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SUMMARY

Induction of catabolic adipocyte activity independent of mitochondrial uncoupling to induce energy expen-

diture has received increasing attention. In this study, we identified mesenteric estrogen-dependent adipo-

genesis gene (MEDAG), a poorly studied gene, as a promising therapeutic target for enhancing energy expen-

diture in adipocytes. We demonstrated that adipose MEDAG expression positively correlates with obesity

and metabolic dysfunction in humans. Consistently, adipocyte-specific ablation of Medag in mice leads to

increased energy expenditure, offering protection from diet-induced obesity. Mechanistically, we show

that MEDAG functions as an A-kinase-anchoring protein (AKAP), which can directly regulate protein kinase

A (PKA) activity through a negative feedback loop, involving direct interaction with PKA leading to MEDAG

phosphorylation and consequent feedback fine-tuning of PKA activity. Specifically, the direct interaction

of MEDAG with the PKA-RIIβ subunit regulates the stability of PKA-RIIβ to prevent PKA hyperactivation.

These findings position MEDAG as a target for adipose energy expenditure and uncover its AKAP activity.

INTRODUCTION

Obesity and related metabolic disorders have reached epidemic

proportions globally. Although recent years have seen a devel-

opment of highly efficacious anti-obesity therapeutics, the het-

erogeneity in etiology and responsiveness to pharmacological

treatments necessitates a deeper understanding of energy ho-

meostasis and the mechanisms regulating energy balance.1

Energy homeostasis, i.e., the equilibrium between energy intake

and expenditure, is crucial for maintaining metabolic health.
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Figure 1. Adipose tissue MEDAG expression positively correlates with obesity and metabolic dysfunction in humans

(A) MEDAG expression in paired BAT and WAT from human cohort 2 consisting of 44 healthy individuals with bulk RNA-seq of paired BAT and WAT (n = 44).

(B) Correlation between supraclavicular BAT MEDAG expression and clinical parameters in human cohort 1 (n = 15 healthy individuals).

(C) Correlation between subcutaneous WAT MEDAG expression and clinical parameters in human cohort 3 (n = 61 healthy individuals).

(D) Human cohort 4 consisting of 68 individuals with obesity with subcutaneous WAT analysis (29 insulin sensitive and 39 insulin resistant).

(E) Feature plots showing MEDAG expression in the subcutaneous adipocytes from snRNA-seq analysis in human cohort 4.

(F) Uniform manifold approximation and projection (UMAP) plots showing different subcutaneous adipocyte subpopulations from the integrated analysis of

snRNA-seq analysis in human cohort 4.

(G) Violin plots showing MEDAG expression in subcutaneous adipocyte subpopulations in human cohort 4.

(H) Dot plots displaying the top ten markers within the NRCAM+ subpopulation of subcutaneous adipocytes in human cohort 4.

(I) Violin plots comparing MEDAG expression and the top ten markers of the NRCAM+ subpopulation between metabolically healthy (IS) vs. unhealthy (IR) human

subcutaneous WAT in human cohort 4.

(J–L) Correlation of subcutaneous WAT MEDAG expression with plasma LDL cholesterol levels (J), CRP, K), and insulin-stimulated glucose transport (L) in human

cohort 4.

(legend continued on next page)
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Disruption of this balance by a chronic energy surplus state is an

established underlying factor in obesity and metabolic disor-

ders.2 Therefore, discerning the energy-expending mechanisms

is of basic and therapeutic interest.

Brown adipose tissue (BAT) activation contributes to meta-

bolic health by acting as a metabolic sink and secreting BATo-

kines.3–5 Brown adipocytes are specialized energy-expending

cells with high mitochondrial density6 and uncoupling protein-1

(UCP-1) expression.7 White adipocytes perform lipid storage

and endocrine function and can also interconvert into UCP-1+

beige adipocytes.8 While quantitatively limited, many adult hu-

mans also have detectable BAT with a higher prevalence in those

living in colder climates.9 The presence of active BAT is associ-

ated with a lower body mass index (BMI) and improved cardio-

vascular health.10–12 Consistently, the detectability of catabolic

brown and beige adipocytes is negatively correlated with meta-

bolic dysfunction,12–14 highlighting their potential in tackling

cardiometabolic health challenges.15 However, a detailed mech-

anistic understanding of positive and negative regulatory path-

ways is a prerequisite for therapeutic prospects. In this regard,

protein kinase A (PKA) is an attractive target amenable to phar-

macological modulation. It is a crucial regulator of metabolism

and energy balance by functioning as a versatile kinase for

multiple proteins in the energy mobilization pathway.16 Some

human studies suggested an adipose-specific impairment of

PKA in obesity.17 Moreover, some Food and Drug Administration

(FDA)-approved anti-obesity drugs, including glucagon-like

peptide -1 (GLP-1) receptor agonists, utilize cyclic AMP

(cAMP)/PKA signaling pathways to promote weight loss by

enhancing lipolysis, reducing appetite, and improving insulin

sensitivity.18 These findings underscore the potential therapeutic

relevance of targeting cAMP/PKA signaling in obesity manage-

ment and metabolic health interventions.

The active PKA holoenzyme is a tetramer composed of two

regulatory (PKA-R) and two catalytic subunits (PKA-C) with

several specialized tissue-specific subunit isoforms.19 Adipose

tissue predominantly expresses PKA-RIIβ.20 In the absence of

PKA-RIIβ, adipocytes switch to PKA-RIα, which enhances basal

PKA activity and UCP-1 expression.21 Besides subunit constitu-

tion, the cAMP binding to regulatory subunits directly modulates

PKA activity.22 cAMP levels are regulated through adenylate

cyclase (synthesis) and phosphodiesterase (degradation).23

Besides, A-kinase-anchoring proteins (AKAPs) regulate the

spatiotemporal localization of PKA via a direct interaction to

facilitate subcellular compartmentalization-mediated modula-

tion of PKA activity.24 However, adipocyte-specific PKA regula-

tion remains poorly characterized.25 Given the profound regula-

tory effect of AKAPs, the identification of adipocyte-specific

AKAPs and the modulation of PKA-AKAP interactions present

a potential strategy to modulate energy expenditure.

In this study, we uncovered the AKAP activity of the mesen-

teric estrogen-dependent adipogenesis gene (MEDAG). The

earliest discovery implicated visceral adipose tissue MEDAG

expression in female hormonal imbalances and suggested its

pro-adipogenic role.26 We found that adipose MEDAG expres-

sion correlates with obesity and metabolic disorders. We

confirmed the inhibitory role of MEDAG in adipocyte respiration

and demonstrated that ablation of Medag in adipocytes en-

hances energy expenditure, counteracts obesity, and increases

glucose utilization in an insulin-independent manner. Mechanis-

tically, these effects are driven by the identified AKAP activity of

MEDAG that directly modulates PKA activity in adipocytes.

RESULTS

Adipose tissue MEDAG expression positively correlates

with obesity and metabolic dysfunction in humans

Considering the therapeutic potential of catabolic adipocytes acti-

vation, we aimed to discover candidate proteins that can be tar-

geted to increase the functionality of these specific adipocytes.

We first analyzed the transcriptome of human BAT and white

adipose tissue (WAT) to identify genes differentially expressed

between paired human deep neck BAT and subcutaneous WAT

biopsies. We also emphasized gene conservation across species

as a proxy of functional essentiality and translatability.

We noted that MEDAG was highly enriched in WAT compared

with BAT in a human cohort (cohort 1) comprising paired BAT/

WAT samples from 44 healthy individuals (32 female, 12 male,

age = 45.68 ± 16 years, BMI = 25.52 ± 4.15 kg/m2) (Figure 1A).

In a previously published dataset27 (cohort 2) that included BAT

gene expression and paired clinical parameters from 15 healthy

male individuals (age = 25.45 ± 4.68 years, BMI = 22.5 ±

2.4 kg/m2) to study effect of glucocorticoid treatment on BAT ac-

tivity, we observed a strong positive correlation between BAT

MEDAG expression and body weight as well as BMI (Figure 1B).

To further gauge the physiological relevance of WAT MEDAG in

humans, we analyzed the WAT gene expression data together

with paired clinical parameters from an additional independent

cohort (cohort 3) of 61 healthy individuals (48 female, 13 male,

age = 22.27 ± 2.03 years, BMI = 25.7 ± 4.53 kg/m2) from the Acti-

vating Brown Adipose Tissue Through Exercise (ACTIBATE)

cohort.28 The WAT MEDAG expression showed a positive corre-

lation with unhealthy anthropometric traits such as body weight,

BMI, visceral adipose tissue mass, triglycerides (TGs), plasma

insulin levels, and HOMA-IR (homeostasis model assessment of

insulin resistance) (Figure 1C). Collectively, these findings suggest

a general association of adipose MEDAG with obesity.

In a previously published subcohort (cohort 4) from the Leip-

zig Obesity BioBank, consisting of 68 individuals with obesity

(29 insulin sensitive, 39 insulin resistant) (Figure 1D), MEDAG

was specifically associated with metabolic dysfunction based

on the single-nuclei RNA sequencing (snRNA-seq) of sub-

cutaneous white adipocytes (Figure 1E). In this study, out

of the five identified adipocyte subpopulations in subWAT

(M and N) Correlation of subcutaneous WAT MEDAG expression with plasma LDL cholesterol levels (M) and insulin-stimulated glucose transport (N) in the subset

of metabolically healthy individuals (n = 29).

Statistical significance was calculated using DeSeq2 (A), Pearson correlation coefficients (B and C), and Spearman correlation coefficients (J–N). ns, not sig-

nificant, *p < 0.05, **p < 0.01, ****p < 0.0001.

