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SUMMARY

In adipocytes, hormone-sensitive lipase (HSL) plays a key role in hydrolyzing triacylglycerols that are stored

in lipid droplets. Contrary to the expected phenotype, HSL-deficient mice and humans exhibit lipodystrophy.

Here, we show that HSL is also present in the adipocyte nucleus. Mouse models with different HSL subcel-

lular localizations reveal that nuclear HSL is essential for the maintenance of adipose tissue. Gene silencing in

human adipocytes shows that HSL, independently of its enzymatic activity, exerts opposing effects on mito-

chondrial oxidative phosphorylation and the extracellular matrix. Mechanistically, we found that HSL accu-

mulates in the nucleus by interacting with the transforming growth factor β (TGF-β) signaling mediator,

mothers against decapentaplegic homolog 3 (SMAD3). Conversely, HSL phosphorylation induces nuclear

export. In vivo, HSL accumulates in the nucleus of adipocytes during high-fat feeding with the converse effect

during fasting. Together, our data show that as both a cytosolic enzyme and a nuclear factor, HSL plays a

pivotal role in adipocyte biology and adipose tissue maintenance.

INTRODUCTION

Adipocytes, the parenchymal cells of the adipose tissue, play a

key role in regulating energy metabolism by storing fat sub-

strates as triacylglycerols in lipid droplets.1,2 In times of energy

deficits, these stores are mobilized by hydrolysis to meet the

body’s energy demands. During fasting, catecholamines trigger

cyclic AMP (cAMP)-dependent protein kinase (PKA)-mediated

phosphorylation of hormone-sensitive lipase (HSL), the first

rate-limiting enzyme identified as being involved in adipose tis-

sue lipolysis.3,4 HSL phosphorylation on serine residues pro-

motes its translocation from the cytosol to the lipid droplet,

where it promotes the hydrolysis of triacylglycerols into free fatty

acids and glycerol.1,5

Biochemical and phylogenetic analyses, however, suggest

that HSL performs functions other than the hydrolysis of acylgly-

cerols. HSL is composed of three main structural domains.6 The

N-terminal domain binds the fatty acid binding protein 4 (FABP4),

and participates in HSL dimer formation, suggesting that it may

be involved in protein-protein interactions.7,8 The C-terminal

part of the protein contains a catalytic domain and a regulatory

domain. The catalytic domain harbors an α/β-hydrolase fold
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conserved in prokaryotic and eukaryotic lipases and esterases.

The HSL family of enzymes is characterized by a broad substrate

specificity.5 Embedded within the catalytic domain, the intrinsi-

cally disordered regulatory domain contains the phosphorylation

sites. This region found in mammalian HSL shares no homology

with other proteins.

Functions of HSL beyond its lipolytic action are also sug-

gested by the phenotype of HSL-deficient mice. A lack of HSL

would be predicted to result in obesity due to deficient acylgly-

cerol hydrolysis, as is the case for mice deficient in another

key lipase, adipose triglyceride lipase (ATGL), which, when defi-

cient, results in the expected enlargement of adipose tissue de-

pots.9 Instead, HSL-deficient mice and humans display a lipody-

strophic phenotype, indicating defects in the storage of fats in

the adipose tissue.10–12

To seek an explanation for this discrepant result, we sought to

gain a deeper insight into the cellular functions of HSL in adipo-

cytes. In this study, we found that the protein, in addition to its

cytoplasmic distribution, is also localized in the adipocyte nu-

cleus. We then explored the role and regulation of nuclear HSL

in vivo in the control of adipose tissue mass and in vitro on human

adipocyte metabolism.

RESULTS

HSL is localized in the nuclei of adipocytes

We investigated the subcellular localization of HSL using confocal

microscopy, subcellular fractionation, and transmission electron

microscopy and found that it was localized in the nucleus of

mouse and human adipocytes, where it was associated with chro-

matin (Figures 1A–1C and S1A–S1D). HSL density was 1.6-fold

lower in the nucleus than in the cytosol of human adipocytes

(Figure S1E). During adipocyte differentiation, we found a parallel

increase in cytoplasmic and nuclear HSL, suggesting that newly

synthesized HSL is concomitantly distributed to the two cellular

compartments (Figure 1C). We also used nanoliquid chromatog-

raphy (LC)-tandem mass spectrometry (MS/MS)-based prote-

omics with intensity-based absolute quantification13 as an

Figure 1. HSL is localized in adipocyte nuclei

(A) HSL immunostaining (yellow) in human multipotent adipose-derived stem cells (hMADS) adipocytes, with 3D reconstitution of a z stack isolating nuclear signal.

Nuclei were labeled in blue with Hoechst 33342. Scale bar, 15 μm.

(B) HSL protein levels in the subcellular fractions of mouse subcutaneous white adipose tissue (n = 4).

(C) HSL protein levels in the subcellular fractions of differentiating hMADS preadipocytes (n = 2 wells per day from 1 cell passage).

(D) Experimental design of the characterizations of the nuclear HSL interactome. IP, immunoprecipitation. MS, mass spectrometry.

(E) Volcano plot of nuclear HSL interactome using immunoprecipitation followed by MS (n = 3 cell passages).

(F) In situ proximity ligation assays (red signals) using anti-HSL and anti-RNA polymerase II (RNA PolII) antibodies (PLA HSL/RNA Pol II) in hMADS adipocytes.

Nuclei were labeled in blue with DAPI. Scale bar, 15 μm.

(G) In situ proximity ligation assays (red signals) using anti-HSL and anti-SFPQ antibodies (PLA HSL/SFPQ) in hMADS adipocytes. Nuclei were labeled in blue with

DAPI. Scale bar, 15 μm.
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unbiased approach to assess the level of HSL in adipocyte nuclei

(Figures S1F and S1G). To investigate the potential interaction of

HSL with nuclear proteins, we performed co-immunoprecipitation

of HSL from human adipocyte nuclear extracts (Figure 1D). By

proteomic analysis, we identified proteins involved in pre-mRNA

processing, including several RNA polymerase II subunits

(Figure 1E). We then confirmed the physical interaction of HSL

with the C-terminal domain of RNA polymerase II by using a prox-

imity ligation assay (PLA)14 and by co-immunoprecipitation

(Figures 1F, S1H, and S1I). A robust interaction was also observed

between HSL and the Drosophila behavior/human splicing

(DBHS) family proteins, SFPQ (splicing factor proline and gluta-

mine rich) and NONO (non-POU domain-containing octamer-

binding protein), which are multifunctional regulators of gene

expression (Figures 1G, S1J, and S1K).15 These data suggest a

role of nuclear HSL in the control of gene expression.

In vivo relevance of nuclear HSL

To investigate the in vivo significance of nuclear HSL, we devel-

oped mouse models through CRISPR-Cas9-mediated gene ed-

iting of the Lipe locus to alter HSL expression level or subcellular

localization (Figure S2A). Bi-allelic deletion of a sequence in exon

6 of Lipe resulted in an HSL knockout model (HSL-KO) with

neither protein expression nor enzymatic activity of HSL in adi-

pose tissue (Figures S2B–S2D). As previously shown,5,11 we

found that the HSL-KO mice were lipodystrophic with decreased

fat mass and white fat pad weights (Figures S2E and S2F). Also,

the adipose tissue from the HSL-KO mouse was characterized

by hypertrophic adipocytes with a heterogeneity of cell size

(Figure S2G).10,11 We also observed dysregulation of adipocyte

marker expression in HSL-KO mice compared with wild-type

(WT) littermates (Figure S2H).

To define a strategy for in vivo investigation of nuclear HSL, we

used bioinformatic tools to determine whether the HSL amino

acid sequence contains nuclear localization (NLS) or nuclear

export (NES) signals. While no in silico analysis predicted an

NLS, an NES sequence was predicted in close proximity to the

phosphorylation sites (see below). Deletion or modification of

this amino acid sequence could alter HSL functions in the cell.

Given that the N-terminal domain is involved in protein-protein

interactions,7,8 we decided to add prototypical NLS-coding se-

quences at the 3′ end of the LIPE coding sequence. We found

that the addition of an NLS enhanced the nuclear localization

of HSL in HEK293T cells and human preadipocytes, neither of

which express endogenous HSL (Figures S2I and S2J). Next,

we modified the Lipe allele in mouse oocytes to knock in an

NLS sequence (Figures 2A and S2A). The resulting mouse model

with homozygous HSL-NLS alleles showed nuclear levels of HSL

similar to WT mice but markedly blunted cytosolic levels

(Figure 2B). Depletion of HSL expression in the cytosolic

compartment was associated with almost complete suppres-

sion of HSL cytosolic enzymatic activity (Figure S2D). Unlike

HSL-KO mice, fat mass, fat pad weights, adipose tissue

morphology, and expression of adipocyte markers were not

different between HSL-NLS and WT littermates, suggesting

that the pool of nuclear HSL is important for the maintenance

of adipose tissue (Figures 2C–2F).

To investigate whether nuclear HSL levels serve as a limiting

factor in the regulation of adipose tissue mass, we crossed

HSL-KO and HSL-NLS homozygous mice (Figure S2K). Unlike

HSL-NLS mice, which showed similar HSL levels in adipocyte

nuclei compared with control mice, compound heterozygous

mice carrying a null allele and an HSL-NLS allele (HSL-KO/

HSL-NLS) expressed nuclear HSL at lower levels than litter-

mates carrying a WT allele and an HSL-NLS allele (HSL-WT/

HSL-NLS) (Figure S2L). Fat mass percentage and fat pad

weights in HSL-KO/HSL-NLS mice were lower than those in

HSL-WT/HSL-NLS mice (Figures S2M–S2O). These data sug-

gest that the level of nuclear HSL is limiting for the preservation

of adipose tissue mass (Figure S2P).

To show that nuclear HSL is sufficient in a pathophysiological

context with expanded adipose tissue, we investigated HSL-KO

and HSL-NLS mice after 3 months of high-fat diet feeding. HSL-

NLS and WT littermates showed similar fat mass, white fat

pad and liver weights, adipose gene expression of adipocyte

markers, as well as plasma glucose and insulin levels

(Figures 2G–2I and S2Q). Conversely, HSL-KO mice exhibited

lipodystrophy, accompanied by hepatomegaly and dysregula-

tion of glucose and insulin levels (Figures 2J–2L and S2R).

