisms underlying the Hsp20-regulated

ubiquitin-dependent degradation of PPARg, we next measured
eports 23, 3607–3620, June 19, 2018 3615
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A B Figure 6. FBXO4 Is Required for Hsp20-

Mediated Control of PPARg Stability

(A and B) Co-immunoprecipitation of FBXO4 with

Hsp20 (A) andwith PPARg (B) inWT and KOaswell

as TG adipocytes differentiated ex vivo.

(C) Representative images of 3T3-L1 cells infected

with Ad.b-gal or Ad.Hsp20, followed by FBXO4

shRNA knockdown (n = 4 per cell line).

(D and E) Western blot analysis (D) and quantifi-

cation (E) of FBXO4 and PPARg in adipocytes

treated with the indicated adenovirus and shRNAs.

(F and G) Cells from (C) were treated with MG132

(10 mM) for 4 hr, and protein extracts were

immunoprecipitated with anti-PPARg and im-

munoblotted with anti-Ub (F); quantification was

shown in (G).

(H) mRNA levels of lipogenic genes in cells

from (C).

(I) mRNA levels ofUcp1 in cells from (C) after being

treated with CL316,243 for 30 min.

*p < 0.05. Data are represented as the mean ±

SEM. See also Figure S7.
the protein levels of major E3 ligase family members (i.e., SIAH2,

FBXO4, TRIM23, and MKRN1) known to be expressed in iWATs

(Kilroy et al., 2012; Kim et al., 2014; Watanabe et al., 2015). Our

analyses indicated that FBXO4 was the only E3 ubiquitin ligase

exhibiting a significant change (20% decrease in KO versus

WT [Figures S7A and S7B] and 50% increase in TG versus WT
3616 Cell Reports 23, 3607–3620, June 19, 2018
[Figures S7C and S7D]) among several

candidates in iWATs. Using ex vivo differ-

entiated adipocytes from SVCs, we

further confirmed a 1.8-fold induction of

FBXO4 protein upon differentiation with

concurrent upregulation of Hsp20,

whereas other endogenous Hsps (i.e.,

Hsp90 and Hsp70) were not altered

(Figure S7E). These results imply that

Hsp20 may control PPARg ubiquitination

through FBXO4. Indeed, our biochemical

analyses identified that endogenous

Hsp20 was co-immunoprecipitated with

FBXO4 in ex vivo-differentiatedWT adipo-

cytes (Figure 6A). Notably, PPARg was

co-precipitated with FBXO4 in WT adipo-

cytes, and the strength of interaction was

substantially reduced or increased in

samples obtained from KO or TG adipo-

cytes, respectively (Figure 6B). Together,

our findings suggest that Hsp20 interacts

with FBXO4 and, likely through its chap-

erone-like activity, enhances the ability

of FBXO4 to bind and ultimately promote

the proteasomal degradation of PPARg.

To directly demonstrate that FBXO4 is

necessary for Hsp20 to regulate PPARg

levels, we infected 3T3-L1 preadipocytes

with an adenovirus vector carrying

either Hsp20 antisense RNA (Hsp20-
KO), cDNA (adenovirus [Ad]-Hsp20), or b-galactosidase (b-gal)

as a control (Ad-b-gal) and with an adeno-associated virus

(AAV) expressing short hairpin RNA (shRNA) for FBXO4

(shFBXO4) or a non-targeting control shRNA (shControl). Ad-

Hsp20 and Ad-Hsp20+shFBXO4 cells displayed reduced and

increased differentiation, respectively (Figure 6C). In line with
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Figure 7. Ablation of Hsp20 Improves the

Efficacy of TZD Metabolic Control

(A) HFD-fed WT and KO mice were injected

i.p. with vehicle (PBS + DMSO) or rosiglitazone

(10 mg/kg, resolved in PBS + DMSO) for 3 weeks.

Body weight was measured daily.

(B) Body weight gain was calculated as the differ-

ence between each day and day 0 (n = 6–10 per

group).

(C and D) IPGTT (C) and IPITT (D) analyses were

conducted in mice from (A).

(E) mRNA levels of lipogenic, thermogenic, and

inflammation genes were measured in iWAT of

mice from (A) using RT-PCR.

(F and G) Western blot analysis (F) and quantifi-

cation (G) of total PPARg and phospho-PPARg at

Ser-112 and Ser-273 in iWAT of mice from (A).