See also Figure S1.
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(Figure 1F), MEDAG was highly expressed in SAA+, EGR1+,

and NRCAM+ subpopulations (Figure 1G). Reference mapping

against the human adipocyte atlas by Emont et al.29 predicted

that most of the subpopulations correspond to basal adipo-

cytes.30 The EGR1+ subpopulation shared a gene expression

signature with the hAd1 subpopulation. In contrast, the SAA+

and NRCAM+ subpopulations exhibited signatures of the

hAd4 subpopulation, with the enrichment of unsaturated fatty

acid synthesis pathways. We also validated the expression of

established hAd1 and hAd4 marker genes within five adipo-

cyte subpopulations to confirm their conserved functional

identities (Figure S1A). Importantly, MEDAG expression in

the Emont et al. dataset29 was highest in hAd1 and hAd4 sub-

populations (Figure S1B), with upregulated expression in indi-

viduals with a BMI range of 40–50 (Figure S1C), reinforcing its

obesity-associated expression pattern across independent

cohorts. The NRCAM+ subpopulation was particularly preva-

lent in individuals with IR (Figure 1F). NRCAM expression cor-

relates with plasma LDL cholesterol levels and is part of an

obesity-related transcriptional network.29,31 Moreover, the

top ten markers within the NRCAM+ subpopulations were

highly expressed in insulin-resistant individuals (Figures 1H

and 1I). Similarly, top markers of hAd1 and hAd4 showed a

strong positive correlation with LDL cholesterol29 with higher

expression in insulin-resistant individuals (Figure S1D). Thus,

the enrichment of MEDAG in the NRCAM+ subcutaneous

adipocyte subpopulation may reflect a link to cardiovascular

risk and dyslipidemia (Figure 1I).

Additionally, analysis of bulk RNA-seq data from the same

cohort revealed that WAT MEDAG expression is positively corre-

lated with plasma LDL cholesterol levels and C-reactive protein

(CRP), while showing a negative correlation with insulin-stimu-

lated glucose transport (Figures 1J–1L). These correlations

with LDL cholesterol and insulin-stimulated glucose transport

were more pronounced among insulin-sensitive individuals

with obesity, indicating the plausible regulatory involvement of

MEDAG in broader adipose tissue metabolic pathophysiology

(Figures 1M and 1N).

These findings link adipose MEDAG expression to obesity and

metabolic dysfunctions and highlight its potential as a therapeu-

tic target. Despite the striking enrichment profile and promising

association with obesity, pointing toward potential functional

specialization, adipose-specific functions of MEDAG are unex-

plored. We, therefore, selected MEDAG for a detailed study.

Medag regulates adipocyte respiration by PKA activity

modulation

To discern the mechanistic underpinnings of MEDAG-mediated

adipose metabolic regulation, we used mouse cell/animal model

systems. We first validated that the respiratory effect of Medag

knockdown (KD) in mouse catabolic adipocytes (immortalized

brown adipocytes [iBAs]) (Figures 2A and 2B). Medag KD also

increased glycolytic flux with unaltered glycolytic capacity

(Figures 2C and 2D). Moreover, given the effect of Medag KD

on isoproterenol-stimulated oxygen consumption, we investi-

gated its effect on lipolysis. Medag KD increased isoproter-

enol-stimulated, but not basal lipolysis with increased glycerol

and free fatty acid release (Figures 2E and 2F), with a cell-

state-dependent modulation of substrate utilization. Under basal

conditions, Medag KD preferentially increased glucose oxida-

tion. Following isoproterenol stimulation, however, KD cells ex-

hibited comprehensive enhancement of fatty acid, glucose,

and glutamine oxidation (Figures S2A and S2B).

To define the underlying signaling cascade involved in

Medag functioning, we analyzed the expression/modification

of key proteins involved in lipolysis, glucose/insulin signaling,

and thermogenesis pathways. While markers of glucose/insulin

signaling were unperturbed, phosphorylated HSL hormone-

sensitive lipase (P-HSL) and phosphorylated cAMP-responsive

element-binding protein (P-CREB) levels were significantly

elevated in Medag KD at early (1 h) and late (12 h) time points

after isoproterenol stimulation (Figure S2C). Since P-HSL

and P-CREB are bona fide PKA targets in adipocytes, it promp-

ted us to investigate the direct involvement of PKA. Consis-

tently, Medag KD enhanced PKA activity at basal and isopro-

terenol-stimulated states, despite unchanged cAMP levels

(Figures 2G and 2H). Direct PKA activity assays confirmed

elevated PKA activity in Medag KD adipocytes (Figure 2I). Inter-

estingly, PKA was mainly localized in the cytoplasm at the

basal state, and isoproterenol stimulation triggered its nuclear

translocation (Figure 2J). This spatial partitioning allows PKA

to concurrently regulate cytoplasmic and nuclear substrates.

The cytoplasmic activity, marked by increased P-HSL levels,

underscores PKA’s role in regulating cytoplasmic processes.

In contrast, nuclear PKA activation is reflected in P-CREB

levels and mediates transcriptional responses to adrenergic

signals to enhance thermogenic capacity (Figure 2K). Nuclear

translocation is a well-documented feature of PKA, enabling

compartmentalized regulation of rapid (e.g., lipolysis) vs.

delayed (e.g., gene expression) responses to β-adrenergic

stimuli.32,33 However, there were no significant changes in

the transcriptional levels of established thermogenic markers

(Figure S2D), plausibly because of saturating activation of

peroxisome proliferator-activated receptor gamma (PPARγ)

signaling by rosiglitazone (present in the differentiation cock-

tail). Notably, overexpression (OE) of MEDAG did not alter

PKA activity at basal or isoproterenol-stimulated states

(Figure S2E). Nevertheless, isoproterenol-stimulated respiration

and maximal respiration capacity of Medag KD cells were

attenuated by PKA inhibitor (H89), underscoring the essential

role of PKA (Figures 2L–2N). Similarly, H89 diminished the

P-HSL and P-CREB induction in Medag KD (Figure 2O),

suggesting that PKA activation mediates the increased mito-

chondrial respiration in Medag-deficient brown adipocytes.

We next assessed conservation of MEDAG-mediated PKA

regulation in white adipocytes. Medag KD elevated basal PKA

activity but did not alter isoproterenol-stimulated responses

(Figure S2F). Given this phenotypic divergence, we quantified

Medag expression dynamics. In brown adipocytes, acute

isoproterenol exposure did not alter Medag mRNA expression

(Figure S2G), while prolonged stimulation dramatically induced

it (Figure S2D). Conversely, white adipocytes exhibited reduced

Medag mRNA following isoproterenol stimulation (Figure S2H).

This cell-type-specific transcriptional regulation likely underlies

the diminished phenotypic impact of Medag KD in white adipo-

cytes under stimulated conditions.
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Figure 2. Medag regulates adipocyte respiration by PKA activity modulation

(A and B) Oxygen consumption rate (A) and quantification (B) in iBAs transfected with control siRNA (si NC) or siRNA against Medag (n = 8).

(C and D) Extracellular acidification rate (ECAR) curve (C) and calculation (D) in iBAs transfected with control siRNA (si NC) or siRNA against Medag (n = 8).

(E and F) Glycerol (E) and non-esterified fatty acid (NEFA) (F) concentration in the medium of iBAs treated with 1 μM isoproterenol for 0.5 or 1 h after Medag

knockdown (n = 4).

(G) cAMP levels in iBAs after 1 μM isoproterenol stimulation at different time points following Medag knockdown (n = 3).

(H) Representative blots of p-PKA substrates levels in iBAs treated with 1 μM isoproterenol for 1 h after Medag knockdown (n = 2).

(I) PKA kinase activity of in iBAs treated with 1 μM isoproterenol for 1 h after Medag knockdown (n = 4).

(J) Immunostaining with PKA-Cα in iBAs treated with 1 μM isoproterenol for 1 h after Medag knockdown (scale bar, 100 μm).

(K) Representative blots and quantification of P-HSL and P-CREB protein levels in iBAs treated with 1 μM isoproterenol for 0.5 h after Medag knockdown (n = 3).

(L–N) Oxygen consumption curve (L), calculation of isoproterenol stimulated (M), and maximal oxygen consumption (N) in iBAs pre-treated with 10 μM PKA

inhibitor H89 for 1 h after Medag knockdown (n = 6).

(O) Representative blots of P-HSL and P-CREB protein levels in iBAs treated with 1 μM isoproterenol for 1 h following pre-treatment with 10 μM H89 for 1 h after

Medag knockdown.

Data are presented as mean ± SEM and analyzed using unpaired two-tailed t test (B, D, and E–I) and two-way ANOVA with Tukey’s post hoc multiple comparison

test (M and N). ns, not significant, *p < 0.05, **p < 0.01, ****p < 0.0001.

See also Figure S2.
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Figure 3. PKA and MEDAG form an autoregulatory loop

(A) Representative blots of MEDAG in iBAs expressing FLAG-MEDAG after pre-treatment with 10 μM H89 for 1 h, followed by 1 μM isoproterenol stimulation for 1

h. The total cell lysates were treated with λ-phosphatase.

(B) Phospho-specific mobility shift assay resolved by Phos-tag SDS-PAGE. Blots probed with anti-FLAG antibody. λ-phosphatase-treated samples confirm shift

specificity.

(C) iBAs co-expressing FLAG-MEDAG and hemagglutinin (HA)-PKA-Cα were treated with 1 μM isoproterenol for 1 h. The total cell lysates were subjected to IP

against FLAG, followed by immunoblotting.

(D) iBAs expressing FLAG-MEDAG were treated with 1 μM isoproterenol for 1 h. The total cell lysates were subjected to IP against FLAG, followed by immu-

noblotting.

(E) Immunofluorescence of MEDAG in iBAs expressing FLAG-MEDAG treated with 1 μM isoproterenol for 1 h (scale bar, 10 μm).

(F) Phos-tag SDS-PAGE analysis of FLAG-MEDAG phosphorylation in iBAs expressing FLAG-MEDAG, HA-PKA-Cα, or both (n = 3).

(G) Representative blots and quantification of P-HSL and P-CREB protein levels in iBAs expressing FLAG-MEDAG, HA-PKA-Cα, or both (n = 6).

(H) Identification of the PKA consensus motif within MEDAG protein across different species.