HSL is also expressed in the testis5 (Figure S2S). HSL-KO

male mice are infertile due to lack of HSL catalytic activity.10,16,17

We found that HSL-NLS male mice were infertile (0 pups from 11

females mated with HSL-NLS homozygous male mice vs. 13 ±

5—mean ± SD—pups from 6 females mated with HSL-WT/

HSL-NLS heterozygous male mice). Overall, our results show

that the expression of HSL-NLS is sufficient to preserve adipose

tissue mass but not male fertility, further supporting a specific

role for nuclear HSL in adipocytes (Figure S2T).

HSL regulates mitochondrial metabolism and

extracellular matrix remodeling

HSL interaction with pre-mRNA processing proteins in the

adipocyte nucleus suggests a role in the control of gene expres-

sion. Therefore, we performed transcriptional profiling of human

adipocytes with LIPE small interfering RNA (siRNA)-mediated

knockdown, which resulted in both cytosolic and nuclear deple-

tion of HSL (Figures 3A, 3B, and S3A).18,19 We found that path-

ways related to transforming growth factor β (TGF-β)-regulated

extracellular matrix remodeling were reduced, whereas mito-

chondrial metabolism pathways were induced in HSL-depleted

adipocytes compared with the control cells (Figures 3C and

S3B). These results were confirmed by measurements of

mRNA levels for mitochondrial oxidative phosphorylation

(OXPHOS) and brown/beige adipocyte marker genes, as well

as for TGF-β target genes (Figure S3C). Similar data were ob-

tained in adipose stem cell-derived adipocytes from a different

donor and in primary human adipocytes derived from stromal

vascular progenitor cells (Figures S3D and S3E).20,21 In line

with the gene expression data, analysis of the adipocyte secre-

tome revealed lower levels of a large number of TGF-β-regulated

peptides in the knockdown cells (Figure 3D). Induction of mito-

chondrial gene expression was concomitant with increased

mitochondrial DNA content, as well as OXPHOS and uncoupling

protein 1 (UCP1) protein levels (Figures 3E, 3F, and S3F). Greater

mitochondrial protein levels were associated with greater oxy-

gen consumption and fatty acid oxidation in HSL-depleted adi-

pocytes (Figures 3G, 3H, and S3G). Of note, HSL depletion in hu-

man beige adipocytes led to similar adaptations, indicating that
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the response to HSL depletion is common to white and beige ad-

ipocytes (Figures S3H–S3M), which markedly differ in their mito-

chondrial activity and secretory capacity.22,23 These data show

that HSL depletion reduces expression of TGF-β-associated tar-

gets and increases mitochondrial oxidative phosphorylation.

Nuclear HSL controls mitochondria independently of its

enzymatic activity

We assessed the contribution of HSL enzymatic activity to its

regulation of mitochondria using different strategies. We trans-

fected HEK293T cells with a vector encoding a naturally occur-

ring catalytically inactive form of HSL (HSL[s]),24 which resulted

in lower levels of OXPHOS proteins (Figures S4A and S4B). In hu-

man adipocytes, the antilipolytic conditions of cell culture, i.e.,

the presence of insulin and the lack of agents stimulating

cAMP production, kept the lipolytic activity of HSL to a minimum

(Figure S4C). Therefore, a reduction in lipolysis is unlikely to

contribute to the induction of mitochondrial oxidative phosphor-

ylation observed in HSL-deficient adipocytes (Figure 3). Further-

more, chronic treatment of human adipocytes with an inhibitor

that binds to the HSL catalytic site did not modify mitochondrial

gene expression in white adipocytes (Figure 4A).25 A lack of an

Figure 2. Nuclear HSL regulates adipose tissue mass

(A) Cartoon of HSL-WT and HSL-NLS homozygous mouse models.

(B–F) HSL-WT and HSL-NLS mice were fed a control diet (n = 5, 5). (B) HSL protein expression in subcellular fractions of white adipose tissue. (C) Whole body fat

mass. (D) Subcutaneous (scWAT) and perigonadal (pgWAT) white adipose tissue weights. (E) Bright-field section of adipose tissue. Scale bars, 500 μm. (F) mRNA

levels in white adipose tissue.

(G–I) HSL-WT and HSL-NLS mice were fed a 60% high-fat diet for 12 weeks (n = 10, 9). (G) Whole body fat mass. (H) Weights of scWAT, pgWAT, and liver. (I)

Plasma levels of glucose and insulin in fed and fasted mice.

(J–L) HSL-WT and HSL-KO mice were fed a 60% high-fat diet for 12 weeks (n = 7, 6). (J) Whole body fat mass. (K) Weights of scWAT, pgWAT, and liver. (L) Plasma

levels of glucose and insulin in fed and fasted mice.

Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired Student’s t test (B, D, and G–L) and two-way ANOVA with Sidak post hoc test (C and F).
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effect on mitochondrial gene expression was also observed

following siRNA-mediated depletion of ATGL, encoded by

Pnpla2, which precedes HSL in the sequential breakdown of tri-

acylglycerol (Figures 4B and S4D).1 The nuclear receptor perox-

isome proliferator-activated receptor γ (PPARγ) controls mito-

chondrial biogenesis, and HSL has been suggested to produce

endogenous PPARγ ligands.26–28 Thus, we used either a PPARγ
agonist or an antagonist or both together and found that the in-

duction of mitochondrial genes in HSL-depleted adipocytes is

independent of PPARγ activation (Figure 4C). These data show

that HSL is a regulator of mitochondrial gene expression in

adipocytes independently of its role in lipolysis and PPARγ
activation.

We next wanted to directly study the role of nuclear

HSL in vitro on mitochondria in cell models that do not express

HSL and in vivo in mice. Human preadipocytes expressing

HSL-NLS showed lower mitochondrial gene expression

(Figures S4E and S4F). Expression of HSL-NLS in HEK293T cells

resulted in lower OXPHOS mRNA and protein levels associated

with diminished basal respiration rate compared with control

cells (Figures 4D–4G). In vivo, we injected an adeno-associated

viral vector expressing a nuclear form of HSL with mutation of the

catalytic site serine (HSL-S423A-NLS) into fat pads of HSL hap-

loinsufficient mice (Figure 4H).29 The viral vector injection

induced a 1.5-fold higher level of nuclear HSL expression

compared with the control-injected mice (Figure 4I). This moder-

ately higher level of nuclear HSL content did not modify body and

fat pad weights but did reduce levels of OXPHOS proteins

(Figures 4J, 4K, and S4G). As expected for the expression of

a catalytically inactive form in the nucleus, there was no change

in plasma non-esterified fatty acid or glycerol levels (Figure S4H).

However, HSL-S423A-NLS expression was associated with

diminished glucose tolerance and greater plasma insulin and

glucose levels compared with mice injected with the null vector

(Figures 4L and 4M). These data suggest that accumulation of

nuclear HSL may impact adipocyte function and systemic

metabolism.

HSL mediates the repression of PGC-1α
The induction of PPARGC1A mRNA, encoding PPARγ coactiva-

tor 1-α (PGC-1α), suggests that the transcriptional co-activator

may be involved in mediating the effects of HSL depletion on

the mitochondria30,31 (Figures S3C, S3E, and S3I). PGC-1α, but

not PGC-1β, protein levels were higher in vitro in adipocytes defi-

cient for HSL compared with control cells (Figures 5A and 5B).

HSL-KO mice exhibited higher adipose tissue PPARGC1A

mRNA and PGC-1α protein levels compared with HSL-WT

mice, a difference not observed in HSL-NLS mice (Figures 5C

and 5D). In HSL-depleted white and beige adipocytes,

PPARGC1A mRNA and pre-mRNA levels were higher compared

with controls (Figures 5E and 5F). The degradation rate of

PPARGC1A mRNA was comparable between control adipocytes

Figure 3. HSL depletion in human adipocytes reduces expression of TGF-β-associated targets and increases mitochondrial oxidative phos-

phorylation

(A) Experimental design of LIPE gene silencing in hMADS adipocytes.

(B) HSL protein level in subcellular fractions (n = 3–4 wells from 2 cell passages).

(C) Gene ontology and pathway analyses of genes differentially expressed in response to HSL depletion (n = 3).

(D) Volcano plot of secretome data, green dots show proteins from pathways downregulated in (C) (n = 4 wells from 2 cell passages).

(E) Ratio of mitochondrial (NAD1 or NAD4) vs. nuclear (LPL) DNA (n = 6 wells from 2 cell passages).

(F) OXPHOS protein levels (n = 4 wells from 4 cell passages).

(G) Oxygen consumption rate (OCR) (n = 5–10 wells from 3 cell passages).

(H) 14C-Oleate oxidation level (n = 2 wells from 6 cell passages).

Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 unpaired t test (B, E, and F–H) and two-way ANOVA with Sidak post hoc test (G).
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and those treated with LIPE siRNA, suggesting that HSL acts up-

stream of PPARGC1A pre-mRNA synthesis (Figure 5G). The

direct involvement of PGC-1α in the upregulation of mitochon-

drial genes was shown in adipocytes transfected with siRNAs tar-

geting PPARGC1A (Figure 5H). The induction mediated by HSL

depletion (siLIPE vs. siCTR, control siRNA against green fluores-

cent protein) was markedly blunted when adipocytes were

simultaneously depleted of PGC-1α (siPPARGC1A/siLIPE vs.

siPPARGC1A) (Figure 5I). However, PPARGC1A knockdown

had no effect on the downregulation of TGF-β targets induced

by HSL depletion (Figure 5J). These data suggest that HSL deple-

tion affects energy metabolism in adipocytes by inducing the

Figure 4. The role of nuclear HSL is independent of its enzymatic activity

(A) mRNA levels in hMADS adipocytes chronically treated with DMSO or the specific HSL inhibitor BAY 59-9435 (n = 6 wells from 2 cell passages).

(B) mRNA levels in siLIPE-, siPNPLA2-, and siCTR (control siRNA against green fluorescent protein)-treated hMADS adipocytes (n = 4 wells from 2 cell passages).

(C) mRNA levels in siLIPE- and siCTR-treated hMADS adipocytes treated with the PPARg antagonist GW9662 (10 μM), the PPARg agonist rosiglitazone (Rosi

0.1 μM), or both (Rosi + GW9662) (n = 6 replicates from 2 cell passages).

(D) Experimental design of HEK293T cell transfection using an HSL-NLS-expressing plasmid.

(E) OXPHOS mRNA levels (n = 6 wells from 3 cell passages).