*p < 0.05. Data are represented as the mean ±

SEM.
our hypothesis, treatment of shFBXO4 alone showed results

similar to the Hsp20-KO group; protein levels of PPARg

increased after either FBXO4 or Hsp20 was downregulated (Fig-

ures 6D and 6E). Consistent with the results seen in iWAT of TG

mice (Figure S7C), Ad-Hsp20 significantly increased FBXO4

while significantly decreasing PPARg levels (Figures 6D and

6E). Importantly, downregulation of FBXO4 (shFBXO4 cells)

was able to prevent such a reduction (Figures 6D and 6E). These

changes in PPARg levels were predictably consistent with an

increase and decrease in PPARg polyubiquitination in Ad-

Hsp20- and Ad-Hsp20+shFBXO4-transfected cells, respectively

(Figures 6F and 6G). qRT-PCR analysis indicated that the

expression of the lipogenic markers Fabp4 and Fasn was unaf-

fected in Ad-Hsp20 cells, but it was significantly increased

following FBXO4 depletion (Figure 6H). We also investigated

whether the Hsp20-FBXO4 interaction played a role in control

of the thermogenic program by measuring Ucp1 gene expres-

sion upon CL316,243 treatment. As expected, CL316,243 pro-

moted a robust increase in Ucp1 expression in the control cells

(Figure 6I). This increase was significantly attenuated and

enhanced in Ad-Hsp20- and Ad-Hsp20+shFBXO4-transfected

cells, respectively (Figure 6I). Altogether, these data demon-
Cell R
strate that the cell-autonomous control

of adipocyte function by Hsp20 requires

FBXO4-dependent regulation of PPARg

stability.

Increased Efficacy of Rosiglitazone
(TZD) on Metabolic Control in
Hsp20-KO Mice
We reasoned that, if the physiological

control of adipocyte metabolism by

Hsp20 hinges on reducing PPARg levels,

then Hsp20-KO mice should experience

increased metabolic control following

treatment with TZDs; namely, PPARg

agonists. Therefore, we treated HFD-fed

WT and KO mice with rosiglitazone (a
TZD) or PBS for 3 weeks. As expected, rosiglitazone treatment

significantly increased body weight in WT mice compared with

the PBS group (Figures 7A and 7B). Consistent with our previous

observations (Figures 2B and 4B), untreated HFD-KO mice ex-

hibited a significant increase in body weight (BW) gain compared

with untreated WT controls (Figures 7A and 7B). Rosiglitazone

treatment promoted a similar BW gain in WT and KO mice (Fig-

ures 7A and 7B), which represents a significant reduction in the

relative efficacy of rosiglitazone in promoting BW in KO

compared with WT mice (112% versus 297%, p < 0.01, t test).

We also performed an IPGTT and IPITT to assess the effect of

rosiglitazone on whole-body glucose homeostasis. In fact, rosi-

glitazone significantly improved glucose tolerance (Figure 7C)

and insulin sensitivity in WT mice (Figure 7D). Consistent with

our prediction, the beneficial effect of rosiglitazone on glucose

homeostasis was significantly enhanced in Hsp20-KOmice (Fig-

ures 7C and 7D). We then measured the expression of genes in

iWAT that were involved in lipogenesis, thermogenesis, and

inflammation, processes known to be regulated by PPARg

agonists. Rosiglitazone treatment led to similar changes in the

expression of lipogenic genes in both genotypes, except for a

significant upregulation in the expression of Acaca when
eports 23, 3607–3620, June 19, 2018 3617



comparing the WT-HFD,TZD with the KO-HFD,TZD groups (Fig-

ure 7E). Rosiglitazone also affected the expression of thermo-

genic genes in both groups. However, the expression levels of

Ucp1 and Cidea were significantly higher in KO-TZD compared

with WT-TZD controls (Figure 7E), suggesting that a reduction

in Hsp20 activity enhances activation of the thermogenic pro-

gram by rosiglitazone, which is consistent with the relatively

lower BW gain exhibited by the KO-TZD mice. Likewise, the

expression of genes related to inflammation (i.e., Cxcl1 and

Cxcl7) was reduced to the same extent after drug treatment in

both groups of mice, whereas others, like Ccl2 or IL1b, were

reduced only in WT mice (Figure 7E). We then examined PPARg

expression and its phosphorylation state in iWAT. As expected,

and consistent with previous ex vivo data (Figure S6A), total

PPARg protein expression levels were significantly increased

in iWAT of KO mice irrespective of TZD treatment (Figures 7F

and 7G). Given the link between phosphorylation of PPARg at

S273 with glucose homeostasis (Choi et al., 2010), we also

measured phospho-PPARg levels. Consistent with the improved

glycemic control (Figures 7F and 7G), the relative levels of phos-

pho-PPARg (S273 and S112) were significantly lower in the TZD

treated-KOmice compared with theWT controls (Figures 7F and

7G). Taken together, these data demonstrate that loss of Hsp20

augments the efficacy of rosiglitazone by improving glycemic

control and activating the thermogenic program in iWAT of

obese mice.