(I) iBAs expressing WT-MEDAG or S251A-MEDAG were treated with 1 μM isoproterenol for 1 h. The total cell lysates were subjected to IP against FLAG, followed

by immunoblotting.

(J) Phos-tag SDS-PAGE analysis of FLAG-MEDAG phosphorylation in iBAs expressing FLAG-MEDAG or phosphorylation-deficient S251A mutant.

(K) PKA kinase activity in iBAs expressing WT-MEDAG, S251A-MEDAG, S251D-MEDAG, PKA-Cα, or combinations thereof (n = 4).

(legend continued on next page)
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Collectively, these data establish MEDAG as a fundamental

regulator of adipocyte respiration through PKA-dependent

signaling mechanisms.

PKA and MEDAG form an autoregulatory loop

Having established the molecular players of Medag KD-driven

respiration, we sought to investigate the mechanism of PKA regu-

lation by MEDAG. To examine the temporal correlations of PKA

activation and MEDAG expression, we designed a MEDAG OE

system in iBAs. Given the absence of validated MEDAG-specific

antibodies, we generated a FLAG-tagged MEDAG construct

(FLAG-MEDAG) to enable detection. Validation experiments

confirmed robust FLAG-MEDAG expression at the expected mo-

lecular weight. Crucially, small interfering RNA (siRNA) targeting

Medag effectively reduced FLAG-MEDAG signal by >80%,

demonstrating both construct specificity and efficient target

depletion across experiments (Figure S2I).

Interestingly, isoproterenol stimulation triggered a mobility shift

in MEDAG, invoking the possibility of post-translational modifica-

tion (Figure 3A). Since the distance shift was rather slight, we reck-

oned a smaller modification moiety. The phosphatase treatment

confirmed that the shift was due to phosphorylation. Notably,

the mobility shift disappeared when cells were treated with H89,

suggesting that MEDAG might be a direct phosphorylation target

of PKA (Figure 3A). To resolve phosphorylation dynamics with

higher sensitivity, we employed Phos-tag SDS-PAGE. This re-

vealed a mobility shift in MEDAG following isoproterenol stimula-

tion, which was reversed by H89 pretreatment or phosphatase

treatment, confirming PKA-dependent MEDAG phosphorylation

(Figure 3B). With co-immunoprecipitation (coIP) analysis, we

confirmed that MEDAG binds to PKA-Cα at both basal states

and after isoproterenol stimulation, with enhanced phosphoryla-

tion observed under stimulated conditions (Figure 3C). The

p-PKA substrates immunoblotting of the FLAG-MEDAG immuno-

precipitated proteins further supported that PKA phosphorylates

MEDAG (Figure 3D). The immunostaining suggested that

MEDAG is confined to the cytoplasm, ruling out the co-transloca-

tion of MEDAG to the nucleus with PKA (Figures 2J and 3E). When

we overexpressed the catalytic PKA-Cα subunit in iBAs, it induced

the characteristic phosphorylation-dependent mobility shift in

MEDAG (Figure 3F). Notably, PKA-Cα OE elevated PKA activity

(measured by P-HSL and P-CREB levels), and this hyperactivation

was attenuated by MEDAG co-expression (Figure 3G). In contrast,

MEDAG OE alone did not suppress the basal PKA activity

(Figures 3G and S2E), suggesting that MEDAG fine-tunes the

PKA activity to preclude excessive activation in a yet unknown

stoichiometric fashion.

We next investigated the PKA phosphorylation site in MEDAG.

We noted a conserved PKA consensus motif at serine 251 in

MEDAG (Figure 3H). Substituting serine with alanine (S251A)

abolished the MEDAG phosphorylation in basal and isoproter-

enol-stimulated states without affecting the PKA-Cα binding

(Figure 3I), confirming that PKA phosphorylates MEDAG

at Ser251. This was further validated by Phos-tag analysis,

showing complete loss of phosphorylation-dependent mobility

shift in the S251A mutant (Figure 3J). To functionally characterize

phospho-MEDAG, we generated a phospho-mimetic mutant

(S251D). OE of S251D significantly reduced the PKA and

diminished HSL phosphorylation (Figure 3L). Conversely, the

phosphorylation-deficient S251A mutant showed no suppres-

sive activity (Figure 3L). These findings confirm that S251

phosphorylation serves as the molecular switch activating

MEDAG’s regulatory capacity. Notably, wild-type (WT) MEDAG

OE alone failed to alter PKA signaling outputs (Figure S2E), likely

due to insufficient phosphorylation under these conditions,

where the low phospho-MEDAG to total MEDAG ratio prevents

functional inhibition.

These results demonstrate that S251 phosphorylation of

MEDAG by PKA is vital for negative feedback to PKA.

MEDAG regulates the stability of the PKA-RIIβ subunits

Based on the observed regulation of PKA activity by MEDAG, we

next examined the molecular details of this regulation. PKA is a

heterotetrameric kinase with two regulatory and two catalytic

subunits. In the absence of cAMP, the regulatory subunits inhibit

the catalytic subunits. cAMP binding at two sites on each

regulatory subunit relieves the inhibitory effects on the kinase

activity. In adipose tissue, PKA-RIIβ pairing with Cα is the pre-

dominant configuration of PKA holoenzyme.17 We noted a pecu-

liar reduction in PKA-RIIβ, but not PKA-RIα, levels in Medag KD

at basal levels, which became more pronounced at isoproter-

enol-stimulated state (Figure 4A). This change was not due to

decreased translation, as mRNA levels remained largely unaf-

fected (Figure S3A). Instead, we observed higher K48-linked

ubiquitination of PKA-RIIβ in Medag-deficient adipocytes

(Figure 4B). K48-linked polyubiquitin chains specifically target

substrates for proteasomal degradation, distinguishing them

from K63-linked chains that typically mediate non-proteolytic

signaling functions.34 This finding establishes that MEDAG

deficiency primarily promotes PKA-RIIβ degradation via the

ubiquitin-proteasome pathway. This regulatory mechanism

was conserved across adipocyte models. Medag-deficient white

adipocytes exhibited reduced basal PKA-RIIβ expression along

with elevated PKA activity (Figures S2F and S3B).

We next explored whether the physical interaction of MEDAG

with PKA-RIIβ influences its stability. In brown adipocytes,

MEDAG and PKA-RIIβ spatially co-localize at both basal and

isoproterenol stimulation (Figure 4C). In addition, both WT and

mutant MEDAG could bind to PKA-RIIβ. However, isoproterenol

stimulation led to the dissociation of the complex (Figure 4D),

possibly due to decreased PKA-RIIβ expression or a conforma-

tional change in the complex caused by cAMP binding. The

S251A mutant MEDAG, which cannot be phosphorylated,

showed a stronger association with PKA-RIIβ, indicating that

phosphorylation may alter MEDAG’s association with PKA-RIIβ
and influence PKA activity indirectly by modulating subunit

(L) Representative blots and quantification of P-HSL protein levels in iBAs expressing WT-MEDAG, S251A-MEDAG, S251D-MEDAG, PKA-Cα, or combinations

thereof (n = 6).

Data are presented as mean ± SEM and analyzed using two-way ANOVA with Tukey’s post hoc multiple comparison test (G, K, and L). ns, not significant,

**p < 0.01, ****p < 0.0001.
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Figure 4. MEDAG regulates the stability of the PKA-RIIβ subunits

(A) Representative blots and quantification of PKA-RIIβ protein levels in iBAs under basal conditions and following isoproterenol stimulation after Medag

knockdown (n = 6).

(B) Detection of K48-linkage polyubiquitylation patterns in iBAs expressing V5-PKA-RII at basal states and after isoproterenol stimulation states following Medag

knockdown.

(C) Representative confocal microscopy images (left) and quantification (right) of FLAG-MEDAG (red) and PKA-RIIβ (green) co-localization in iBAs expressing

FLAG-MEDAG. Cells were treated with 1 μM isoproterenol or vehicle for 1 h. Scale bar, 10 μm. Co-localization was quantified using Coloc2 plugin in Fiji/ImageJ

(n = 20 cells).

(D) iBAs co-expressing V5-PKA-RII with either WT-MEDAG or S251A-MEDAG were treated with isoproterenol. The total cell lysates were subjected to IP against

V5, followed by immunoblotting.

(E) Direct binding assay using immunoaffinity-captured proteins. Recombinant V5-PKA-RIIβ (bait; immunoaffinity-captured via anti-V5 resin) was spotted onto

nitrocellulose membrane, overlaid with recombinant FLAG-MEDAG (probe; immunoaffinity-captured via anti-FLAG resin), and detected with anti-FLAG antibody.

Total spotted protein was visualized by Ponceau S staining.

(F) Recombinant FLAG-MEDAG (WT) and phosphorylation-deficient mutant (S251A) (baits; immunoaffinity-captured via anti-FLAG resin) were spotted, overlaid

with recombinant V5-PKA-RIIβ (probe; immunoaffinity-captured via anti-V5 resin), and detected with anti-V5 antibody. Total spotted protein was visualized by

Ponceau S staining.

(legend continued on next page)
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accessibility and degradation. To determine whether this

reflected direct binding or an indirect association with the

complex, we employed protein overlay assays with purified

immunoprecipitated proteins. This in vitro approach demon-

strated robust direct binding between MEDAG and PKA-RIIβ
(Figure 4E), with reciprocal validation of the interaction

(Figure 4F). Strikingly, the S251A mutant showed a reduced

binding affinity in this purified system. To further confirm the

critical role of PKA-RIIβ expression in MEDAG-mediated change

in PKA activity, we overexpressed PKA-RIIβ in iBAs. While this

OE did not affect basal PKA activity, it significantly reduced

PKA activity after isoproterenol stimulation, likely by enhancing

the sequestration of PKA-Cα (Figure 4G). Additionally, PKA-

RIIβ OE diminished the extent of the effect of Medag deficiency

on P-HSL levels at both basal and stimulated states, highlighting

that MEDAG modulates PKA activity through a direct PKA-RIIβ
binding (Figure 4G). These findings suggested that MEDAG

acts as an AKAP in adipocytes.