(F) OXPHOS protein levels (n = 5–6 wells from 3 cell passages).

(G) Basal oxygen consumption rate (OCR) (n = 5 wells from 1 cell passage).

(H) Illustration of mouse injection with adeno-associated viral (AAV) vectors expressing no protein (null) or HSL-S423A-NLS in white adipose tissue of HSL

haploinsufficient (HSL-HI) male mice.

(I) HSL protein levels in subcellular fractions after injection of AAV expressing no protein (null vector, n = 3) or HSL-S423A-NLS (n = 4) in white adipose tissue.

(J and K) Body weight (J) and fat pad weights (K) 2 months after AAV injection (n = 9–11).

(L) Glucose tolerance test in mice 1 month after AAV injection (n = 9, 10).

(M) Plasma levels of glucose and insulin in fed and fasted mice 1 and 2 months, respectively, after AAV injection (n = 10–11, 9–11).

Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired Student’s t test (A, B, E–G, and I–M) and two-way ANOVA with Sidak post hoc test (C).
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synthesis of PPARGC1A pre-mRNA, whereas the downregula-

tion of TGF-β target genes is driven by alternative mechanisms.

TGF-β signaling regulates the nuclear accumulation

of HSL

The downregulation of TGF-β target genes prompted us to inves-

tigate the potential modulation of TGF-β signaling in response

to HSL depletion. We found that human adipocytes secrete

TGF-β1, whose production is not affected by HSL depletion

(Figure S5A). Pharmacological inhibition of TGF-β type I receptor

signaling led to a decrease in mRNA levels of THBS1, a canonical

TGF-β signaling target gene, whereas treatment with recombinant

TGF-β1 resulted in an increase in THBS1 mRNA levels

(Figure S5B). An opposite regulatory effect was observed for

PPARGC1A. These findings indicate that TGF-β signaling governs

the expression of pathways influenced by HSL depletion. To

further explore the interdependence between HSL and TGF-β

signaling, we employed combinatorial inhibitory strategies. In

HSL-depleted adipocytes, the induction of mitochondrial genes

was blunted when type I TGF-β receptor signaling was inhibited

(Figure S5C). This suggests that modulation of TGF-β signaling

is involved in the response to HSL depletion. Mothers against de-

capentaplegic homolog (SMAD) 3, a major intracellular effector of

TGF-β signaling, could mediate this regulation in human adipo-

cytes, as it has been previously shown to modulate PGC-1α
expression in mouse adipose tissue and kidney.32–34 Similar to

TGF-β receptor inhibition, HSL depletion did not induce gene

expression of mitochondrial genes when SMAD3 was silenced,

suggesting that HSL and SMAD3 work in concert (Figures 6A

and S5D). Accordingly, mitochondrial oxygen consumption was

not different in adipocytes depleted in SMAD3 alone or in both

SMAD3 and HSL (Figure 6B). When type I TGF-β receptor

signaling was inhibited and when SMAD3 was silenced, the effect

of HSL depletion on the regulation of TGF-β target genes was

Figure 5. Regulation and role of PGC-1α expression in HSL-depleted adipocytes

(A) PGC-1α and PGC-1β protein levels in hMADS white adipocytes (n = 4–6 from 4 cell passages).

(B) PGC-1α protein levels in hMADS beige adipocytes (n = 6 from 1 cell passage).

(C) PPARGC1A mRNA levels in white adipose tissue of SWISS HSL-KO, HSL-NLS, and their respective HSL-WT littermates (n = 5–7).

(D) PGC-1α protein levels in white adipose tissue of male C57BL/6J HSL-KO and HSL-WT mice (n = 6, 8).

(E) PPARGC1A mRNA and pre-mRNA levels in whole and nuclear extracts of hMADS adipocytes (n = 3–8 wells from 2 to 5 cell passages).

(F) PPARGC1A mRNA and pre-mRNA levels in whole extracts of siLIPE- and siCTR-treated hMADS beige adipocytes (n = 3–6 wells from 4 to 5 cell passages).

(G) PPARGC1A mRNA levels in hMADS adipocytes with subsequent actinomycin D treatment (n = 3–4 wells from 3 cell passages).

(H) PPARGC1A mRNA levels in hMADS adipocytes (n = 4 wells from 4 cell passages).

(I and J) mRNA levels of hMADS adipocytes treated with various siRNAs (n = 4 wells from 4 cell passages).

(I) Mitochondrial and cognate transcription factor genes.

(J) TGF-β target genes.

Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired Student’s t test (A–F and H), one-way ANOVA with Tukey post hoc (I and J), and two-way

ANOVA with Sidak post hoc test (G).
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markedly attenuated (Figures 6A and S5C). In the canonical TGF-β
pathway, activated SMAD3 binds SMAD4 to form a complex that

translocates into the nucleus.35,36 Unlike SMAD3, SMAD4 knock-

down did not abrogate the HSL depletion-induced changes in

mitochondrial and extracellular matrix gene expression

(Figures S5D and S5E). These data suggest that HSL participates

in non-canonical TGF-β signaling, regulating the expression of

conventional TGF-β targets, such as extracellular matrix genes,

and also of mitochondrial genes in adipocytes.

As HSL catalytic activity is not involved in the regulation of gene

expression, we tested whether HSL engages in protein-protein

interaction with SMAD3. By co-immunoprecipitation and in situ

proximity ligation assays, we found an interaction between HSL

and SMAD3 in the cytosolic and nuclear compartments of adipo-

cytes (Figures 6C, S6A, and S6B) and in HEK293T cells express-

ing nuclear HSL (Figure S6C). We did not observe an interaction

between HSL and SMAD4 (Figures S6D and S6E). Depletion of

SMAD3 but not of SMAD4 reduced levels of nuclear HSL in

Figure 6. Interaction with SMAD3 controls HSL trafficking into the nucleus

(A) mRNA levels of hMADS adipocytes treated with various siRNAs (n = 4 wells from 4 cell passages).

(B) Oxygen consumption rate (OCR) in hMADS adipocytes (n = 3–4 wells from 3 cell passages).

(C) In situ proximity ligation assays (red signals) using anti-HSL and anti-SMAD3 antibodies (PLA HSL/SMAD3) in hMADS adipocytes. Nuclei were labeled in blue

with DAPI. Scale bar, 15 μm.

(D) HSL protein level in subcellular fractions of hMADS adipocytes treated with siSMAD3 (n = 2–3 wells from 2 cell passages).

(E) SMAD3 protein levels in subcellular fractions of hMADS adipocytes treated with siLIPE (n = 3–5 wells from 2 cell passages).

(F) Protein levels of HSL, SMAD3, and phospho-SMAD3 in subcellular fractions of vehicle- (CTR) or TGF-β1-treated hMADS adipocytes (n = 1–3 wells from 4 cell

passages).

(G) In situ proximity ligation assays (red signals) using anti-HSL and anti-SMAD3 antibodies (PLA HSL/SMAD3) in vehicle-treated (control) or TGF-β1-treated

hMADS adipocytes. Nuclei were labeled in blue with DAPI. Scale bars, 10 μm.

(H) Immunoprecipitation of SMAD3 followed by immunodetection of HSL and SMAD3 in whole extracts from vehicle-treated (CTR) and TGF-β1-treated hMADS

adipocytes (n = 2).

(I) Immunoprecipitation of SMAD3 followed by immunodetection of HSL and SMAD3 in white adipose tissue of mice fed a control (CD) or a 60% high-fat diet (HFD)

(n = 2).

Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired Student’s t test (D–F), one-way ANOVA with Tukey post hoc test (A), and two-way ANOVA (B).
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adipocytes (Figures 6D and S6F). Conversely, depletion of HSL

diminished SMAD3 nuclear content (Figure 6E). Treatment of hu-

man adipocytes with recombinant TGF-β1 induced phosphoryla-

tion and nuclear translocation of SMAD3, as well as nuclear accu-

mulation of HSL, without altering the phosphorylation status of

HSL (Figures 6F and S6G). Furthermore, TGF-β1 treatment

enhanced the formation of SMAD3/HSL and SMAD3/SMAD4

complexes but did not promote an interaction between SMAD4

and HSL in human adipocyte nuclei (Figures 6G, 6H, and S6H).

Recombinant TGF-β1 also increased HSL nuclear accumulation

ex vivo in mouse adipose tissue explants (Figure S6I). These

data reveal that TGF-β-mediated activation of SMAD3 induces

the formation of canonical SMAD3/SMAD4 and cell-specific

SMAD3/HSL complexes. In mice with diet-induced obesity, we

observed an increase in the formation of HSL/SMAD3 complexes

and HSL accumulation in adipocyte nuclei (Figures 6I and S6J).

The SMAD3/HSL complex favors the nuclear import of HSL and

could therefore contribute to the increase of HSL nuclear content

in a pathophysiological context.

PKA signaling regulates nuclear HSL export

Following investigation of the mechanism of import, we studied the

export of HSL from the nucleus to the cytosol. Treatment of human

adipocytes with leptomycin B, an inhibitor of the exportin 1

Figure 7. PKA signaling controls the export of nuclear HSL

(A) HSL immunostaining (yellow) in DMSO-treated or leptomycin B (Lep.B)-treated hMADS adipocytes. Nuclei were labeled in blue with DAPI. Scale bars, 15 μm.

(B) Protein levels of HSL, phospho-HSL (HSL-P660), and the catalytic subunit of PKA (cPKA) in subcellular fractions (n = 1–4 wells from 9 cell passages) and in

total cell extract (n = 2–4 wells from 3 cell passages) of DMSO-treated and forskolin (FK)-treated hMADS adipocytes.

(C) HSL immunostaining (yellow) in DMSO- (control) and FK-treated hMADS adipocytes. Nuclei were labeled in blue with DAPI. Scale bars, 15 μm.

(D) Protein levels of HSL, phospho-HSL (HSL-P660), and phospho-SMAD3 in subcellular fractions of DMSO-treated (CTR), FK-, TGF-β1-, or FK- and TGF-β1-

treated (FK + TGF-β1) hMADS adipocytes (n = 3 wells from 3 cell passages).

(E) In situ proximity ligation assays (red signals) using anti-HSL and anti-SMAD3 antibodies in DMSO-treated or FK-treated hMADS adipocytes. Nuclei were

labeled in blue with DAPI. Scale bars, 10 μm.