DISCUSSION

Regulation of adipose tissue expansion and thermogenesis is

usually investigated as two distinct aspects of adipose biology.

Our data highlight the importance of Hsp20 activity as a common

regulator of those two programs and illustrate the extent to which

they are connected at the molecular and physiological levels.

Before our study, the only evidence linking Hsp20 to adipocyte

function was its induction during differentiation of human adi-

pose-derived stem cells in vitro (DeLany et al., 2005). We now

uncover a previously unrecognized role of Hsp20 in lipogenesis

ofWAT. Here,mice lacking Hsp20 have shown increased PPARg

activity in WAT and corresponding increases in WAT mass and

adipocyte size. Interestingly, we observed increased food intake

in Hsp20-KO mice; such a phenotype may be caused by

increased energy expenditure, triggering signals in the brain to

increase food intake, or Hsp20-KO causes leptin resistance,

which may be attributed to the higher leptin concentration

observed in KO mice. Importantly, loss of Hsp20 also results in

a significant increase in the thermogenic capacity of iWAT.

Moreover, the striking changes in chemokine gene expression

in iWAT suggest that signaling from Hsp20 could serve as a

trigger of immune cell chemo-attraction. Hence, the conver-

gence of lipogenesis and thermogenesis identified here not

only suggests an angle for targeting metabolic diseases but

also provides a perspective for understanding basic adipose

tissue biology.

Despite increased adiposity, Hsp20-KO mice demonstrate

improved glucose tolerance and enhanced systemic insulin

sensitivity. Although the animals studied here have a global

Hsp20 deletion, our ex vivo and in vivo results demonstrate
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that Hsp20 activity in adipose tissues contributes significantly

to that phenotype. First, the gene expression changes in adipose

tissue of KO mice were cell-autonomous, including enhanced

thermogenic capacity and a decreased inflammatory response,

both of whichmight contribute to the increased insulin sensitivity

observed in KO mice. Indeed, iWAT transplantation demon-

strates improved glucose tolerance and increased insulin sensi-

tivity in recipient mice (Tran et al., 2008). Regarding the inflam-

matory response, it has been widely reported that chronic

tissue inflammation can be a major cause of insulin resistance

and that macrophage-mediated pro-inflammatory effects are

an underlying mechanism (Donath and Shoelson, 2011). Here

we show that the expression of pro-inflammatory genes in

iWAT was reduced in KO mice, and this was accompanied by

decreased numbers of pro-inflammatory M1 macrophages as

well as by increased numbers ofM2macrophages in iWAT. Inter-

estingly, one of the important chemokines released by adipose

tissue isMCP-1 (CCL2), and PPARg activation is known to inhibit

adipose tissue MCP-1 expression and secretion (Nguyen et al.,

2012). We found decreased levels of MCP-1 in adipose tissue

from KO mice, consistent with the activated PPARg phenotype;

this could provide an explanation for the reduced inflammation.

Second, minimal differences in these key metabolic pathways

were observed in other metabolically active organs (liver and

skeletal muscle) in the same time frame (data not shown). These

data strongly suggest that the phenotypes seen in WAT are

unlikely to be secondary to those organs. Of note, the lipokine

C16:1n7-palmitoleate (Cao et al., 2008) was also found to be

upregulated in adipose tissue of KO mice, which could

contribute to the phenotype exhibited by KO mice, considering

its role in systemic metabolic regulation.

PPARg primarily functions as a master regulator of adipogen-

esis and is a critical factor associated with variousmetabolic dis-

eases (Tontonoz et al., 1994). Subsequent studies established

that PPARg activation by rosiglitazone also drives browning of

WAT (Petrovic et al., 2010). Here we demonstrate that the contri-

bution of Hsp20 activity to lipogenesis and thermogenesis is

mediated by PPARg. Furthermore, we elucidate that Hsp20

modulates the ubiquitination of PPARg via an unreported E3

ligase, FBXO4, as assessed with a series of co-immunoprecipi-

tations combined with loss-of-function strategies. However,

although we demonstrated that Hsp20 could interact with

FBXO4 (Figure 6A), the exact mechanism of how Hsp20 regu-

lates FBXO4 is not investigated in the current study. Given that

FBXO4-mediated ubiquitination requires phosphorylation of

FBXO4 by GSK3b (Lin et al., 2006), which is positively regulated

by Hsp20 (Fan et al., 2008), it is very likely that Hsp20 activates

GSK3b and, subsequently, phosphorylates and activates

FBXO4.