To gain further insights into the MEDAG-PKA-RIIβ complex,

we performed structure modeling using AlphaFold 3 and identi-

fied several molecular interactions implicated in complex stabili-

zation. MEDAG appears to stabilize two PKA-RIIβ monomers

and may help in dimerization as it binds at the dimer interface.

Met-1 from a PKA-RIIβ monomer interacts with MEDAG Val-

159 and Glu-162 through hydrophobic interaction. Further, a

hydrophobic core is formed between Val-4, Leu-5, and Ile-93

of the second PKA-RIIβ monomer and Leu-201 and Phe-202 of

MEDAG. Additional hydrophobic interactions are established

between Phe-90 from dimer II and Phe-204 from MEDAG, and

Leu-62 and Met-65 from dimer II. Moreover, a hydrogen bond

between the side chain of Ser-58 from dimer II and MEDAG

Trp-207 is complemented by van der Waals interactions

between the Trp-207 and Glu-61 from dimer II (Figures 4H and

S3C). These strong interactions suggest that MEDAG binding

to PKA-RIIβ will lead to a stable complex formation with relatively

high binding affinity, which is validated by our experimental data.

Intriguingly, simulations of phosphorylated MEDAG (pS251)

revealed dramatic reorganization of the binding interface

(Figure S3D), suggesting that phosphorylation triggers structural

rearrangements that modulate complex stability. Collectively,

the predicted structural complex and our functional data on

MEDAG-PKA-RIIβ together demonstrate that MEDAG functions

as an AKAP.

We next investigated the mechanisms of regulation of PKA-

RIIβ abundance by MEDAG. E3 ubiquitin-protein ligase Praja-2

(PRAJA2) is a well-established E3 ligase known to ubiquitinate

PKA-R subunits.35 We, therefore, tested its role in adipocytes.

Praja2 KD abolished the decrease in PKA-RIIβ levels caused

by Medag KD (Figure 4I). Importantly, Praja2 KD alleviated

Medag-KD-induced increase in cytoplasmic and nuclear PKA

activity as indicated by the restored levels of P-HSL and

P-CREB (Figure 4I). Medag KD did not alter PRAJA2 expression;

it significantly enhanced the binding of PRAJA2 to PKA-RIIβ,

particularly after isoproterenol stimulation (Figure 4J). Further-

more, Medag deficiency failed to enhance K48-linked ubiquitina-

tion of PKA-RIIβ when Praja2 was depleted (Figure 4K). These

findings suggest that MEDAG influences the stability of PKA-

RIIβ through PRAJA2-mediated ubiquitination and subsequent

proteasomal degradation.

These data demonstrate that MEDAG regulates PKA activity

through direct binding to modulate PRAJA2-mediated ubiquiti-

nation and degradation. These functional and structural charac-

teristics position MEDAG as a tentative AKAP in adipocytes.

Medag AKO mice exhibit increased energy expenditure

and are resistant to HFD-induced obesity

To investigate the physiological relevance of adipose MEDAG,

we generated adipocyte-specific Medag knockout (AKO) mice

(Figure 5A). As expected, Medag mRNA expression was sig-

nificantly downregulated in adipose tissue of AKO mice, confirm-

ing the knockout (KO) efficiency and validating the model

(Figure S4A). On a high-fat diet (HFD), AKO mice displayed a

remarkable reduction in body weight gain compared with WT

controls. The reduction in body weight was primarily attributed

to lower fat mass (Figures 5B–5D). Notably, unlike inguinal and

epididymal adipose depots, interscapular BAT (iBAT) weight

remained unaffected. Liver weight, as expected, was unchanged

(Figure 5E). Furthermore, AKO mice showed lower plasma

cholesterol and TG levels (Figures 5F and 5G). However, plasma

fatty acid levels were unaltered (Figure S4B). Histological ana-

lyses showed that AKO mice have smaller adipocytes in epidid-

ymal WAT (eWAT) and inguinal WAT (iWAT) (Figure 5H). Despite

these pronounced changes in adipose tissue organization, AKO

mice showed minimal improvement in glucose tolerance and in-

sulin sensitivity (Figures 5K–5N). Similarly, AKO mice showed a

preserved rectal temperature (Figure S4C). Nevertheless, AKO

mice showed lower fasting blood glucose levels (Figures 5K–

5N), which is probably unrelated to insulin as suggested earlier.

We then evaluated the energy expenditure of AKO mice under

thermoneutral (TN), room temperature (RT), and cold exposure

(G) Computational predicted structure complex of PKA-RIIβ dimer and MEDAG using AlphaFold 3. A closer look of the structural interface of the dimer and

MEDAG is shown on the right. The residues from MEDAG involved in the interaction are shown in orange (interact with dimer I) and yellow (interact with dimer II).

(H) Representative blots and quantification of P-HSL in iBAs expressing V5-PKA-RII in combination with Medag knockdown under basal conditions and after

isoproterenol stimulation (n = 6).

(I) Representative blots and quantification of PKA-RIIβ, P-HSL, P-CREB protein levels in iBAs after individual Medag knockdown, Praja2 knockdown, or Medag/

Praja2 double knockdown (n = 6).

(J) iBAs expressing V5-PKA-RII in combination with Medag knockdown were treated with isoproterenol. The total cell lysates were subjected to IP against V5,

followed by immunoblotting.

(K) Detection of K48-linkage polyubiquitylation patterns in iBAs expressing V5-PKA-RII at basal states and after isoproterenol stimulation states following Medag

knockdown.

Data are presented as mean ± SEM and analyzed using unpaired two-tailed t test (A) and two-way ANOVA with Tukey’s post hoc multiple comparison test (H and

I). ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure S3.
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Figure 5. Medag AKO mice exhibit increased EE and are resistance to HFD-induced obesity

(A) Scheme of Medag AT KO mouse model.

(B) Body weight gain during 12 weeks of HFD feeding (n = 8).

(C) Fat mass after 12 weeks of HFD feeding (n = 8).

(D) Lean mass after 12 weeks of HFD feeding (n = 8).

(E) Mass of various adipose tissue depots and liver after 12 weeks of HFD feeding (n = 8).

(F) Plasma cholesterol levels after 12 weeks of HFD feeding (n = 8).

(G) Plasma TG levels after 12 weeks of HFD feeding (n = 8).

(H) H&E staining of eWAT, iWAT, and BAT (n = 3). Scale bar, 100 μm in eWAT and iWAT, 50 μm in BAT.

(I) Quantification of adipocytes size in eWAT from three random fields across three slices.

(J) Quantification of adipocytes size in iWAT from three random fields across three slices.

(K and L) The Intraperitoneal Glucose Tolerance Test (ipGTT) curve (K) and area under the curve (L) after 10 weeks of HFD feeding (n = 6).

(M and N) The Insulin Tolerance Test (ITT) curve (M) and area under the curve (N) after 10 weeks of HFD feeding (n = 6).

(O) Experimental design outlining different temperatures used in metabolic cages: TN (28◦C), RT (22◦C), and CE (8◦C).

(P–R) Analysis of covariance (ANCOVA) analysis of daily energy expenditure per body weight of mice housed at 28◦C (P), 22◦C (Q), and 8◦C (R) (n = 5).

(legend continued on next page)
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(CE) conditions (Figure 5O). This experimental design allowed us

to explore how Medag AKO influences metabolic flexibility and

substrate utilization in response to environmental changes.

Notably, AKO mice displayed increased energy expenditure at

TN, a trend that decreased at RT and further diminished in CE

(Figures 5P–5R). At TN, where thermogenic demand is minimal,

the increased energy expenditure suggests that MEDAG modu-

lates basal metabolic rate. In contrast, sequential activation of

thermogenic mechanisms at RT and CE may shadow the AKO

effect. Moreover, AKO mice exhibited a higher respiratory ex-

change ratio (RER) at RT and CE, but not at TN, indicating a shift

toward increased carbohydrate utilization under these condi-

tions (Figures 5S–5U). Therefore, increased reliance on carbohy-

drates could be responsible for lower blood glucose levels

(Figures 5K and 5N), especially because the total food intake

and locomotor activity are comparable in AKO and control

mice (Figures S4D and S4E). These findings position adipose

tissue Medag as a promising anti-obesity target without the

risk of drastic metabolic perturbations.

PPARγ/GLUT signaling acts downstream of PKA

activation in Medag AKO mice

We next sought to ascertain whether the physiological

phenotypes of AKO mice arise from the mechanistic under-

pinnings seen in our in vitro system positioning MEDAG as an

AKAP in brown adipocytes. To preclude the confounding ef-

fects of obesity in HFD-fed mice, we utilized chow-diet-fed

AKO mice, which have body weights comparable to control

mice 2 weeks after tamoxifen-induced KO (Figures 6A and

6B). The energy expenditure of chow-fed AKO mice at different

temperatures showed a similar trend as the HFD-fed AKO mice

with higher energy expenditure and RER at TN (Figures 6C–6F

and S5A). Under RT, the increase in energy expenditure per-

sisted, but without a preference for carbohydrates; both metrics

normalized under CE (Figures S5B–S5I). Locomotor activity re-

mained unchanged with increased food intake (Figures S5J and

S5K). This compensatory feeding response likely offsets

elevated energetic demands, explaining the absence of ex-

pected improvements in glucose tolerance and core tempera-

ture despite heightened EE. These findings confirmed that

Medag deletion enhances energy expenditure predominantly

through increased basal metabolic rate. Moreover, administra-

tion of the β3-adrenergic receptor agonist (CL316,243) did

not further amplify the elevated EE in Medag AKO mice

(Figures S5L–S5N). The magnitude of the EE increase remained

comparable between basal and agonist-stimulated condi-

tions in AKO mice. Notably, the statistical significance of EE

elevation was reduced in CL316,243-treated mice due to injec-

tion-induced inter-individual variability. Intriguingly, AKO mice

maintained lower blood glucose levels in fed states, but not

during fasting (Figure 6G). In contrast, AKO mice showed

elevated plasma fatty acids during overnight fasting but not

in the fed state (Figure 6H). This indicates that AKO mice

preferentially utilize glucose under fed conditions but switch

to lipid utilization when glucose availability is low, demon-

strating remarkable metabolic flexibility. Strikingly, this adap-

tive response recapitulates the cell-autonomous substrate

flexibility observed in Medag-deficient brown adipocytes,

where Medag KD enhanced basal glucose oxidation. Upon

β-adrenergic stimulation, it comprehensively increased glucose

oxidation along with increased FAs and glutamine utilization

(Figures S2A and S2B).