(F) Immunodetection of HSL in sorted adipocyte nuclei from subcutaneous (scWAT) and perigonadal (pgWAT) white adipose tissue of mice treated with saline or

the β3-adrenergic receptor agonist CL-316,243 (n = 1–2).

(G) HSL protein levels in subcellular fractions of white adipose tissue from mice in fed or fasted state (n = 8–7).

Data are mean ± SEM. **p < 0.01, ***p < 0.001 by unpaired Student’s t test (B and G) and one-way ANOVA with Tukey post hoc (D).
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(chromosomal region maintenance 1, CRM1), led to nuclear accu-

mulation of HSL (Figures 7A and S7A), indicating that HSL, like

SMAD4,37 must be continuously shuttling between the nucleus

and the cytoplasm. In line with these data, the prediction algo-

rithms, LocNES and NetNES, identified a potential NES located

in the regulatory domain of HSL (Figure S7B).5,38,39 Deletion of

the predicted sequence resulted in accumulation of the mutant

HSL protein in the nuclei of HEK293T cells (Figure S7C).

During lipolysis, HSL is phosphorylated by PKA on specific

sites in the regulatory domain.5 These sites are located close

to the NES (Figure S7B). Treatment of human adipocytes with

the adenylyl cyclase activator, forskolin, promoted a decrease

in nuclear HSL content and favored its localization to the lipid

droplet surface without alterations in total HSL protein content

(Figures 7B and 7C).40 Consistent with nuclear HSL phosphory-

lation, the catalytic subunit of PKA is present in human adipocyte

nuclei (Figure 7B). Combined treatment with TGF-β1 and forsko-

lin revealed that the latter was predominant over the former in

regulating HSL nuclear localization (Figure 7D). HSL nuclear

export induced by forskolin was accompanied by a diminution

of HSL interaction with SMAD3 in adipocyte nuclei without alter-

ations of SMAD3 nuclear content (Figures 7E, S7D, and S7E).

Similar to forskolin treatment, glucose and insulin deprivation

of human adipocytes, which triggers a fasting-like condition

in vitro, induced HSL phosphorylation and nuclear export

(Figures S7F–S7H). Such cAMP-dependent regulation was also

shown in vivo in mouse adipocytes. Isolated adipocyte nuclei

from mice acutely treated with a β3-adrenergic receptor agonist,

CL316,243, showed decreased nuclear HSL content in fat de-

pots (Figure 7F).41 Furthermore, we found that the HSL nuclear

content was lower in the fasted state compared with the fed state

(Figure 7G). Together, these data argue that HSL relocation from

the nucleus to the lipid droplet is regulated by PKA and its nu-

clear content is modulated by fasting.

DISCUSSION

Since its initial identification,4 HSL has been regarded as a cyto-

solic enzyme involved in adipocyte lipolysis. However, the HSL

protein family serves diverse functions in all three domains of

life.5 In plants, an HSL-like protein devoid of enzymatic activity,

the gibberellin receptor GID1, is localized in the nucleus.42 In

bacteria, another member of the HSL family, Aes, inhibits

MalT, a transcriptional activator of maltose metabolism genes,

through protein-protein interaction.43,44 Here, we show that

HSL is localized within the adipocyte nucleus. Mice with cyto-

solic depletion of HSL but preserved nuclear expression did

not develop lipodystrophy, a phenotype observed both in mice

and humans with complete HSL deficiency.10–12 Moreover, nu-

clear HSL levels appear to be a limiting factor in the regulation

of adipose tissue mass. Furthermore, overexpression of nuclear

HSL resulted in adverse effects on glucose homeostasis, sug-

gesting that a precise nuclear HSL concentration is critical for

proper adipocyte function. The nuclear localization of HSL in ad-

ipocytes thus implies a significant role in adipose tissue biology

that is independent of its cytosolic functions.

In adipocytes, HSL is a component of a complex that includes

the TGF-β signaling mediator SMAD3. The interaction between

HSL and SMAD3 favors the translocation of both proteins into

the nucleus and the expression of conventional TGF-β target

genes. These genes encode components of the extracellular

matrix,45 whose secretion is regulated by HSL. Interactions be-

tween SMAD3 and HSL as well as between SMAD3 and

SMAD4 appear to be mutually exclusive.35 HSL is therefore a

novel cell type-specific regulatory factor of the TGF-β pathway.

The nature of the extracellular matrix genes regulated by the

SMAD3/HSL and SMAD3/SMAD4 complexes is not yet known.

In human fibroblasts, TGF-β signaling provides a cell-autono-

mous connection between the extracellular matrix and mito-

chondria.46 This pathway is evolutionarily conserved. We show

that, in adipocyte nuclei, HSL is involved in the repression of

PPARGC1A pre-mRNA synthesis, which in turn downregulates

mitochondrial metabolism. The negative regulation of mitochon-

drial metabolism remains poorly documented. We identify a dy-

namic inhibitory pathway operational in white and beige adipo-

cytes, revealing that HSL action is independent of and

additional to the canonical beigeing transcriptional program.2

Upon catecholamine stimulation of adipocytes, the dynamic

inhibition of mitochondrial metabolism by TGF-β is abrogated.

Mechanistically, this is mediated by PKA, which, upon activation

by catecholamines, phosphorylates HSL in its regulatory

domain, conferring the propensity of HSL for interorganellar traf-

ficking. This phosphorylation event leads to nuclear export of

HSL, which eliminates transcriptional repression of PPARGC1A.

Lifting this inhibitory pathway may facilitate the catecholamine-

induced transcriptional activation by ATF/CREB.47 This work rai-

ses the question of the interdependence between ATF/CREB

activation and HSL nuclear export in the induction of mitochon-

drial metabolism.

During the development of obesity, adipose tissue production

of TGF-β and extracellular matrix increases,33,48 whereas sensi-

tivity to catecholamine-induced lipolysis is impaired.49 In mice,

diet-induced obesity and insulin resistance result in an opposite

regulation of TGF-β and mitochondrial gene expression in adipo-

cytes.50 An increase in adipocyte nuclear HSL content may

contribute to adipocyte dysfunction, such as extracellular matrix

deposition and impaired mitochondrial metabolism, and associ-

ated dysregulation of systemic metabolism.45,51–53

We provide evidence that nuclear HSL contributes to the

maintenance of adipose tissue mass. Furthermore, the transport

of adipocyte HSL between the nucleus, the cytosol, and lipid

droplets allows for a coordinated control of three major path-

ways of triacylglycerol metabolism, lipolysis, de novo lipogen-

esis, and fatty acid oxidation.4,19 In terms of signaling pathways,

HSL appears to be a node connecting the PKA and TGF-β path-

ways. Fine-tuning of nuclear HSL levels may be essential to

ensure proper adipocyte function.

Limitations of the study

In vitro experiments were performed under conditions of

reduced HSL enzymatic activity. HSL engages with a broad

spectrum of nuclear proteins in adipocytes; however, the func-

tional implications of these interactions remain unclear. Notably,

the involvement of HSL in the transcriptional repression of

PPARGC1A requires further elucidation. Our findings indicate

that HSL interacts with SFPQ and NONO, both members of the

DBHS protein family.15 DBHS proteins are implicated in multiple

stages of gene expression, including transcription, RNA splicing
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and editing, RNA transport, and translation.54 Additionally, they

form dynamic dimers with various partners, suggesting adipo-

cyte-specific functions for HSL in these processes that remain

to be elucidated. Of particular relevance, PSPC1, another

DBHS family member, has been shown to promote adipogenesis

in vitro and contribute to adipose tissue mass expansion in vivo.55

Our findings provide evidence that nuclear export of HSL follows

a well-characterized pathway involving PKA-mediated phos-

phorylation and classical exportin-dependent transport.

Mutating the phosphorylation sites within the HSL regulatory

domain could provide information on NES-mediated nuclear

export. The mechanisms governing SMAD3-mediated nuclear

import remain unclear. The specific protein domains mediating

HSL-SMAD3 interaction have yet to be identified. Furthermore,

SMAD3 participates in signaling pathways beyond TGF-β type

I receptor signaling in adipocytes. HSL may contribute to

SMAD3-mediated transcriptional regulation in pathways other

than canonical TGF-β signaling. In vivo, the molecular basis of

lipodystrophy in HSL-deficient mice and humans remains un-

clear. Male sterility precludes direct comparison between HSL-

KO and HSL-NLS mice obtained by crossing double heterozy-

gous mice. Each genotype was therefore compared with its

respective WT counterparts. The mechanisms implicating HSL

in adipose tissue maintenance remain unclear and may involve

both enzymatic and non-enzymatic activities of HSL. Expression

of HSL with an intact or mutated catalytic site, whose expression

is restricted to the nucleus or cytosol, may provide insights.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti LAMIN A/C Cell Signaling Technology Cat# 4777; RRID: AB_10545756, clone

4C11, lot 5

Rabbit monoclonal anti GAPDH Cell Signaling Technology Cat# 2118; RRID: AB_561053, clone

14C10, lot 14

Rabbit polyclonal anti PGC-1-α Novus Cat# NBP1-04676; RRID: AB_1522118,

clone Q9UBK2

Rabbit monoclonal anti PGC-1-β Abcam Cat# ab176328; RRID: AB_2893194, clone

EPR12370

Rabbit monoclonal anti HSL Cell Signaling Technology Cat# 18381; RRID: AB_2798800, clone

D6W5S, lot 1

Rabbit polyclonal anti HSL Cell Signaling Technology Cat# 4107; RRID: AB_2296900, lot 4

Mouse monoclonal anti HSL Santa Cruz Biotechnology Cat# sc-74489; RRID: AB_2135504, clone

G-7, lot J0520

Rabbit polyclonal anti phospho-serine

660-HSL

Cell Signaling Technology Cat# 4126; RRID: AB_490997, lot 3

Rabbit polyclonal anti phospho-serine

660-HSL

Cell Signaling Technology Cat# 45804; RRID: AB_2893315, lot 1

Mouse monoclonal anti SFPQ Abcam Cat# ab11825; RRID: AB_298607, clone

B92, lot GR33268352-14

Rabbit polyclonal anti SFPQ Abcam Cat# ab38148; RRID: AB_945424, lot

GR3267048-3

Rabbit anti-nmt55/p54nrb (NONO) Abcam Cat# ab70335; RRID: AB_1269576, lot

GR201728-56

Rabbit polyclonal anti UCP1 Abcam Cat# ab10983; RRID: AB_2241462, lot

GR3329095-1

Mouse monoclonal anti OXPHOS Abcam Cat# ab110411; RRID: AB_2756818, lot

GR3272307-3

Rabbit monoclonal anti SMAD3 Abcam ab40854; RRID: AB_777979, clone

EP568Y, lot GR3255567-2

Rabbit monoclonal anti phospho serine423

and serine425 SMAD3

Abcam Cat# ab52903; RRID: AB_882596, clone

EP823Y, lot GR3248717-6

Mouse monoclonal anti SMAD4 Santa Cruz Biotechnology Cat# sc-7966; RRID: AB_627905, clone