Critically, the regulation of PPARg by Hsp20 is clearly

endorsed by the increased efficacy of the PPARg agonist rosi-

glitazone in improving whole-body metabolic control in KO

mice, an improvement supported by changes in gene expres-

sion that are consistent with enhanced PPARg activity specif-

ically in iWAT. Interestingly, mice with adipocyte-specific over-

expression of Hsp20 do not exhibit reduced fat mass, even

during an HFD challenge, as expected from the phenotype dis-

played by KO mice. This apparent discrepancy implies that the



relatively low endogenous levels of Hsp20 detected in adipo-

cytes of WT mice are sufficient to modulate all Hsp20-depen-

dent adipocyte functions. On the other hand, the low levels of

Hsp20 in adipocytes possess great potential for pharmacolog-

ical inhibition using doses that are otherwise subthreshold for

other tissues.

In summary, this study unveils an interesting molecular mech-

anism whereby an Hsp20-FBXO4-ubiquitin-dependent pathway

controls adipocyte function by restraining PPARg activity in

response to b-adrenergic signaling. Thus, drugs able to achieve

meaningful suppression of Hsp20 activity in tissues with low

Hsp20 expression, such as WAT, may exhibit a beneficial thera-

peutic index for the treatment of type 2 diabetes when adminis-

tered either alone or in combination with PPARg or adrenergic

agonists.

EXPERIMENTAL PROCEDURES

Mice

Procedures involving mice were approved by the Institutional Animal Care and

Use Committee (IACUC) of the University of Cincinnati and were conducted

according to NIH guidelines. Hsp20-KO mice and adipose tissue-specific

overexpressionmicewere generated by the Division of Developmental Biology

at Cincinnati Children’s Hospital Medical Center. Male C57BL/6J mice and

FVB/NJ mice were purchased from The Jackson Laboratory and allowed to

acclimate in the animal facility for 2 weeks before being enrolled in studies.

Unless specified, male mice at age 8–10 weeks were used for experiments.

Mice were housed under a 12-hr light-dark cycle at constant temperature

(23�C) and given regular CD (7022, Envigo).

Indirect Calorimetry

Mice were housed in chambers with integrated control of ambient temperature

and simultaneous measurement of food intake, locomotor activity, and energy

expenditure by indirect calorimetry (TSE Systems, Chesterfield, MO, USA).

Mice were monitored at 23�C or 29�C to compare energy balance at standard

room temperature or at thermoneutrality, respectively.

Lipidomics Assay

The lipidomics assay was performed by the Lipidomics Research Program at

the University of Cincinnati. For details regarding the lipidomics assay, see the

Supplemental Experimental Procedures.

Statistics

Student’s t test was used for single comparisons. Two-way ANOVA (repeated

measurements) was used for IPGTT and IPITT. The correlation between en-

ergy expenditure, oxygen consumption, and carbon dioxide production and

lean mass for WT and KO mice was analyzed by linear regression to assess

intercept using GraphPad Prism 7 for Mac (GraphPad, La Jolla, California,

USA). Analysis of fatty acid methyl esters was based on areas calculated

with Shimadzu Class VP 4.3 software, and data are expressed as weight

percent of total fatty acids (mg fatty acid/100mg fatty acids). Unless specified,

data are represented as mean ± SEM. *p < 0.05 and not significant (n.s.)

p > 0.05.
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SUPPLEMENTAL INFORMATION 
 
 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

 

Mice 

Procedures involving mice were approved by the IACUC of the University of 

Cincinnati and were conducted according to National Institutes of Health guidelines. 

Hsp20 knockout mice and adipose tissue-specific overexpression mice were 

generated by the Division of Developmental Biology at Cincinnati Children's Hospital 

Medical Center, male C57BL/6J mice and FVB/NJ mice were purchased from the 

Jackson Laboratory and allowed to acclimate in the animal facility for 2 weeks before 

being enrolled in studies. Unless specified, male mice were used for experiments. Mice 

were housed under a 12-hour light-dark cycle at constant temperature (23℃）and given 

regular chow diet (7022, Envigo). For cold challenge experiments, 8-12 weeks old male 

mice were housed at 4℃ environment for various time periods in groups of two mice 

per cage. Axillary temperature were monitored at indicated times using a TH-5 

thermometer (Physitemp). For DIO studies, 6-week-old male mice were placed on a 

HFD (D12492, Research diets) for a total period of 16 weeks. 

 

Indirect calorimetry 

 Mice were housed in chambers with integrated control of ambient temperature 

and simultaneous measurement of food intake, locomotor activity and EE by indirect 

calorimetry (TSE Systems, Chesterfield, MO, USA). Mice were monitored at 23°C or 

29°C to compare energy balance at standard room temperature or at thermoneutrality, 

respectively.  