To evaluate MEDAG’s AKAP-like function in vivo, we analyzed

PKA activity in adipose tissues of AKO mice following TN hous-

ing. AKO mice exhibited significantly elevated PKA activity in

both iBAT and eWAT compared with WT controls (Figure 6I).

This hyperactivation was accompanied by the downregulation

of PKA-RIIβ protein levels in these depots (Figures 6J and 6K).

Strikingly, downstream signaling diverged tissue-specifically.

Specifically, iBAT showed a notable upregulation of P-CREB

(Figure S5O). Conversely, eWAT showed an increase in P-HSL,

suggesting enhanced lipolysis. iWAT showed no significant

changes in PKA activity, pointing to the tissue-specific functions

of Medag (Figures S5P and S5Q). Importantly, UCP-1 was

elevated in iBAT but not in WAT, confirming a more metabolically

active iBAT in AKO mice (Figure 6L). Transcriptional analyses

further supported these findings. In iBAT, key thermogenic

markers (Prdm16 and Ucp-1) , lipid metabolism markers (Elovl3

and Pparγ), and glucose metabolism markers (Pparγ and Pepck)

were significantly elevated in AKO mice (Figure 6M).36 Although

transcriptional increases in these markers were noticed in eWAT,

the lack of corresponding protein level elevations for UCP-1

suggests a limited involvement of eWAT in whole-body energy

expenditure (Figure 6N).

To understand how AKO mice maintain lower blood glucose

levels, we considered a plausible role for Pparγ upregulation

(Figures 6M and 6N) and consequent regulation of glucose

transporters. PPARγ plays a significant role in regulating

glucose metabolism and insulin sensitivity through its regulato-

ry effects in adipose tissue.37 We observed a significant upre-

gulation of PPARγ, glucose transporter 1 (GLUT1), and

GLUT4 in iBAT, despite observed the downregulation of Glut4

mRNA (Figures 6M and 6O). A lack of such a response in

eWAT suggests a BAT-specific role (Figure 6P). Importantly,

this regulation of glucose uptake appears to occur indepen-

dently of insulin, as phosphorylated protein kinase B (P-AKT)

levels in adipose tissues, as well as systemic insulin secretion

and sensitivity, remain unchanged (Figures 5K–5N, 6O, and

6P). This suggests that Medag’s regulation bypasses classical

insulin signaling. Consistently, in both human cohorts (cohort 1

and 2), we observed a consistent negative correlation between

MEDAG expression and GLUT1 expression in BAT (Figure 6Q).

Additionally, in human WAT (cohort 3), MEDAG expression

showed a negative correlation with both PPARγ and GLUT4

(Figure 6R). These findings support the regulatory role of

MEDAG in PPARγ/GLUT signaling.

(S–U) Daily RER in mice housed at 28◦C (S), 22◦C (T), and 8◦C (U) (n = 5).

Data are presented as mean ± SEM. Statistical analysis was performed using unpaired two-tailed t test (B–G, I–N, T, and U) and ANCOVA analysis using body

weight as a covariate (P–R). ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure S4.
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Figure 6. PPARγ/GLUT signaling acts downstream of PKA activation in Medag AKO mice

(A) Schematic illustration of experimental design: RT (22◦C), TN conditions (28◦C).

(B) Body composition and weight of mice 2 weeks after KO induction and wash out (n = 5).

(C and D) Energy expenditure curve and daily energy expenditure of mice housed at 28◦C (n = 5).

(E and F) RER curve and daily RER of mice housed at 28◦C (n = 5).

(G) Tail vein blood glucose levels were measured under fed conditions, after a 16-h fast and 2 h after re-feeding in mice housed at 28◦C for 1 week (n = 6).

(H) Tail vein plasma NEFA levels were measured under fed conditions, after a 16-h fast and 2 h after re-feeding in mice housed at 28◦C for 1 week (n = 6).

(I) PKA kinase activity of adipose depots from mice housed at 28◦C for 1 week (n = 6).

(J) Representative blots and quantification of PKA-RIIβ and PKA-Cα protein levels in BAT from mice housed at 28◦C for 1 week (n = 6).

(K) Representative blots and quantification of PKA-RIIβ and PKA-Cα protein levels in eWAT from mice housed at 28◦C for 1 week (n = 6).

(L) Representative blots and quantification of UCP-1 protein levels in BAT and eWAT from mice housed at 28◦C for 1 week (n = 6).

(M) Real-time qPCR of thermogenesis markers in BAT from mice housed at 28◦C for 1 week (n = 6).

(N) Real-time qPCR of thermogenesis markers in eWAT from mice housed at 28◦C for 1 week (n = 6).

(O and P) Representative blots and quantification of PPARγ, GLUT4, GLUT1, and P-AKT protein levels in BAT (O) and eWAT (P) from mice housed at 28◦C for

1 week (n = 6).

(Q) Correlation analysis between normalized expression of MEDAG and GLUT1 in bulk RNA-seq of BAT from human cohort 1 and 2 (n = 44 for left, 15 for right).

(legend continued on next page)
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DISCUSSION

Metabolic benefits of catabolic brown/beige adipocytes are

arguably contingent upon their ability to increase EE.38 Recent

studies have highlighted additional benefit of these adipocytes

beyond EE, underscoring their therapeutic potential.13,14,39,40

To exploit this potential, we need to comprehensively identify

and scrutinize potential targets, which poses multiple chal-

lenges such as tissue specificity, efficacy, and the nature of

intervention needed to modulate the activity of the candidate.

Consequently, most studies in recent years focused on the acti-

vation of catabolic adipocytes through the stimulation of UCP-1

or other positive regulators of catabolic adipocytes. In contrast,

we identified MEDAG as the negative regulator of catabolic

adipocyte activity, offering several conceivable advantages

and ease of targetability through pharmacological and non-

pharmacological means. Moreover, given that our findings are

tested in human data and systematically validated in cellular

and mouse models, the therapeutic relevance is particularly

promising.

These findings also advance our basic understanding of BAT

functioning, the regulation of PKA activity in adipocytes, and

establish MEDAG as a unique AKAP. As components of cAMP-

independent PKA signaling, AKAPs spatially confine the PKA

signaling to specific cellular compartments. Among over 50

structurally diverse yet functionally similar AKAPs, all feature an

amphipathic helix that binds the N-terminal dimerization/docking

domain of PKA-R subunits.24 We examined the structural binding

of MEDAG to PKA-RIIβ subunits using computational prediction

and observed a similar topological organization. However, exper-

imentally solving the structure of this complex could yield further

insights that could be exploited to pharmacologically modulate

the MEDAG-PKA interaction. Moreover, it would be interesting

to test the effect of pharmacological agents known to modulate

PKA activity on MEDAG-PKA interaction. In addition, while we

have validated the interaction using cellular methodology,

measuring the precise binding affinity of phosphorylated,

unphosphorylated, and mutant MEDAG to PKA-RIIβ using high-

resolution biophysical methods will be important for deeper

understanding of the interaction.

The timely extinction of PKA activity is as crucial as its apt acti-

vation. The spatiotemporally precise attenuation of the PKA

signal is usually achieved by the hydrolysis of cAMP by phospho-

diesterase or through the inhibition of free catalytic subunit by

the heat-stable inhibitor PKI.41 In contrast, the PKA activity

modulation by MEDAG functions as a rheostat to preclude over-

activation. MEDAG OE did not alter the basal activity of PKA but

effectively inhibited overactivated PKA upon PKA-Cα OE. This

may represent an inherent cellular mechanism to preclude PKA

hyperactivity. We speculate that a stoichiometric binding or the

PKA-mediated activation of MEDAG could be the key controlling

mechanism. Regardless of the mechanistic intricacies, MEDAG

upregulation in obesity and previously reported association of

aberrant PKA signaling may imply a pathological role of ectopic

MEDAG-PKA interaction.

Contrasting other AKAPs, MEDAG shows peculiar feedback

regulatory loop interaction with PKA. Activated PKA phos-

phorylates MEDAG, which subsequently inhibits excessive

PKA activation. Although molecular biology analyses

confirmed phosphorylation, attempts to quantify the modifica-

tion and mapping of phosphorylation site(s) with mass spec-

trometry were unsuccessful. In adipose tissue, D-AKAP1 is

the primary AKAP anchoring PKA to lipid droplets, inhibiting

fatty acid oxidation (FAO) and thermogenesis through acyl-

CoA synthetase long-chain (ACSL) phosphorylation.42

MEDAG seems to operate differently, likely to achieve a

divergent function. Rather than anchoring PKA, MEDAG

equilibrates the availability of RIIβ subunit, thus decoupling

the PKA activity modulation from cAMP availability, unlike

other AKAPs (such as D-AKAP2 and PRAJA2) showing spec-

ificity for RI and RII subunits.43 Nevertheless, specificity of

MEDAG toward RIIβ is consistent with the predominance of

RIIβ in adipocytes.21

Consistent with the different R-subunit-binding partners, the

downstream effects of PKA activity modulation by Medag in

adipocytes diverge from known AKAPs (e.g., OPA1).44 Loss-

of-function studies in BAT emphasize the preferential effect

of Medag on glucose uptake rather than lipolysis. This diver-

gence reflects the capacity of AKAP-targeted PKA signaling

to rewire metabolic priorities beyond classical lipolytic path-

ways. For instance, PKA activation can modulate vagal

afferent firing to suppress hepatic glucose production45 and

engages general control non-derepressible 5 (GCN5)-CBP/

p300-interacting transactivator with E/D-rich carboxy-terminal

domain-2 (CITED2) complexes to redirect hepatic substrate

utilization.46 During thermogenesis, BAT, but not WAT, in-

creases glucose uptake47,48 for various, largely uncertain,

metabolic fates, including lipogenesis,49 energy source,50,51

or auxiliary pathways.52 In our metabolic studies in Medag

AKO mice, we observed a systemic preference for carbohy-

drates as a fuel source, supporting its preferential use in en-

ergy production through PKA/PPARγ/GLUT signaling. Besides

working downstream PKA/CREB signaling,53 PPARγ directly

regulates the expression of glucose uptake and insulin

signaling-related genes with PPARγ agonists augmenting

the expression of insulin receptor and GLUT4.54 MEDAG likely

modulates the subcellular localization of PKA to moderate

metabolic glucose flux to meet acute ATP demand. In

this context, modulation of insulin-independent glucose

metabolism by adipose-specific Medag targeting open ave-

nues for future explorations.