B-8, lot L0220

Rabbit polyclonal anti ACC Cell Signaling Technology Cat# 3662; RRID: AB_2219400, lot 8

Rabbit monoclonal anti H3K9me2 Abcam Cat# ab32521; RRID: AB_732927, clone

Y79, lot GR3228498-2

Rabbit polyclonal anti RNApolII CTD Abcam Cat# ab26721; RRID: AB_777726, lot

GR3305785-2

Rabbit polyclonal anti FABP4 Cell Signaling Technology Cat# 2120; RRID: AB_2102466, lot 3

Rabbit polyclonal anti PKAc-alpha Cell Signaling Technology Cat# 4782; RRID: AB_2170170, lot 3

Rabbit monoclonal anti H3 Cell Signaling Technology Cat# 4499; RRID: AB_10544537, clone

D1H2, lot 9

Anti-rabbit horse radish peroxidase-

labelled secondary antibody

Cell Signaling Technology Cat# 7074; RRID: AB_2099233, lot 29, 30,

31, 32

Anti-mouse horse radish peroxidase-

labelled secondary antibody

Cell Signaling Technology Cat# 7076; RRID: AB_330924, lot 34, 35

Anti-mouse Alexa-fluor 488-conjugated Invitrogen Cat# A11029; RRID: AB_2534088

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Normal Rabbit IgG Cell Signaling Technology Cat# 2729; RRID: AB_1031062

Normal Mouse IgG Santa Cruz Biotechnology Cat# sc-2025; RRID: AB_737182, lot G2020

Chemicals, peptides, and recombinant proteins

CL-316,243 Sigma-Aldrich Cat# C5976

BAY 59-9435 NoValix N/A

Rosiglitazone Cayman Cat# CAY-7140-100

Tris Sigma-Aldrich Cat# T1378

Insulin (10 mg/mL) Sigma-Aldrich Cat# L9278

Triiodothyronine Sigma-Aldrich Cat# T6397

Transferrin Sigma-Aldrich Cat# T 8158

IBMX Sigma-Aldrich Cat# I5879

Dexamethasone Sigma-Aldrich Cat# D4902

SB431542 Sigma-Aldrich Cat# 616461

TGFβ1 Peprotech Cat# 100-21C

Forskolin Sigma-Aldrich Cat# F6886

Leptomycin B Sigma-Aldrich Cat# L2913

DMSO Sigma-Aldrich Cat# D2650

D-PBS Sigma-Aldrich Cat# D8537

Cholesteryl[1-14C]oleate PerkinElmer Cat# NEC638

Cholesteryl oleate Sigma-Aldrich Cat# C9253

[1-14C] oleic acid PerkinElmer Cat# NEC317

Oleic acid Sigma-Aldrich Cat# O1383

Benzethonium hydroxide Sigma-Aldrich Cat# B2156

L-carnitine Sigma-Aldrich Cat# C0158

Sucrose Sigma-Aldrich Cat# S0389

Dithioerythritol Sigma-Aldrich Cat# D9779

Leupeptin Sigma-Aldrich Cat# L2884

Antipain Sigma-Aldrich Cat# A6191

Human fibroblast growth factor 2 (hFGF2) Gibco Cat# PHG0261

L- Glutamine ThermoFischer Scientific Cat# 25030-024

Collagenase Type I Sigma-Aldrich Cat# C0130

Collagenase Type II Worthington Cat# LS004176

Trypsin-EDTA ThermoFischer Scientific Cat# 25300-054

Penicillin G 10 000U/mL & Streptomycin

10 000μg/mL

ThermoFischer Scientific Cat# 15140-122

Human FGF2 100 μg PreproTech Cat# 100-18B

Hepes (1M) Ozyme Cat# BE 17-737E

HAM’s F12 with L-Glutamine Ozyme Cat# 12-615F

DMEM low glucose (1g/L) with GlutaMAX Gibco Cat# 21885

DMEM low glucose (1g/L) Sigma-Aldrich Cat# D6446

DMEM high glucose (4.5 g/L) with

L-glutamine

Sigma-Aldrich Cat# D6429

F12 Nutrient mixture Gibco Cat# 21765

Trypsin-EDTA Gibco Cat# 25300

Fetal bovine serum Gibco Cat# 10270, lot 42Q5881K

Multiscribe Reverse Transcriptase ThermoFischer Scientific Cat# 4368813

Fast SYBR Green Master Mix ThermoFischer Scientific Cat# 4385614

Taqman Fast Advanced Master Mix ThermoFischer Scientific Cat# 4444558

A magnetic bead Invitrogen Cat# 10002

G magnetic bead Invitrogen Cat# 10003

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SDS-PAGE gel (4-–20% gradient) Biorad Cat# 5678094 ou 5678095

Trans-Blot turbo RTA transfert kit,

nitrocellulose membrane

Biorad Cat# 1704271

Clarity Western ECL Substrate Biorad Cat# 170-5060

Clarity max Western ECL Substrate Biorad Cat# 1705062

D-(+) glucose Sigma Cat# G8270

Bovine serum albumin (BSA) Sigma Cat# A7030

Formalin solution Sigma Cat# HT501128

Paraformaldehyde Sigma Cat# 10267934

Triton X-100 Sigma Cat# T9284

Hoechst 33342 Invitrogen Cat# H3570

In Situ Mounting Medium with DAPI Sigma-Aldrich Cat# DUO82040

Eosin G o Y 0.5% alcoholic Diapath Cat# C0353

Mayer hematoxylin Diapath Cat# C0303

Cacodylate buffer EMS Cat# 11655

EMbed812 resin EMS Cat# 14120

Histoclear II National Diagnostics Cat# HS-202

Sequencing Grade Modified Trypsin Promega Cat# V5111

S-Trap micro (≤100μg), 80 Pack Protifi Cat# C02-micro-80

Tris(2-carboxyethyl)phophine

hydrochloride, 10g

Sigma-Aldrich Cat# C4706-10g lot 0000392536

2-Chloroacetamide Sigma-Aldrich Cat# C0267-100G

Acetonitrile gradient grade ≥ 99.9% Sigma-Aldrich Cat# 10000292500

Methanol gradient grade ≥ 99.9% Sigma-Aldrich Cat# 1060072500

Formic Acid 98%-100% Sigma-Aldrich Cat# 5330020050

Trifluoroacetic acid ≥ 99.0% Sigma-Aldrich Cat# 80457-10ML

Trichloroacetic acid Sigma-Aldrich Cat# T9159-250G

N-Lauroylsarcosine sodium salt Sigma-Aldrich Cat# 61743-25G

DL-Dithiothreitol Sigma-Aldrich Cat# D0632-5G

Iodoacetamide Sigma-Aldrich Cat# I6125-5G

Triethanolamine Sigma-Aldrich Cat# 90279-100ML

Acrylamide/Bis-acrylamide solution Sigma-Aldrich Cat# A3699-5x100mL

1,2-Bis(dimethylamino)ethane (TEMED) Sigma-Aldrich Cat# T9281-25ML

Stacking Gel Buffer for PAGE Biorad Cat# 1610799

Resolving Gel Buffer for PAGE Biorad Cat# 1610798

Ammonium Persulfate (APS) Biorad Cat# 1610700

Critical commercial assays

NEFA C kit Fujifilm Wako Cat# SBDW1W434-91795;

SBDW1W436-91995

Free Glycerol reagent Sigma-Aldrich Cat# F6428

Glucose GOD FS kit DiaSys Cat# 1 2500 99 10 026, lot 24781

Insulin ultrasensitive ELISA kit ALPCO Diagnostics Cat# 80-INSMS-E1

Triglyceride reagent Sigma-Aldrich Cat# T2449

Lipofectamine 2000 Invitrogen Cat# 11668-019

Lipofectamine RNAimax Invitrogen Cat# 13778150

Neon transfection system kit Invitrogen Cat# MPK10096

Protein Subcellular Fractionation Kit for

Tissues

Thermo Fisher Scientific Cat# 87790

Nuclear Extract Kit Active Motif Cat# 40010

Nuclei EZ Prep Sigma Cat# NUC101-1KT

DNeasy kit Qiagen Cat# 69504

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Qiazol buffer Qiagen Cat# 79306

RNeasy kit Qiagen Cat# 74106

DNaseI Invitrogen Cat# 18068-015

BCA Protein Assay kit ThermoFisher Cat# 23225

Duolink In Situ Reagents Sigma-Aldrich Cat# DUO92101

DC Protein Assay Kit II Biorad Cat# 5000112

Seahorse XF Cell Mito Stress Kit Agilent 103015

SurePrint G3 Human GE v3

microarray (8X60K)

Agilent Design 072363

Experimental models: Organisms/strains

Mouse: B6.129P2-Lipetm1Rze

backcrossed > 10 times on C57BL/6J

genetic background: C57BL6/J HSL

KO mice

Rudolf Zechner, University of Graz N/A

Mouse: Rj:SWISS-Lipeem1Land SWISS

HSL-KO mice

This paper (Dominique Langin, I2MC) N/A

Mouse: Rj:SWISS-Lipeem2Land SWISS

HSL-NLS mice

This paper (Dominique Langin, I2MC) N/A

Oligonucleotides

siRNA sequences are listed in Table S1 N/A

Oligonucleotide sequences used in

quantitative PCR are listed in Table S2

N/A

Sequences of guide RNAs and single-

stranded DNAs are listed in Table S3

N/A

Oligonucleotide sequences used in reverse

transcription-quantitative PCR are listed in

Table S4

N/A

Software and algorithms

GraphPad Prism (version 9.5.0 for PC,

version 10.01 for Mac)

GraphPad https://www.graphpad.com

QuPath-0.3.0 QuPath-0.3.0.Ink N/A

Maxquant Max Planck Institute of Biochemistry https://www.maxquant.org/

Perseus Max Planck Institute of Biochemistry https://maxquant.net/perseus/

Spectronaut Biognosys N/A

Other

Glucometer Roche SAS Glucotrend Accu-Chek Performa

Mouse: Chow diet Ssniff V1534

Mouse: 60% high-fat diet Ssniff E15742-347

Microporator Invitrogen Neon Electroporation system

SeaHorse XFe24 Analyzer Agilent N/A

Confocal LSM780 and LSM900 Zeiss N/A

Slide scanner system Hamamatsu nanozoomer

UltiMate 3000 RSLCnano system Thermo Fisher Scientific N/A

Q Exactive Plus Hybrid Quadrupole-

Orbitrap Mass Spectrometer

Thermo Fisher Scientific N/A

TIMS-TOF SCP mass spectrometer Bruker N/A

HT 7700 Transmission electron microscope Hitachi N/A

Quant Studio 5 ThermoFisher N/A

Deposited data

Data S1 – Uncropped Scans and

Source Data

This paper N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models

Mice were housed at 22◦C on a 12-h light (7am-7pm), 12-h dark cycle and manipulated according to Inserm guidelines and European

Directive 2010/63/UE in the local animal care facility (agreements A 31 555 008, B 31 555 011 and C 31 555 011). Protocols were

approved by the French Ministry of Research (APAFIS #34176-2021112915333477) after review by local ethics committee (comité

d’éthique en expérimentation animale de l’UMS006/CREFRE, CEEA122, Toulouse, France).