 

Noradrenaline (norepinephrine) stimulation of oxygen consumption 



Animals were adapted to 29°C overnight (14–16 hr) prior to experiments. Energy 

expenditure, oxygen consumption and carbon dioxide were analyzed in response to 

s.c. (1 mg kg−1) injection of noradrenaline (norepinephrine; Sigma-Aldrich, St Louis, 

MO, USA) as previously described (Heppner et al. 2015). 

 

Glucose tolerance and insulin tolerance tests 

For IPGTT, mice were fasted overnight and injected intraperitoneally with 20% 

dextrose at a dose of 1-1.5 g per kg body weight. Glucose levels in tail blood were 

measured at indicated intervals using glucometer. Serum insulin was measured during 

the GTT at the 0, 30 min time points by using mouse insulin ELISA kit (Mercodia). For 

IPITT, mice were fasted for 6 hours before experiments, Insulin (1U/kg for chow diet 

and 1.25U/kg for HFD, Sigma-Aldrich) was administered intraperitoneally, and glucose 

levels in tail blood were subsequently monitored at 15, 30, 60, 90 and 120 min post-

injection. 

 

Measurement of metabolic factors 

Serum adiponectin levels were tested by a mouse adiponectin ELISA kit (EMD 

Millipore) while leptin level was estimated by a mouse leptin ELISA kit (Crystal Chem 

Inc.). Serum total cholesterol, triglyceride levels and Nonesterified fatty acid (NEFA) 

were tested with a Wako LabAssay NEFA kit (Wako). 

 

Histology 

Tissues were extracted, fixed in 10% neutral-buffered formalin (Sigma-Aldrich) for 

48 hr at 4℃, embedded in paraffin and sectioned at 5 µm. Then, tissue sections were 

stained with H&E using standard techniques. Immunohistochemistry was done using 

UCP1 antibody (1:500, catalog ab10983, Abcam). Immunofluorescent double staining 

was done using insulin (1:100, catalog ab7842, Abcam) and glucagon antibody (1:100, 

http://www.emdmillipore.com/CA/en/product/Mouse-Adiponectin-ELISA,MM_NF-EZMADP-60K
http://www.emdmillipore.com/CA/en/product/Mouse-Adiponectin-ELISA,MM_NF-EZMADP-60K


catalog ab10988, Abcam), following the manufacturer's instructions. Sections were 

visualized and photographed using a Nikon Eclipse microscope. 

 

Flow cytometry analysis 

Isolation of SVCs have been described previously(Cho, Morris, and Lumeng 

2014). Briefly, inguinal white adipose tissue (iWAT) were minced and subjected to 

Type II collagenase (Sigma-Aldrich) for 45 min at 37℃ with constant shaking. After 

digestion, the cell slurry was filtered through a 100-µm cell strainer (BD Biosciences) 

and centrifuged at 500 g for 10 min at 4℃. The SVC pellets were collected and 

resuspended in RBC lysis buffer (ebioscience), 5 min later, centrifuged at 500 g for 10 

min at 4℃. Cell pellets were resuspended in FACS buffer and incubated on ice before 

staining with antibody. For flow cytometry analysis of macrophages, 1x106 SVCs were 

stained with DAPI (Sigma-Aldrich, 0.2 mg/ml), F4/80 PE  (0.2 µg/106 cells,  catalog 

12-4801-82, eBioscience), CD11b APCeFluor780 (0.16 µg/106 cells, catalog 47-0112-

80, eBioscience), CD11c PE-Cy7 (0.2ug/106 cells, catalog 25-0114-82, eBioscience), 

CD45.2 PerCP-Cy5.5 (0.2 µg/106 cells, catalog 45-0454-82, eBioscience), CD301 

Alexa Fluor647 (0.2 µg/106 cells, catalog MCA2392A647T, AbD Serotec), or their 

isotype controls (eBioscience) on ice for 30 min in dark. After washing, cells were fixed 

in 0.1% PFA (Sigma-Aldrich) and analyzed with Flow cytometer (FACSCanto II; BD 

Biosciences).  

 

Cell culture 

For primary adipocytes, SVCs from iWAT of 5- to 6-week-old male mice were 

prepared and differentiated as previously described(Kajimura et al. 2009). iWAT was 

minced and digested in digestion medium [1.5U/ml Collagenase D (Roche) and 

2.4U/ml Dispase II (Roche) in HBSS] for 45 min at 37℃ with constant shaking. Then 

the cell suspension was passed through a 100-µm cell strainer (BD Biosciences) and 



centrifuged at 700 g for 10 min at room temperature. The medium was aspirated and 

SVCs were resuspended in DMEM/F12 (Thermofisher) supplemented with 10% FBS, 

100 IU /ml penicillin and 100 µg/ml streptomycin, and then cells were plated in 100mm 

culture dishes. For differentiation assays, primary adipocytes and 3T3-L1 cells were 

cultured to 98% confluence and the growth medium was changed to induction medium 

(day 0) containing insulin (0.5 mg/ml; Sigma-Aldrich), dexamethasone (2 µg/ml; 

Sigma-Aldrich), isobutylmethyl-xanthine (0.5mM; Sigma-Aldrich), and 10% FBS. After 

48 hr (day 2), medium was changed to maintenance medium containing insulin (0.5 

mg/ml; Sigma-Aldrich) and 10% FBS until cells were ready for harvest (generally day 

7-8). 