Overall, our study elucidates that MEDAG acts as an AKAP in

catabolic adipocytes to modulate whole-body glucose homeo-

stasis and energy expenditure. These findings position Medag

as a promising therapeutic target to tackle obesity and metabolic

disorders.

(R) Correlation analysis between normalized expression of MEDAG and PPARγ and GLUT4 in bulk RNA-seq of WAT from human cohort 3 (n = 61).

Data are presented as mean ± SEM. Statistical analysis was performed using unpaired two-tailed t test (B, D, and F–P) and Spearman correlation coefficients

(Q and R). ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure S5.

ll
OPEN ACCESSArticle

Molecular Cell 86, 937–953, March 5, 2026 949



Limitations

This study opens several interesting questions to be answered in

future studies. First, a comprehensive assessment of the meta-

bolic phenotype in global and tissue-specific Medag KO mice

is essential. Second, structural insights into the MEDAG/PKA-

RIIβ complex and its biophysical characterization is essential

for effective targeting by disrupting the MEDAG-PKA-RIIβ inter-

action. Third, AKAP activity of endogenous MEDAG remains

poorly defined, primarily due to antibody unavailability necessi-

tating further biochemical and structural exploration of endoge-

nous MEDAG and PKA. Last, given the range of PKA targets in

different tissues and versatile expression of Medag, further

research is required to elucidate the cell/tissue specificity of

the MEDAG phenotype.
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tion of a DUA via M. Blüher (matthias.blueher@medizin.uni-leipzig.de).

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.

ACKNOWLEDGMENTS

We thank Manuel Klug for his help with animal studies; Laboratory for Animal

Model Pathology, University of Zurich for the histologic analysis; the ETH Phe-

nomics Center and SLA Animal Facility for assistance in mouse husbandry;

and the Scientific Center for Optical and Electron Microscopy of ETH for the

microscopy facility. The work was supported by the Swiss National Science

Foundation (SNSF) and Personalized Health and Related Technologies

(PHRT). M. Balaz received funding from the European Union’s Horizon 2020

research and innovation program under the Marie Skłodowska-Curie grant

agreement no. 945478, the Slovak Research and Development Agency (grant

no. APVV-22-0291), and VEGA (grant no. 2/0102/23). M. Blüher received
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KEY RESOURCES TABLE
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Antibodies

Rabbit polyclonal anti-HSL Cell Signaling Technology Cat# 4107; RRID: AB_2296900

Rabbit polyclonal anti-Phospho-HSL (Ser660) Cell Signaling Technology Cat# 4126; RRID: AB_490997

Rabbit monoclonal anti-HSP90 Cell Signaling Technology Cat# 4877; RRID: AB_2233307

Rabbit monoclonal anti-Phospho-CREB (Ser133) Cell Signaling Technology Cat# 9198; RRID: AB_2561044

Rabbit monoclonal anti-CREB Cell Signaling Technology Cat# 9197; RRID: AB_331277

Rabbit polyclonal anti-PKA Cα Cell Signaling Technology Cat# 4782; RRID: AB_2170170

Rabbit monoclonal anti-HA Tag Cell Signaling Technology Cat# 3724; RRID: AB_1549585

Rabbit monoclonal anti-Flag Tag Cell Signaling Technology Cat# 14793; RRID: AB_2572291

Rabbit monoclonal anti-V5 Tag Cell Signaling Technology Cat# 13202; RRID: AB_2687461

Rabbit polyclonal anti-PKA-RIIβ Proteintech Cat# 28351-1-AP; RRID: AB_2918156

Rabbit polyclonal anti-PKA-RIα Biorbyt Cat# orb214438

Mouse polyclonal anti-PRAJA2 Invitrogen Cat# PA5-69216; RRID: AB_2689996

Mouse monoclonal anti-Flag Tag Cell Signaling Technology Cat# 8146; RRID: AB_10950495

Rabbit monoclonal anti-Phospho-PKA Substrate Cell Signaling Technology Cat# 9624; RRID: AB_331817

Rabbit polyclonal anti-UCP1 Abcam Ab10983; RRID: AB_2241462

Rabbit monoclonal anti-PPARγ Cell Signaling Technology Cat# 2443; RRID: AB_823598

Rabbit polyclonal anti-GLUT1 Abcam Cat# Ab652; RRID: AB_305540

Mouse monoclonal anti-GLUT4 Cell Signaling Technology Cat# 2213; RRID: AB_823508

Rabbit monoclonal anti-Phospho-Akt (Ser473) Cell Signaling Technology Cat# 4060; RRID: AB_2315049

Rabbit monoclonal anti-Phospho-Akt (Thr308) Cell Signaling Technology Cat# 13038; RRID: AB_2629447

Rabbit polyclonal anti-Akt Cell Signaling Technology Cat# 9272; RRID: AB_329827

Rabbit polyclonal anti-ATGL Cell Signaling Technology Cat# 2138; RRID: AB_2167955

Rabbit monoclonal anti-PGC-1α Cell Signaling Technology Cat# 2178; RRID: AB_823600

Rabbit monoclonal anti-Phospho-AMPKα (Thr172) Cell Signaling Technology Cat# 2535; RRID: AB_331250

Rabbit monoclonal anti-AMPKα Cell Signaling Technology Cat# 5831; RRID: AB_10622186

Rabbit monoclonal anti-PI3-K Cell Signaling Technology Cat# 4249; RRID: AB_2165248

Rabbit polyclonal anti-Phospho-IRS-1 (Ser612) Cell Signaling Technology Cat# 2386; RRID: AB_330326

Rabbit polyclonal anti-IRS-1 Cell Signaling Technology Cat# 2382; RRID: AB_330333

Rabbit monoclonal anti-K48-linkage

specific polyubiquitin

Cell Signaling Technology Cat# 8081; RRID: AB_10859893

anti-mouse HRP secondary Millipore Cat# 401253; RRID: AB_437779

anti-rabbit HRP secondary Millipore Cat# 401393; RRID: AB_10683386

Goat anti-Mouse IgG (H+L) Superclonal™
Secondary Antibody, Alexa Fluor™ 488

Invitrogen Cat# A28175; RRID: AB_2536161

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ 488

Invitrogen Cat# A-11008; RRID: AB_143165

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ 568

Invitrogen Cat# A-11011; RRID: AB_143157

Bacterial and virus strains

plenti-PKA-RIIβ-V5 This paper N/A

pLenti-PKA-Cα-HA This paper N/A

plenti-MEDAGwildtype-FLAG This paper N/A

plenti-MEDAG251A-FLAG This paper N/A
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plenti-MEDAG251D-FLAG This paper N/A

Biological samples

Human BAT and subcutaneous WAT

(human cohort 1)

University Hospital in

Bratislava, Slovakia

N/A

Human BAT (human cohort 2) University Hospital,

Basel, Switzerland.

ClinicalTrials.gov ID: NCT03269747

Human subcutaneous WAT (human cohort 3) University of Granada, Spain ClinicalTrials.gov ID: NCT02365129

Human subcutaneous WAT (human cohort 4) Leipzig Obesity

Biobank, Germany

https://www.helmholtz-munich.de/en/diabetes-

center/hi-mag/clinical-studies/leipzig-obesity-bio-

bank-lobb

Chemicals, peptides, and recombinant proteins

Hoechst33342 Cell Signaling Technology Cat# 4082

HCS LipidTOX™ Deep Red Neutral

Lipid Stain, for cellular imaging

Invitrogen Cat# H34477
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3-Isobutyl-1-methylxanthine Sigma-Aldrich Cat# I5879

Dexamethasone Sigma-Aldrich Cat# D4902
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Insulin Sigma-Aldrich Cat# I9278

Rosiglitazone Adipogen Cat# 71740

Triiodo-L-Thyronine(T3) Sigma-Aldrich Cat# T6397
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Collagen,Type I Sigma-Aldrich Cat# C3867

DMEM, low glucose Lonza Cat# BE12-707F

Penicillin-Streptomycin Gibco Cat# 15070063

DMEM, high glucose Gibco Cat# 41965062

Opti-MEM I reduced serum Gibco Cat# 31985062

L-glutamine Gibco Cat# 25030-024

Trizol reagent Invitrogen Cat# 15596026

DNaseI (RNase-free) NEB Cat# M0303

Forskolin Sigma-Aldrich Cat# 6886

Tamoxifen Sigma-Aldrich Cat# T5648

D-glucose Sigma-Aldrich Cat# G7021

Oligomycin Adipogen Cat# 11342

Isoproterenol Sigma-Aldrich Cat# I5627

Dibutyryl-cAMP Sigma-Aldrich Cat# D0627

FCCP Sigma-Aldrich Cat# C2920

Rotenone Sigma-Aldrich Cat# R8875

AntimycinA Sigma-Aldrich Cat# A8674

H89 MCE Cat# HY-15979

Seahorse XF Base Medium Agilent Cat# 102353

Complete Protease Inhibitors Roche Cat# 05056489001

Halt Phosphatase Inhibitors Thermo Fischer Cat# 78426

PEG-it Virus precipitation solution Bio Cat Cat# LV825A-1-SBI

V5 Peptide Sigma-Aldrich Cat# V7754

3xFLAG™ Peptide Sigma-Aldrich Cat# F4799

Anti-FLAG M2 Affinity Gel Sigma-Aldrich Cat# A2220

Anti-V5 Agarose Affinity Gel Sigma-Aldrich Cat# A7345

Monoclonal Anti-HA-Agarose Sigma-Aldrich Cat# A2095
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InstantBlue Coomassie Protein Stain Abcam Cat# ab119211