HSL-KO mice on the C57BL6/J genetic strain have been previously described.56 We used one cell embryos from Swiss-CD1 mice

to produce novel knock-in and knock-out mouse models. Five- to seven-week-old female mice were superovulated as previously

described.57 Zygotes were kept in KSOM medium (Merck-Sigma) in a water jacketed CO2 incubator (5% CO2, 37◦C) until

electroporation.

In silico analysis was performed using CRISPOR freeware (http://crispor.tefor.net).58 To produce HSL-KO Swiss mice, guide RNA

(sgRNA) were designed in exon 6 (Table S3). To produce knock-in Swiss mice expressing HSL-NLS, sgRNA and single-strand DNA

(ssDNA) containing three copies of the SV40 T-antigen NLS and homology arms were designed to target the end of the coding region

in Lipe exon 9 nearby the Stop codon. sgRNAs and ssDNA were chemically synthesized by IDT and stored at -80◦C until use. Effi-

cacies of sgRNAs were first tested in mouse embryonic fibroblasts. Following genomic DNA extraction, T7 endonuclease tests were

performed on amplicons.

To induce modifications in the Lipe locus, SpyCas9-NLS was complexed with sgRNAs. Aliquots of sgRNA were denaturated at

80 ◦C for 2 min and then put on ice 2 min before adding the protein. The complex was performed at 1.3-1.7:1 (sgRNA:Cas9 protein)

molar stoichiometry. Cas 9 protein and sgRNA were incubated 10 min at room temperature and kept on ice during electroporation.

For knock-in experiments, ssDNA was added together with the Cas9 protein. Electroporation was performed as previously

described.57 Zygotes were then transferred into KSOM medium and kept in an incubator until reimplantation into the oviduct of

Swiss-CD1 or B6CBA/F1 (Janvier Labs, France) pseudopregnant females (10–15 embryos per female).

Cell models

Human multipotent adipose-derived stem cells (hMADS3 herein referred to as hMADS) and hMADS2 cells, derived from two different

donors, were used between passages 16 and 25.22 Cells were seeded at a density of 5000 cells/cm2 in DMEM supplemented with

10% fetal bovine serum (Gibco), 15 mM Hepes, 2.5 ng/ml hFGF2, 60 mg/mL penicillin, and 50 mg/mL streptomycin. hFGF2 was

removed when cells reached confluence. Cells were triggered for differentiation at day 2 post-confluence (designated as day 0) in

DMEM/Ham’s F12 media supplemented with 10 mg/mL transferrin, 10 nM insulin, 0.2 nM triiodothyronine, 1 mM dexamethasone,

500 mM IBMX and 100 nM rosiglitazone. After three days, the culture medium was replaced with one lacking dexamethasone and

IBMX. On day 9, rosiglitazone was removed to promote differentiation toward white adipocytes. When indicated, adipocytes were

directed towards a beige phenotype by addition of 100 nM of the PPARγ agonist, rosiglitazone, between day 14 and day 18.

Human primary preadipocytes were obtained from subcutaneous adipose tissue of 25 obese men included the MONA

(NCT02161926) clinical trial conducted at the Clinical Investigation Center, Inserm, Toulouse University Hospital, France.59 The study

was approved by Comité de Protection des Personnes and Agence Nationale de Sécurité du Médicament et des produits de santé

(ANSM), France. Volunteers provided informed consent before participation in the studies. Subcutaneous abdominal adipose tissue

was digested with collagenase type I (Sigma-Aldrich). Following filtration (250μM) and centrifugation (10 min at 300g), the pellet con-

taining cells from the stromal vascular fraction was incubated for 10 min in erythrocyte lysis buffer. Cells were then filtrated (70μM),

centrifuged (10 min at 300g), resuspended in PM4 proliferation medium with 132 nM insulin and plated into 35 mm Petri dish.60 PM4

was replaced every second day. Cells were sub-cultured at 70% confluence. Differentiation of 2-day post-confluent cells was

induced by DMEM/HamF12 medium supplemented with 66 nM insulin, 1 μM dexamethasone, 1 nM triiodothyronine, 0.1 μg/mL

transferrin, 0.25 mM IBMX, and 1 μM rosiglitazone. After 6 days, rosiglitazone and IBMX were omitted and dexamethasone was re-

placed with 0.1 μM cortisol.59,61,62

Total stromal vascular fraction from HSL-WT and HSL-KO mice was isolated from inguinal fat depot.61 Briefly, tissue was minced

and incubated for 45min in PBS supplemented with 1% BSA (Sigma-Aldrich) and collagenase type II (Worthington). Single cell sus-

pension was then passed through a 45μm filter and spun at 300g for 5 min. The supernatant was discarded and the total SVF seeded

in DMEM supplemented with 10% fetal bovine serum and Penicillin-Streptomycin. Once at confluence, adipogenic differentiation

was induced by supplementing the media with rosiglitazone (1μM), IBMX (125μM), dexamethasone (100nM) and insulin (17nM) for

3 days, then only insulin for 4 additional days.

HEK293T cells (ATCC-CRL-3216) were cultured in DMEM supplemented with 10% fetal calf serum (Invitrogen).

METHOD DETAILS

Measurements in human cells

RNA interference

RNA interference was achieved by siRNA. Briefly, on day 7 of differentiation, hMADS cells were detached from culture dishes with

trypsin-EDTA (Invitrogen). Control siRNA against green fluorescent protein and gene-specific siRNA for LIPE (Eurogentec),

PPARGC1A (pool of 4 siRNAs, Dharmacon), PNPLA2 (Eurogentech), SMAD3 (Invitrogen) and SMAD4 (Ambion) were delivered
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into adipocytes using a microporator (Neon Electroporation system, Invitrogen) (1100 V, 20 ms, 1 pulse). Sequences are shown in

Table S1. For measurement of oxygen consumption in hMADS adipocytes and of gene expression in human primary adipocytes,

siRNA was delivered using Lipofectamine RNAimax (Invitrogen) according to the manufacturer’s protocol.

Pharmacological treatments

Chronic inhibition of HSL activity was achieved between day 7 and 18 of hMADS preadipocyte differentiation using 1μM of BAY 59-

9435 (NoValix), a selective HSL enzymatic inhibitor.25 Inhibition of type I TGFβ receptor-mediated SMAD3 phosphorylation was

achieved using 10 μM SB431542 (Sigma) between day 14 and 18 of differentiation. TGFβ1 (Peprotech) was used at 5ng/mL for

3 h to assess SMAD3/HSL nuclear translocation, and 24 h to measure PPARGC1A mRNA levels. HSL phosphorylation was induced

using 10 μM of the adenylyl cyclase activator, forskolin (Sigma). The CRM1 exportin inhibitor, leptomycin B (Sigma), was used for 8 h

at 50 nM to investigate HSL nuclear transport.

Oxygen consumption rate

hMADS preadipocytes were seeded and differentiated into 24 multi-well plates (Seahorse Bioscience). Oxygen consumption rate

(OCR) was determined using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience). Cells were incubated 1 h at 37◦C in unbuf-

fered XF assay medium supplemented with 2 mM GlutaMAX, 1 mM sodium pyruvate and 10 mM glucose. Mito stress test was

achieved through subsequent additions of oligomycin (1.2 μM), FCCP (1 μM), and rotenone/antimycin A (2 μM each). Basal OCR

was calculated by subtraction of rotenone and antimycin A-induced OCR from the unstimulated OCR value. Maximal respiration

was determined using FCCP. Proton leak was calculated by subtraction of FCCP-induced to rotenone and antimycin

A-induced OCR.

Mitochondrial DNA quantitation

Cells were scrapped in PBS and total DNA was extracted using DNeasy kit (Qiagen). Primers used in real-time quantitative PCR are

shown in Table S2. Mitochondrial DNA quantitation was calculated as ΔΔCt of the mitochondrial genes NAD1 or NAD4 using LPL as a

nuclear housekeeping gene.

Oleate oxidation assays

For oleate oxidation assays, cells in six-well plates were incubated during 3 h in 1 ml Krebs-Ringer buffer with 3% BSA, 1 mM

L-carnitine, 80 μM oleic acid, 1 μCi/ml [1-14C] oleic acid (PerkinElmer). Medium was then transferred and acidified with 1 M sulfuric

acid in closed vials containing a central well filled with benzethonium hydroxide (Sigma). After 2 h incubation, trapped 14CO2 was

measured by liquid scintillation counting in Tri-Carb 2100TR (Packard). Cells were washed and then scraped in cold buffer PBS

0,1% SDS for protein normalization.63

Chromatin isolation

For preparation of cytosolic and chromatin extracts for protein quantitation, hMADS adipocytes were fractionated using Protein Sub-

cellular Fractionation Kit for Tissues (Thermo Fisher Scientific) according to the manufacturer’s instruction.