 

Generation of Hsp20-overexpression and FBXO4-knockdown cell lines 

Fbxo4 AAV shRNA pooled virus was purchased from Applied Biological Materials 

Inc. The sequences are as follows: 417-CCCAATTCTCTGGAGATACTTTCTGTTTC; 

768-ACAGATTGACGGTATTGGATCTGGAGTCA; 971-

AGAAAGTGTGTGAGGTTGTAGATGGGTTT; 1252-ATTGAGTGGATTCTTGA 

AGAAGTAGAATC. The adenovirus vector carrying Hsp20 cDNA (Ad.Hsp20) was 

generated by using the AdEasy system. Adenovirus and AAV Infection were performed 

according to the manufacturer’s instructions. 

 

Quantitative real-time PCR and RNA-Seq 

Quantitative Real-time PCR (qPCR) was performed as described previously(Ma 

et al. 2015). Total RNA was extracted from cultured cells or tissues using the RNeasy 

kit (Qiagen) in accordance with the manufacturer’s instructions. cDNA was synthesized 

from 1.0 ug RNA using Superscript II Reverse Transcriptase (Invitrogen). qPCR was 

performed in triplicate with the ABI PRISM 7900HT sequence detection system (ABI) 

using SYBR green (Applied Biosystems). Relative mRNA levels were calculated using 



the delta delta CT method and normalized to GAPDH as internal control. Directional 

polyA RNA-seq was performed by the Genomics, Epigenomics and Sequencing Core 

(GESC) at the University of Cincinnati. The GEO accession number for RNA-Seq data 

reported in this paper is GSE94436.  

 

Western-blot analysis 

For insulin stimulation, 10U insulin (Sigma-Aldrich) was injected intraperitoneally 

as described previously(McClung et al. 2004). 8 minutes later, samples of liver, skeletal 

muscle and iWAT were dissected and immediately frozen in liquid nitrogen. Tissues or 

cells used for western blot analysis were homogenized in RIPA buffer (Thermofisher) 

supplemented with phenylmethylsulfonyl fluoride (Sigma-Aldrich), phosphatase 

inhibitor (Cell signaling) and complete protease inhibitor cocktail (Roche). Tissue or 

cell lysates were then centrifuged at 14,000 g for 15 min at 4℃ and protein 

concentration was determined using BioRad Protein Assay Reagent (Bio-Rad). 

Proteins were separated by SDS-PAGE, transferred to a (NC) membrane (GE 

Healthcare Life Sciences). Immunoblotting was performed using the following primary 

antibodies: β-actin (1:1000, catalog 4970s, Cell Signaling Technology); GAPDH 

(1:1000, catalog 5174s, Cell Signaling Technology); Ucp1 (1:10000, catalog ab10983, 

Abcam); Hsp20 (1:2000, catalog ab13491, Abcam; 1:2000, catalog 10R-H111a, 

Fitzgerald); AKT (1:2000, catalog 2920s, Cell Signaling Technology); p-AKT (1:2000, 

catalog 4060s, Cell Signaling Technology); PPARγ (1:1000, catalog 2443s, Cell 

Signaling Technology); PhosphoSer112- PPARγ (1:2000, catalog MAB3632, 

Millipore); PhosphoSer273-PPARγ (1:2000, catalog orb158188, Biorbyt); CDK5 

(1:1000, catalog 12134s, Cell Signaling Technology); CDK9 (1:1000, catalog 2316s, 

Cell Signaling Technology); FBXO4(1:1000, catalog ab153803, Abcam. 1:1000, 

catalog 100401963, Rockland); SIAH2 (1:1000, catalog NB110-88113SS, Novusbio); 

TRIM23 (1:1000, catalog NB100-78620, Novusbio); MKRN1 (1:1000, catalog A300-



990A-T, Bethyl); Erk1/2 (1:1000, catalog 4695s, Cell Signaling Technology);  and 

Phospho-Erk1/2 (1:1000, catalog 9101s, Cell Signaling Technology);. For secondary 

antibody incubation, anti-rabbit (catalog AF1800, R&D) or anti-mouse HRP (catalog 

MAB1799, R&D) was diluted 1:5,000. Results were visualized with enhanced 

chemiluminescence (ECL) western blotting substrates (Pierce) and quantified using 

the NIH ImageJ software. 