Critical commercial assays

DC Protein Assay Bio-Rad Cat# 5000111

High-Capacity cDNA RT kit Applied Biosystems N/A

Glycerol reagent Sigma-Aldrich Cat# F6428

XFE96 FluxPak Agilent Cat# 102416-100

PKA kinase activity kit Enzo Life Sciences Cat# ADI-EKS-390A

cAMP ELISA kit Enzo Life Sciences Cat# ADI-900-067A

SuperSep™ Phos-tag™ Precast Gels Fujifilm Cat# 195-17991

Zeba™ Spin Desalting Columns, 7K MWCO Thermo Fischer Cat# 89883

Deposited data

Unprocessed and uncompressed

imaging data

Mendeley Data https://doi.org/10.17632/vctw9w8bhs.1

Human BAT and subcutaneous

WAT (human cohort 1)

European Nucleotide Archive accession code: PRJEB20634

Human BAT (human cohort 2) Gene Expression Omnibus accession code: GSE220158

Experimental models: Cell lines

HEK293-LTV Cell Biolabs Cat# LTV-100

HEK293 ATCC Cat# CRL-1573

immortalized brown adipocytes Kahn et al.55 N/A

3T3-LA preadipocytes Thiele et al.56 N/A

Experimental models: Organisms/strains

Adipoq-CreERT2: C57BL/6-Tg

(Adipoq-icre/ERT2)1Soff/J

Wolfrum et al.57 N/A

Medagfl/fl: C57BL/6N-Atm1Brd

Medagtm2a(KOMP)Wtsi/Mmucd

MMRRC Cat# 048575-UCD

Adipoq-CreERT2 X Medagfl/fl Christian Wolfrum This paper

Oligonucleotides

qPCR primers Microsynth Listed in Table S2

siRNAs Microsynth Listed in Table S1

Primers for molecular cloning Microsynth Listed in Table S3

Recombinant DNA

plenti-PKA-RIIβ-V5 Christian Wolfrum This paper

pLenti-PKA-Cα-HA Christian Wolfrum This paper

plenti-MEDAGwildtype-FLAG Christian Wolfrum This paper

plenti-MEDAG251A-FLAG Christian Wolfrum This paper

plenti-MEDAG251D-FLAG Christian Wolfrum This paper

pMD2.G Turelli et al.58 Didier Trono Addgene plasmid

Cat# 12259

psPAX2 Turelli et al.58 Didier Trono Addgene plasmid

Cat# 12260

pLenti-CMV-MCS-BSD vector Witwicka et al.59 Paul Odgren Addgene plasmid

Cat# 73582

Software and algorithms

ImageJ NIH, USA https://imagej.net/ij/

(Continued on next page)

ll
OPEN ACCESS Article

e3 Molecular Cell 86, 937–953.e1–e9, March 5, 2026

https://doi.org/10.17632/vctw9w8bhs.1
https://imagej.net/ij/


EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical sample acquisition of human adipose tissue

For human cohort 1, to quantify MEDAG expression in human adipose tissue, we analyzed transcriptomes of paired deep neck BAT

and subcutaneous WAT biopsies of 44 patients undergoing neck surgery. The clinical study was approved by the Local Ethics

Committee (University Hospital in Bratislava, Slovakia) and it conforms to the ethical guidelines of the 2000 Helsinki declaration.

All study participants provided witnessed written informed consent prior to entering the study. Deep neck adipose tissue samples

were obtained from the lower third of the neck by an experienced ENT surgeon from 44 individuals (12 Male/32 Female) during

neck surgery under general anesthesia, age (age=45.68 ± 16 yrs, BMI= 25.52 ± 4.15 kg/m2). The deep neck adipose tissue sample

was taken from pre- and paravertebral space between the common carotid and trachea in case of thyroid surgery and just laterally to

the carotid sheath in case of branchial cleft cyst surgery. In all cases, the surgical approach was sufficient to reach and sample the

deep neck adipose tissue without any additional morbidity. Patients with malignant disease and subjects younger than 18 years were

excluded from participation in the study. All participants self-identified as White/Caucasuan. Correlation analyses between clinical

parameters and study variables were performed in the full cohort and were not adjusted for sex and not stratified by sex.

For human cohort 2, MEDAG expression and paired clinical parameters were obtained from a previously published clinical trial

(ClinicalTrials.gov ID: NCT03269747) that investigated the effects of high-dose glucocorticoid treatment on brown adipose tissue

activity in humans.27 The study protocol of the interventional trial in healthy volunteers was approved by the regional ethics committee

(Ethik-Kommission Nordwest-und Zentralschweiz) at the University of Basel (EKNZ 2016-01859). The study was conducted accord-

ing to the Declaration of Helsinki and ICH-GCP. Participants provided written informed consent before taking part in any study related

procedures. 16 healthy individuals (16 Males) were recruited, and the study was performed in Basel, Switzerland. In 15 of the 16

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Phenomaster software version 5.6.5 TSE systems https://www.tse-systems.com/products/

phenomaster/?utm_term=metabolic%20cage&utm_

campaign=Phenomaster+Academia&utm_

source=adwords&utm_medium=ppc&hsa_

acc=6040599756&hsa_cam=21247035327&hsa_

grp=162182839575&hsa_ad=698298237521&hsa_

src=g&hsa_tgt=kwd-2379065883768&hsa_

kw=metabolic%20cage&hsa_mt=b&hsa_

net=adwords&hsa_ver=3&gad_source=1&gad_

campaignid=21247035327&gbraid=

0AAAAADviuB4kszurM7y2-

30g5VC3kc0QF&gclid=Cj0KCQiAosr

JBhD0ARIsAHebCNq5Vil-eiK2eU89LyTh_

vfMbIQk7Grev99tTjOup3r

KynMVybx6mUEaAnFREALw_wcB

Wave - XF96 software version 2.3.0.19 Agilent https://www.agilent.com/en/product/cell-analysis/

real-time-cell-metabolic-analysis/xf-software/

seahorse-wave-desktop-software-740897

ImageQuant LAS 4000 version 1.1 GE Healthcare N/A

ViiA7 software version 1.2.3 Applied Biosystems https://www.thermofisher.com/ch/en/home/

technical-resources/software-downloads/applied-

biosystems-viia-7-real-time-pcr-system.html

Gen5 version 1.10 BioTek https://www.agilent.com/en/product/

microplate-instrumentation/microplate-

instrumentation-control-analysis-software/

imager-reader-control-analysis-software/

biotek-gen5-software-for-detection-1623227?srsltid=

AfmBOorCmgClQTOuznCAuejMVsuTvR8soq5e

FCCwR4Wu8hGufqI1njik#tools

Graphical Abstract Biorender https://www.biorender.com/

GraphPad Prism 10 GraphPad software https://www.graphpad.com/

Resource website for human cohort 4 Reinisch et al.30 https://github.com/WolfrumLab/MHUO
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participants, biopsies were sampled from the supraclavicular adipose tissue depot. All participants self-identified as White/

Caucasuan. Correlation analyses between clinical parameters and study variables were performed in the full cohort and were not

adjusted for sex and not stratified by sex.

For human cohort 3, subcutaneous WAT samples and paired clinical parameters were obtained from ACTIBATE randomized

controlled trial (ClinicalTrials.gov ID: NCT02365129).28,60 The Human Research Ethics Committee of both University of Granada

(n◦ 924) and Servicio Andaluz de Salud (Centro de Granada, CEI-Granada) approved the study design, study protocols and informed

consent procedure. All participants provided a written informed consent. 150 sedentary, healthy, young adults (50% women) aged

18–25 years were recruited. MEDAG expression and paired clinical parameters were analyzed from 61 individuals (13 Males/48 Fe-

male). All participants self-identified as White/Caucasuan. Correlation analyses between clinical parameters and study variables

were performed in the full cohort and were not adjusted for sex and not stratified by sex.

For human cohort 4, bulk and snRNAseq data were used from the metabolically healthy and unhealthy cohort of Leipzig Obesity

Biobank (LOBB, https://www.helmholtz-munich.de/en/hi-mag/cohort/leipzig-obesity-bio-bank-lobb). The study was performed in

agreement with the Declaration of Helsinki and approved by the Ethics Committee of the University of Leipzig (approval numbers

159-12-21052012, 017-12-23012012). Samples were only collected from adult male and female individuals who have provided

written informed consent. This cohort included 32 insulin-sensitive individuals (71.8% female; age: 38.75 ± 10.98 years; BMI:

46 ± 6.82 kg/m2) and 45 insulin-resistant individuals (71.1% female; age: 47.09 ± 7.49 years; BMI: 46.89 ± 8.12 kg/m2) with obesity.

MEDAG expression and paired clinical parameters were analyzed from 68 individuals (18 Males/50 Female). All participants self-

identified as White/Caucasuan. Correlation analyses between clinical parameters and study variables were performed in the full

cohort and were not adjusted for sex and not stratified by sex.

Mice experiments

All animal procedures were approved by the Veterinary office of the Canton of Zurich. Sample size was determined based on previous

experiments in our lab and similar studies reported in the literature. All mice used for the experiments were male, housed 3-4 litter-

mates per cage in individually ventilated cages at standard housing conditions (22◦C, 12 h reversed light/dark cycle, dark phase start-

ing at 7am), with ad libitum access to chow (18 % proteins, 4.5 % fibers, 4.5 % fat, 6.3 % ashes, Provimi Kliba SA) and water. Health

status of all mouse lines was regularly monitored according to FELASA guidelines. Only male mice were used in this study; therefore,

sex-dependent effects were not assessed.