DNA microarray

Total RNA from white and beige hMADS adipocytes transfected with HSL (siLIPE) and green fluorescent protein (as control, siCTR)

targeting siRNAs was used to prepare Cyanine-3-labeled cRNA for hybridization on a SurePrint G3 Human GE v3 microarray (8X60K,

Design 072363). Experimental protocol and data analyses were performed as described.57 Gene expression data have been depos-

ited at the NCBI’s public data repository Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/gds/) with the dataset identifier

GSE186544.

DNA constructs and cell transfection

HEK293T cells were transfected using lipofectamine 2000 (Invitrogen) with 1μg each of pcDNA3 expressing native human HSL, short

inactive HSL (HSL(s)), nuclear export signal-deleted HSL (HSLΔNES) or nuclear localization signal-tagged HSL (HSL-NLS) as well as

empty plasmids. HSL(s) and HSLΔNES were respectively obtained from a naturally occurring isoform that skips exon 624 and a dele-

tion between residues 566 to 580. Three copies of the SV40 T-antigen NLS were inserted at the C-terminus of HSL to produce HSL-

NLS. hMADS preadipocytes were transduced with adenoviral particles encoding HSL-NLS (VectorBiolabs).

In situ proximity ligation assay and immunofluorescence

Cells were fixed with 4% paraformaldehyde (Sigma) for 15 min and permeabilized for 10 min at room temperature with 0.2% Triton

X-100 (Sigma). The following primary antibodies were incubated overnight at 4 ◦C: anti-HSL (murine antibody sc-74489, Santa

Cruz Biotechnology or rabbit antibody, 18381, Cell Signaling Technology), anti-SMAD3 (rabbit antibody ab40854, Abcam), anti-

SMAD4 (murine antibody sc-7966, Santa Cruz), anti-SFPQ (rabbit antibody ab38148, Abcam), anti-NONO (rabbit anti-nmt55/

p54nrb ab70335, Abcam) and anti-RNAPolII (rabbit antibody ab26721, Abcam). In situ proximity ligation assays were performed

using Duolink In Situ reagents (Sigma). Incubation of antibodies, ligation of oligodeoxynucleotides and amplification were per-

formed according to the manufacturer’s instructions. For immunofluorescence assays, the anti-mouse (Alexa-fluor

488-conjugated, A11029, Invitrogen, 1/300) secondary antibody was incubated for 45 min. Nuclei were labelled with Hoechst

33342 or DAPI. Confocal microscopy was performed using Zeiss LSM780 or LSM900. Image processing was similar for all con-

ditions and the same settings were applied to images. To measure HSL density in human adipocyte cytosol and nucleus, images

were obtained using a Zeiss LSM900 confocal microscope. 3D images were acquired with the Airyscan2 detector, SR acquisition

mode and scaling per pixel 0.035 μm x 0.035 μm x 0.150 μm. Raw images were processed with the ZEN Airyscan interface. HSL

fluorescence was measured in the nuclei and cytosol using the FIJI software and MorphoLibJ plugin.64,65 First, an image plane at

the center of the nuclei was selected on each image, then saved with an overlay including a drawing of the cell contour. Then

ImageJ macro was used to open each image, segment the nuclei using Li auto-threshold on DAPI signal, segment the cytosol
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by using the cell drawing and excluding lipid droplet with a Huang auto-threshold on HSL signal and measure HSL mean intensity

on the resulting nucleus and cytosol segmentation. The macro is available on github [https://github.com/remyff/Nucleii-HSL/blob/

main/nuclei_cell_AS_intensities_file_.ijm].

Analysis of HSL interactomes following immunoprecipitation

Protein samples from hMADS adipocytes were processed for trypsin digestion using an S-trap micro device (Protifi) according to the

manufacturer’s instructions, except that protein digestion using trypsin was performed overnight at 37 ◦C. Peptides were analyzed by

nanoLC-MS/MS using an UltiMate 3000 RSLCnano system coupled to a Q-Exactive Plus mass spectrometer (Thermo Fisher Scien-

tific, Bremen, Germany) using the same settings as for the secretome analysis (see below) except that peptides were eluted using a

shorter gradient (5 to 50% gradient of solvent B over 60 min). Raw mass spectrometry files were processed with the MaxQuant soft-

ware (version 2.1.4.0). Data were searched against human entries of the reference proteome database (Proteome ID UP000005640,

last modified February 17, 2023) and the Perseus toolbox (version 2.0.10.0) was used for the imputation of missing values. Proteins

with statistically varying abundance between targeted bait experiments in triplicates and IgG control experiments in triplicates were

identified using a Student’s t-test (p-value < 0.05). Additionally, a protein was considered enriched only when it had at least a 2-fold

change over the IgG controls. The volcano plots were generated by plotting the -log10 of the p-value, calculated by a student’s t-test

comparing bait/IgG triplicates, against the fold change (which corresponds to the average fold change between bait/IgG triplicates).

Protein analyses in human adipocyte culture media

For each sample, 2 ml of conditioned medium were first cooled on ice. Sodium lauroyl sarcosinate was added to a final concentration

of 0.1%. After mixing, TCA was added to a final 7.5% concentration, and the solution was precipitated on ice for 2h. The mixed pro-

tein-detergent precipitate was collected by centrifugation (10,000 x g, 10 min at 4◦C). The supernatant was carefully removed and the

pellet was washed four times with 2 ml of tetrahydrofuran (precooled in ice). Finally, the pellet was redissolved in 100 μl of 40 mM

Tris pH 6.8, 2% SDS, 10% glycerol with the help of a sonicator bath for 15 min. The protein concentration was determined using

the DC™ Protein Assay kit (Bio-Rad). 30 μg of proteins were reduced with 25mM DTT for 5 min at 95 ◦C and alkylated with 90mM

iodoacetamide for 30 min at room temperature in the dark. Protein samples were loaded onto a 1D SDS-PAGE gel (0.15 x 8 cm)

and the electrophoretic migration was stopped as soon as the proteins entered the separating gel, in order to isolate all proteins

in a single gel band. The corresponding gel slice was excised and washed with 100 mM ammonium bicarbonate buffer.

Proteins were in-gel digested using 1μg of modified sequencing grade trypsin (Promega) in 50 mM ammonium bicarbonate overnight

at 37 ◦C. The resulting peptides were extracted in 50 mM ammonium bicarbonate followed by 10% formic acid/acetonitrile (1/1 v/v).

The peptidic fractions were dried under speed-vacuum and resuspended with 5% acetonitrile, 0.05% trifluoroacetic acid for further

MS analysis.

Peptides were analyzed by nanoLC-MS/MS using an UltiMate 3000 RSLCnano system coupled to a Q-Exactive Plus mass spec-

trometer (Thermo Fisher Scientific, Bremen, Germany) as previously described,66 except that peptides were eluted using a 5 to 50%

gradient of solvent B over 300 min at a flow rate of 300 nL/min. Raw mass spectrometry files were processed with the MaxQuant

software (version 1.5.2.8) for database search with the Andromeda search engine and quantitative analysis. Data were searched

against human entries of the reference proteome database (Proteome ID UP000005640, last modified March 7, 2021). Carbamido-

methylation of cysteines was set as a fixed modification, whereas oxidation of methionine and protein N-terminal acetylation were set

as variable modifications. Specificity of trypsin digestion was set for cleavage after K or R and two missed trypsin cleavage sites were

allowed. The precursor mass tolerance was set to 20 ppm for the first search and 4.5 ppm for the main Andromeda database search.

Minimum peptide length was set to seven amino acids and the minimum number of unique or razor peptides was set to one for vali-

dation. Andromeda results were validated by the target decoy approach using a reverse database, with a false discovery rate set at

1% for both peptide sequence match and protein level. For label-free relative quantification of the samples, the match between runs

option of MaxQuant was enabled with a match time window of 0.7 min to allow cross-assignment of MS features detected in the

different runs after alignment of the runs with a time window of 20 min. Protein quantification was based on unique and razor peptides

and the minimum ratio count was set to 1 for label-free quantification. The ‘‘LFQ’’ metric from the MaxQuant ‘‘protein group.txt’’

output was used to quantify proteins. The LFQ values were log2 transformed using the Perseus toolbox (version 1.6.7.0) and missing

values were replaced by random numbers drawn from a normal distribution with a width of 0.3 and down shift of 1.8. For statistical

analysis, a two-tailed Welch t-test allowing for unequal variance between groups was performed, followed by the Benjamini–

Hochberg false-discovery rate correction for multiple testing. Graphs are plotted as raw p-values and reported as significant only

if the adjusted p < 0.05.

Protein analyses in human adipocyte nuclear extracts

Proteins were digested on S-trap devices (Protifi) and 50 ng of the resulting peptides were analyzed by nanoLC-MS/MS using an

UltiMate 3000 RS nanoLC system (ThermoFisher Scientific) coupled to a TIMS-TOF SCP mass spectrometer (Bruker). Peptides

were separated on a C18 Aurora column (25 cm x 75 μm ID, IonOpticks) using a gradient ramping from 2% to 20% of B in

30 min, then to 37% of B in 3 min and to 85% of B in 2 min (solvent A: 0.1% formic acid in H2O; solvent B: 0.1% formic acid in aceto-

nitrile), with a flow rate of 150 nL/min. MS acquisition was performed in DIA-PASEF mode on the precursor mass range [400-1000]

m/z and ion mobility 1/K0 [0.64-1.37]. The acquisition scheme was composed of 8 consecutive TIMS ramps using an accumulation

time of 100 ms, with 3 MS/MS acquisition windows of 25 Th for each of them. The resulting cycle time was 0.96s. The collision energy

was ramped linearly as a function of the ion mobility from 59 eV at 1/K0=1.6Vs cm− 2 to 20 eV at 1/K0=0.6Vs cm− 2.

All raw files were processed using Spectronaut (version 19) with a library free approach (directDIA+) using the human reference

database from the Uniprot 2024 release. Protein validation and quantification were performed using default BGS factory settings.
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Briefly, carbamidomethylation of cysteines was set as a fixed modification, whereas oxidation of methionine and protein N-terminal

acetylation were set as variable modifications. Specificity of trypsin digestion was set for cleavage after K or R and two missed trypsin

cleavage sites were allowed. Quantification was performed on MS2 level and the iBAQ metric was used to provide a measure of pro-

tein absolute abundance.13 Proteins were ranked according to the mean value of iBAQ intensity in the three biological replicates. The

mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository

(https://www.ebi.ac.uk/pride/) with the dataset identifiers PXD043860 (interactome), PXD029261 (secretome) and PXD060011 (nu-

clear proteome).