 

Lipidomics assay 

Lipidomics assay was performed by the Lipidomics Research Program at the 

University of Cincinnati. Briefly, samples of inguinal white adipose tissue (20-25 mg), 

liver (25-30 mg), and plasma (100 ul) were snap-frozen in liquid nitrogen. Samples 

were placed in a 20 ml glass vial into which 4 ml of 0.5N methanolic sodium hydroxide 

was added, and the sample heated at 80°C for 5 min. Following a 10 min cooling 

period, 3 ml of boron trifluoride in methanol was added to methylate the sample. After 

an additional 5 minutes of heating in a heat block (80°C), the sample vial was allowed 

to cool, and 2 ml of a saturated solution (6.2 M) of sodium chloride and 5 ml of hexane 

was added. The samples were then mixed by vortex for 1 minute. The hexane fraction 

was transferred into a 20 ml vial containing 10 mg of sodium sulfate to dry the sample. 

The hexane solution was removed for gas chromatography analysis with a Shimadzu 

GC-2014 (Shimadzu Scientific Instruments Inc., Columbia MD). The column was a DB-

23 (123-2332): 30m (length), I.D. (mm) 0.32 wide bore, film thickness of 0.25 µM (J&W 

Scientific, Folsom CA). The carrier gas was helium with a column flow rate of 2.5 

ml/min. Fatty acid identification was determined using retention times of authenticated 

fatty acid methyl ester standards (Matreya LLC Inc., Pleasant Gap PA).  

 

Immunoprecipitation and ubiquitination assay 



Cells were harvested and lysed in lysis buffer containing 20 mM Tris-HCl (pH 7.5), 

150 mM NaCl, 1% Triton X-100, leupeptin (10 μg/ml), 1 mM phenylmethylsulfonyl 

fluoride, 1mM Na3VO4, 1mM Na2EDTA, 1mM EDTA, 10 mM NaF, 2.5 mM sodium 

pyrophosphate, and complete protease inhibitor cocktail (Roche). The cell lysates 

were centrifuged at 14,000 g for 15 min at 4°C, and the resulting supernatant was 

incubated with antibodies overnight at 4°C, followed by incubation with Protein G 

Agarose Beads (Cell Signaling Technology) for 3 h. The beads were then separated 

by centrifugation, washed 5 times with ice-cold lysis buffer, and then boiled in SDS 

sample buffer for 5 min. In the ubiquitination assay, cells were incubated with MG132 

at a final concentration of 5-10 µM for 2-4 hr, washed two times with PBS, collected 

into a cell pellet at 14,000 g and then resuspended in lysis buffer (no Triton X-100) plus 

with 2mM NEM (Sigma-Aldrich). The extract was denatured by adding 1% SDS to the 

lysate and boiled for 10 min, followed by dilution to 0.1% SDS by adding lysis buffer, 

protease inhibitors, and NEM. Lysed samples were immunoprecipitated with PPARγ 

antibodies, followed by Western-blotting analysis. 

 

Differential gene expression and functional enrichment analysis 

Differential gene expression analysis of RNA-seq data was performed by the 

Laboratory for Statistical Genomics and Systems Biology at the University of Cincinnati 

using the standard pipeline. Specifically, sequence alignment was done by 

Tophat(Trapnell, Pachter, and Salzberg 2009) and differential expression analysis was 

done by edgeR(Robinson, McCarthy, and Smyth 2009). Functional enrichment (p 

value 0.05 FDR) analysis of significantly differentially expressed genes in cold 

treatment or Hsp20 KO mice was done using the ToppFun application of ToppGene 

Suite(Chen et al. 2009). Network representation of select significantly enriched GO 

biological processes was done using Cytoscape(Shannon et al. 2003). 

 



Statistics 

Student’s t test was used for single comparisons. Two-way ANOVA (repeated 

measurement) was used for IPGTT and IPITT. The correlation between energy 

expenditure, oxygen consumption and carbon dioxide production and lean mass for 

WT and KO mice was analyzed by linear regression to assess intercept using 

GraphPad Prism 7 for Mac (GraphPad Software, La Jolla California USA). Analysis of 

fatty acid methyl esters was based on areas calculated with Shimadzu Class VP 4.3 

software, and data are expressed as weight percent of total fatty acids (mg fatty 

acid/100 mg fatty acids). Unless specified, Data are represented as mean ± SEM. *P< 

0.05, and not significant (n.s.) P> 0.05. 
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Figure S1. Generation and Characterization of Hsp20-knockout Mice. Related to Figure 1 and Figure 2. (A)

Immunoblot analysis with quantification of Hsp20 expression in the BAT, iWAT, and eWAT of mice housed at 23℃ (as Ctl)

or 4℃ for 48 hr (n=5 per group). (B) To generate knockout mice of Hsp20, a total of 4 gRNAs were selected to inject with

Cas9 mRNA into one-cell embryos, with two gRNAs targeting to exon 1 and the other two to exon 2. Because of the Cas9

activity, sequence between the gRNA targeting sites were deleted. (The PAM of each gRNA targeting site is highlighted in

bold. The spacer sequence is underlined. The cutting site of Cas9 is indicated by arrow). (C) Genotyping results of Hsp20 KO

mice (+/+, WT; -/- , KO; N, negative Ctl; M, DNA molecular marker). (D) Western blot analysis of Hsp20 in various tissues

of WT and KO mice (n = 4 per genotype). (E) Hsp20 ablation did not alter mRNA expression levels of other HSPs in iWAT.

(F) Representative H&E and UCP1 staining of eWAT sections of WT and KO mice housed at RT (scale bar, 100 um; n=6 per

genotype). (G) Immunoblot analysis of UCP1 in eWAT of WT and KO mice housed at RT (n = 8 per genotype). (H)

Quantitative RT-PCR analysis of thermogenic, mitochondrial and fatty acid oxidation genes in eWAT of WT and KO mice.

Data are represented as the mean ± SEM.



A

Figure S2, related to Figure 3

Figure S2. Gene Enrichment Analyses from iWAT Reflect a Comparable Role of Hsp20
Deletion on Lipid Metabolism and Inflammation with Cold Treatment. Related to Figure
3. (A) Gene enrichment analyses from the iWATs of KO and WT mice with or without cold
exposure reflect a network representation of select enriched (p value<0.05 FDR) biological
processes from ToppFun using the Cytoscape software.
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Figure S3. iWAT and liver lipidomic analysis and macrophage polarization
characterization in different adipose depots. Related to Figure 3. (A and B) Total
fatty acid composition in the iWAT (B) and the liver (C) collected from 16-week-old WT
and KO mice fed with CD (n=4 per genotype). (C) mRNA expression of macrophage
polarization marker genes in different adipose tissues. Data are represented as the
mean ± SEM.
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Figure S4. Metabolically Characterizations of KO Animals Upon HFD. Related to Figure 4. (A and B) Immunoblot of Hsp20 in

various tissue of WT mice fed with CD and HFD for 16 weeks (n=5 per group). (C) VO2 and (D) the linear regression analysis of the VO2

against lean body mass in mice after 12 weeks of HFD. (E) VCO2 and (F) the linear regression analysis of the VCO2 against lean body

mass in mice after 12 weeks of HFD. (G) Quantification of total activity in WT and KO mice fed with HFD for 12 weeks. n=8 mice per

genotype for C-G. (H) Insulin levels in the blood of mice fed with HFD (n = 4). (I) Serum NEFA levels at baseline, or after 12-hr fasting

(n=5). (J) Serum triglycerides and (K) cholesterol of WT and KO mice fed with CD or HFD (16-week) after 6-hr fasting (n=3). (L and M)

mRNA expression of genes involved lipid oxidation and lipogenesis in the liver from WT and KO mice fed with CD (L) and HFD (M) for

16 weeks (N=4). Data are represented as the mean ± SEM.
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Figure S5, related to Figure 5 

Figure S5. Ex vivo characterization of adipocyte differentiation. Related to Figure 5. (A) Representative

images of SVC differentiation at indicated time points of differentiation. (B) mRNA expression of marker genes at

indicated time points of differentiation. Data are represented as the mean ± SEM.
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Figure S6. Hsp20 Regulates PPARγ Protein Ubiquitination and Stability in Isolated Adipocytes. Related

to Figure 5. (A) Immunoblot analysis and quantification of total PPARγ, phospho-PPARγ at Ser-112 and Ser-

273, and its upstream kinases including ERK and CDK5 at day 8 of SVCs differentiation. (B) Western blot

analysis and quantification for total PPARγ, phospho-PPARγ at Ser-112 and Ser-273, pERK and CDK5 in the

iWAT of WT and KO mice (n=3 per genotype). (C and D) Western blot analysis (C) and quantification (D)

of phosphorylated MAPK and CDK9 in iWAT of WT and KO mice. Data are represented as the mean ±

SEM.
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Figure S7, related to Figure 6
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Figure S7. FBXO4 is Required for Hsp20-Mediated Control of PPARγ Stability.

Related to Figure 6. (A-D) Representative immuno-blots and the quantitation analysis of

E3 ligases in the iWAT of WT, KO or TG mice. (E) Representative immuno-blots of

Hsps and FBXO4 in SVC-differentiated adipocytes. Data are represented as the mean ±

SEM.
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