Measurements in mouse models

Nutritional challenges

In fasting-refeeding experiments, Swiss-CD1 male mice (Janvier Labs, France) were fasted at ZT0 and killed at ZT16 or re-fed at ZT12

and killed at ZT16. For high-fat diet challenge, mice were fed a diet containing 60% fat (Ssniff E15742).

Adipose tissue histology

Freshly collected tissue was fixed in 4% formalin (Sigma) for 24h at room temperature and dehydrated using ethanol and histoclear II

(Electron microscopy Sciences). Following paraffin embedding, blocks were cut in 4 μm slices. Following hematoxylin-eosin staining,

images were obtained with Hamamatsu nanozoomer and visualized using NDP view (Hamamatsu photonics).

Mating trials

Five to six male mice from each group were individually housed with two sexually mature virgin Swiss-CD1 females. Vaginal plugs

were checked daily and the development of gestation was monitored for one month. The size of the litter was recorded.

Adeno-associated viral vectors

The expression cassette was obtained by cloning, between the inverted terminal repeats, an optimized mouse HSL, with Ser423Ala

mutation, coding sequence under the control of CMV promoter. A non-coding cassette carrying the CMV promoter, but no trans-

gene, was used to produce null vectors. Single-stranded adeno-associated viral vectors of serotype 8 were produced by triple trans-

fection in HEK293 cells and purified using an optimized CsCl gradient-based purification protocol that renders vector preparations of

high purity and devoid of empty capsids. Two groups of C57BL6/J HSL-KO/HSL-WT heterozygous male mice fed chow diet67 were

injected with adeno-associated viral (AAV) vectors expressing no protein (null vector) or HSL-S423A-NLS (5x1011 vg per fat pad).

Prior to injection, the two groups showed similar glucose tolerance. Glucose tolerance test and collection of adipose tissue and blood

samples were performed 5 and 6 weeks post-injection, respectively.

HSL enzymatic activity

Cholesteryl ester hydrolase activity was measured in perigonadal adipose tissue.68 Total protein was extracted with homogenization

buffer (0.25 M sucrose, 1 mM EDTA, pH 7.0, 1 mM dithioerythritol, 20 ug/ml leupeptin, 20 ug/ml antipain). Briefly, 14C-labelled and

unlabelled cholesteryl oleate were emulsified with phospholipids by sonication. Fat-depleted BSA (Sigma-Aldrich) was used as fatty

acid acceptor. Protein cytosolic fractions were incubated for 30 min at 37 ◦C with the substrate. Hydrolysis was stopped, and radio-

labelled fatty acids were extracted and counted using a scintillation counter (Tri-Carb 2100TR, Packard). Enzyme specificity was

checked using 1μM of the HSL inhibitor, BAY 59-9435.

Mouse adipose tissue explants

Mouse subcutaneous adipose tissue was minced into pieces of around 1-2 mm and rinsed with PBS.61 Explants were then incubated

in Krebs-Ringer Buffer with 2% BSA and 2 mM glucose at 37◦C. 10ng/mL of TGFβ1 was added during 4h before harvest and snap

freezing. Subcellular fractionation was performed as described for freshly isolated adipose tissue.

Isolation of mouse adipocyte nuclei

One hour following CL316,243 (1mg/kg) or vehicle intraperitoneal injection, adipocyte nuclei were isolated using a modified nuclear

isolation protocol.41

Glucose tolerance test

Around 2 pm, 2 mg/g body weight of D-(+) glucose (Sigma) was administered by intraperitoneal route to 6h fasted mice.69 Glycemia

was checked on blood from tail vein 30min before glucose injection and then at various times after glucose administration with a

glucometer (Glucotrend Accu-Chek Performa, Roche SAS).

Blood analyses

Plasma glycerol was measured by enzymatic assay (Free Glycerol reagent, Sigma), non-esterified fatty acid and triacylglycerol levels

were measured using the NEFA C kit (Fujifilm) and triglyceride reagent (Sigma), respectively. Glucose levels were measured using a

glucometer or Glucose GOD FS kit (DiaSys). Plasma insulin was measured using an ultrasensitive ELISA kit (ALPCO Diagnostics).

Electron microscopy

Differentiated mouse preadipocytes from HSL-WT and HSL-KO mice were fixed with 2% glutaraldehyde in 0.1 M Sorensen phos-

phate buffer (pH = 7.4) for 1 h, washed with 0.1 M Sorensen phosphate buffer for 12 h and postfixed with OsO4 in Sorensen phosphate

buffer (Sorensen phosphate 0.05 M, glucose 0.25 M, OsO4 1%) for 1 h. Samples were dehydrated in an ascending ethanol series and

embedded in epoxy resin (Epon 812, Electron Microscopy Sciences). After 24 h of polymerisation at 60 ◦C, ultrathin sections (70 nm

of thickness) were mounted on 150 mesh collodion-coated nickel grids. For immunostaining, sections were incubated at 4◦C with

cold acetone for 30 min, blocked with 0.1%BSA-5%NGS-0.2%Tween 20 in PBS 1X (pH 7.4) for 15 min at room temperature. Sec-

tions were than incubated for 12 h at 4 ◦C with rabbit anti HSL antibody (Cell Signaling Technology), washed in 0.1% BSA-PBS

before incubation for 1 h at room temperature with ultrasmall gold-conjugated goat anti rabbit. After silver enhancement reaction
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(Aurion R-Gent SE-EM) and washing in PBS 1X, samples were fixed for 5 min in 1% glutaraldehyde and washed with distilled water.

After poststained with 2% uranyl acetate in 50% ethanol grids were examined on a HT 7700 Hitachi electron microscope at an accel-

erating voltage of 75 kV.

Measurements common to mouse and human models

Gene and protein expression analysis

Reverse transcription-real-time quantitative PCR and Western Blot analyses were performed as described.19

qPCR primers and assay-on-demands

See Table S4.

Antibodies for western blotting

Antibodies were used at 1/1000 dilution. LAMIN A/C (4777, Cell Signaling Technology), GAPDH (2118, Cell Signaling Technology),

PGC-1α (NBP1-04676, Novus), PGC-1β (ab176328, Abcam), HSL (18381 and 4107, Cell Signaling Technology), HSL-P660 corre-

sponding to Ser650 in human HSL (4126 and 45804, Cell Signaling Technology), SFPQ (ab11825 and ab38148, Abcam), NONO

(ab70335, Abcam), UCP1 (ab10983, Abcam), OXPHOX (ab110411, Abcam), SMAD3 (ab40854, Abcam), P-SMAD3 (ab52903,

Abcam), SMAD4 (sc-7966, Santa Cruz), ACC (3662, Cell Signaling Technology), H3K9me2 (ab32521, Abcam), RNApolII (ab26721,

Abcam), FABP4 (2120, Cell Signaling Technology), catalytic subunit of PKA (4782, Cell Signaling Technology) and H3 (4499, Cell

Signaling Technology). Anti-rabbit IgG, anti-mouse IgG or protein A coupled to horseradish peroxidase were used as secondary

antibodies.

Subcellular fractionation

Protein nuclear and cytosolic fractions from hMADS adipocytes and mouse adipose tissues were prepared using Nuclear Extract Kit

(40010, Active Motif). Cells were rinsed with PBS and immediately scraped into 1x hypotonic buffer. Adipose tissue pads were ground

in liquid nitrogen and lyzed by dounce into 1x hypotonic buffer. Subsequent steps followed the manufacturers’ protocols. Antibodies

to cytosolic and nuclear markers were used as indicated to analyze the purity of cellular fractions. To correct for variations in total

HSL expression influencing nuclear pool quantitation, HSL nuclear accumulation was calculated as follows: [nuclear level/(cytosolic

level + nuclear level)]. For nuclear RNA isolation, hMADS adipocytes were prepared using Nuclei EZ Prep (NUC101-1KT, Sigma) ac-

cording to the manufacturer’s instruction. Nuclear extracts were resuspended in RLT-β mercaptoethanol 1% (Qiagen). Gene expres-

sion was assessed as described above.

Immunoprecipitation

For endogenous nuclear co-immunoprecipitation in hMADS adipocytes, nuclear extracts were resuspended in lysis buffer (50 mM

Tris pH8, 150 mM NaCl, 5 mM EDTA, 0.5% NP40). Preclearing was performed incubating nuclear extracts with 40 μL protein A or G

magnetic beads (Invitrogen) at 4 ◦C for 1h. Beads were discarded and supernatants were incubated with 5 μg anti-HSL (4107, Cell

Signaling Technology) or 8 μg anti-SMAD3 (ab40854, Abcam), 7 μg anti-SMAD4 (sc-7966, Santa Cruz), 7 μg anti-SFPQ (ab11825,

Abcam) and 7 μg NONO (ab70335, Abcam) overnight at 4 ◦C. As a negative control of immunoprecipitation, respective amounts

of control rabbit (2729, Cell Signaling Technology), or mouse (sc-2025, Santa Cruz) IgG was used. 25 μL protein A or G magnetic

beads were added for 20min at 4 ◦C. Beads were washed four times with lysis buffer before elution in 2x Laemmli buffer. For endog-

enous co-immunoprecipitation in mouse adipose tissue, frozen fat was crushed into powder using a mortar. For whole extract, tissue

powder was lyzed into lysis buffer for 1 h at 4◦C. Nuclear extracts were resuspended in lysis buffer up to 500 μL. Further steps are

identical to the ones described above for hMADS adipocytes.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are mean ± s.e.m. In cell culture experiments, the number of wells and cell passages are indicated in the Figure legends. In

other experiments, the number of biologically independent experiments are shown. In mouse experiments, animals were assigned to

groups randomly. Experiments were not blinded. Sample sizes were determined on prior literature and previous data from the lab-

oratory in the respective mouse strains. Statistical analyses and graphical representations were performed using GraphPad Prism 9.

Outliers were detected using the Grubbs’ test. Following D’Agostino-Pearson and Shapiro-Wilk normality tests, parametric (unpaired

Student’s t-test, one-way ANOVA) or non-parametric (Mann-Withney, Kruskal Wallis) tests were used as indicated. Two-Way ANOVA

with Sidak post-hoc test and Spearman correlation test were used as indicated. All tests were two-tailed. Confidence level was 95%.

Statistical tests for large data sets are described in relevant sections (DNA microarray and proteomic analyses). Pathway analysis

was performed using the ENRICHR web-based tool.70,71
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