MEDAGfl/fl mouse strain used for this research project was created by MMRRC (ID:048575-UCD, Mutant Mouse Resource &

Research Centers supported by NIH). Conditional allele was achieved via flippase (Flp) recombination of knockout first allele. Flp de-

leter mouse was kindly provided by Prof. Markus Stoffel (ETH Zurich). Inducible adipocyte specific ablation of MEDAG was

completed after crossing MEDAGfl/fl mice to AdipCreERT257 mice. For the high-fat diet (HFD) cohorts, male mice aged 8 weeks un-

derwent oral gavage of tamoxifen (2 mg/day in sunflower oil, Sigma-Aldrich) to induce recombination of the floxed allele. After 2-week

washout period of tamoxifen, these mice were fed a high-fat diet (23.9% protein, 4.9% fiber, 35% fat, and 5.0% ash, provided by

Provimi Kliba SA) for a period of 12 weeks. A booster regimen (2 mg/day tamoxifen) was administered by oral gavage on three

consecutive days during Week 6 of HFD to ensure sustained recombination efficiency. For the chow diet cohorts, recombination

of the floxed alleles was performed using tamoxifen in male mice aged 10–12 weeks, followed by a 2-week washout period of tamox-

ifen prior to conducting subsequent metabolic studies.

Cell culture-immortalized murine brown adipocytes

Preadipocytes isolated from the stromal-vascular fraction of interscapular brown adipose tissue (iBAT) of late fetal and newborn

C57Bl/6 mice (both sexes) and immortalized through the introduction of the SV40 antigen were generously provided by Prof. Klein.55

Preadipocytes (between passage 4 and 6) were cultured on collagen-coated plates in DMEM supplemented with 10% FBS and 1%

Penicillin/Streptomycin (Gibco) in a normoxic humidified incubator maintained at 5% CO2 and 37◦C. Upon reaching confluence, adi-

pogenic differentiation was initiated by adding IBMX (500 μM), dexamethasone (1 μM), insulin (20 nM), T3 (1 nM), and indomethacin

(125 μM) to the medium. All reagents were procured from Sigma-Aldrich. After 48 hours, the differentiation medium was replaced with

fresh maintenance medium containing insulin and T3, which was refreshed every other day. differentiating adipocytes on day 5 were

trypsinized, counted, and replated onto collagen-coated multi-well plates to lower cell density. Following replating, cells were al-

lowed to attach, recover, and mature before undergoing siRNA transfection with 100 nM siRNA pools on day 6. Cells were collected

on day 9 for RNA, protein analysis, measurements of cellular respiration, and other assessments. All siRNA sequences are listed in

Table S1. Throughout the course of this study, all cell lines used were regularly tested negative for mycoplasma contamination.

Cell culture-3T3-L1

3T3-L1 preadipocytes (ATCC CL-173, kindly provided by Prof. Thiele56) were maintained in growth medium (DMEM 4.5 g l− 1

glucose, 10% FCS plus penicillin/streptomycin) at 5% CO2 and 37◦C. For differentiation, cells were seeded into 48-well plates. After

24 h, differentiation was initiated (day 0) by replacing the medium with induction cocktail containing 1 μM rosiglitazone, 10 μg/ml in-

sulin, 10 μM dexamethasone and 0.5 mM 3-isobutyl-1-methylxanthine for 2 days. Cells were then maintained in growth medium with

insulin only for 2–4 days, with media replacement every 48 h. Differentiation progression was assessed daily via phase-contrast
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microscopy to monitor intracellular lipid droplet accumulation. On day 6 post-induction, cells were transfected with 100 nM siRNA

pools accordingly. Cells were harvested on day 9 post-induction for RNA and protein analysis.

METHOD DETAILS

Clinical transcriptome study cohorts

For human cohort 1, Adipose tissue samples were immediately cleaned from blood and connective tissue, and frozen in liquid nitro-

gen until further processing. rRNA-depleted RNA-sequencing data were prepared on the basis of the SMARTseq protocol.61 Briefly,

isolated RNA was treated with DNaseI and reverse transcribed using an oligo(dT) and a template switch oligo. cDNA was amplified

using ISPCR primers and tagmentated with Tn5 using the Nextera DNA Flex kit (Illumina, San Diego, CA). All libraries were sequenced

on a Novaseq 6000 instrument at Functional Genomics Center Zurich. The raw reads were first cleaned by removing adapter se-

quences and poly-x sequences (> 9 nt used for detection) using fastp (version 0.20.0). Reads with length <18nt after trimming

were additionally filtered out. Sequence pseudo alignment of the resulting high-quality reads to the Human reference genome (build

GRCh38.p13) and quantification of gene level expression (gene model definition from GENCODE release 32) was carried out using

Kallisto v0.46.1. Samples with counts exceeding 20 million were subsequently down-sampled. Down-sampled raw counts were ho-

moscedastically normalized with respect to the library size and differential gene expression analysis was performed with subject be-

ing the covariate using the R package DESeq2 v1.44.0.

For human cohort 2, the description of the cohort and the data analysis are described previously.27 In brief, total RNA was extracted

from brown adipose tissue samples with TRI Reagent (Invitrogen), accordingly to the manufacturer’s instructions. All libraries were

sequenced on a Novaseq 6000 instrument. Adapter sequences and low-quality bases were trimmed off from the raw reads using

fastp v0.20 for quality control. Filtered high-quality reads were mapped against the human reference genome assembly (build

GRCh38. p13) using STAR v2.7.4a. Gene expression values were quantified using the R package Rsubread v2.2.4 and genes

were considered to be present if they had at least 10 counts in half of the samples. Differential gene expression analysis was per-

formed using the R package edgeR v3.34.

For human cohort 3, The BRB-seq libraries were prepared at Alithea Genomics Laboratory in Epalinges, Switzerland, according to

the following protocols. For the MERCURIUS BRB-seq library preparation service, RNA samples were shipped on dry ice and un-

derwent quantification and quality control (QC) before reverse transcription. Depending on the number of samples, the RT was car-

ried out in batches of either 96 or 384, utilising a set of barcoded oligo-dT primers from BRB-seq kits (96-sample BRB-seq kit,

PN10813; 384-sample BRB-seq kit, PN11013; Alithea Genomics) accordingly. The cDNA was pooled into a single tube, column-pu-

rified and subjected to ExoI treatment before proceeding with cDNA second strand synthesis. The Illumina-compatible Unique Dual

Indexed (UDI) library was prepared, and the libraries were sequenced on the Illumina NovaSeq instrument, as previously detailed.62

The FASTQ files were then sample-demultiplexed and aligned to the reference genome using STARsolo version 2.7.9a. The resulting

read count matrices were subsequently used for downstream gene expression analysis.

For human cohort 4, the description of the cohort and the data analysis are described previously.30 Briefly, rRNA-depleted RNA-

sequencing data were prepared on the basis of the SMARTseq protocol.61 Isolated RNA was treated with DNaseI and reverse tran-

scribed using an oligo(dT) and a template switch oligo. cDNA was amplified using ISPCR primers and tagmentated with Tn5 using the

Nextera DNA Flex kit (Illumina, San Diego, CA). All libraries were sequenced on a Novaseq 6000 instrument at Functional Genomics

Center Zurich. Samples with counts exceeding 20 million were subsequently down-sampled. Down-sampled raw counts were ho-

moscedastically normalized with respect to the library size and differential gene expression analysis was performed with subject be-

ing the covariate using the R package DESeq2 v1.44.0. Normalized counts were adjusted for exon mapping rate using the R package

limma v3.60.2 for quality control. For snRNA-seq sequencing, frozen tissues were used for nuclei isolation, followed by 10X-based

library preparation according to manufacturer’s protocol (10X genomics, Pleasanton, CA, United States). The libraries were

sequenced on a Novaseq6000 instrument (Illumina, Eindhoven, Netherlands) at health 2030 genome center. The R package

Seurat v4.4.0 was used to process and analyze filtered feature-barcode count matrices. For quality control, nuclei with unique feature

counts <300 or >5000, UMI counts > 20,000 and mitochondrial gene counts >5% were discarded from downstream analysis. The

Cell Ranger v.7.1.0 pipeline was used for sample demultiplexing, read alignment against reference genome assembly GRCh38,

cell barcode processing and unique molecular identifier counting. MEDAG expression was queried using the web applications pro-

vided in https://github.com/WolfrumLab/MHUO.

Intraperitoneal Glucose Tolerance Test

To measure glucose tolerance, mice were fasted for 6 hours by removal to a clean cage without food at the end of the dark (active)

phase. Mice were weighed and fasting glucose levels were obtained from a small tail clip using a standard glucometer (ACCU-CHEK

Aviva, Roche), D-glucose (2 g/kg body weight, Sigma-Aldrich) was injected intraperitoneally. Blood glucose levels were measured 0,

15, 30, 45, 60 and 120 minutes after glucose injection using glucometer.

Intraperitoneal Insulin Tolerance Test

To measure insulin tolerance, mice were fasted for 6 hours by removal to a clean cage without food at the end of the dark (active)

phase. Mice were weighed and fasting glucose levels were obtained from a small tail clip using a standard glucometer
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(ACCU-CHEK Aviva, Roche), Insulin (1 U/kg body weight) was injected intraperitoneally. Blood glucose levels were measured 0, 15,

30, 45, 60 and 120 minutes after insulin injection using glucometer.

Body composition measurement

Liver mice body composition was measured with a magnetic resonance imaging technique (EchoMRI 130, Echo Medical Systems).

Mice were placed in a manufacturer-supplied restrainer (without anesthesia) and scanned according to the manufacturer’s instruc-

tions. Each mouse was scanned using the instrument’s standard mouse setting. Fat and lean mass was analyzed using Echo MRI 14

software.

Indirect Calorimetry

Indirect calorimetry measurements were performed with the Phenomaster (TSE Systems) using TSE PhenoMaster software v5.6.5

according to the manufacturer’s guidelines. O2 and CO2 levels were measured for 60s every 13 minutes continuously. Energy expen-

diture was calculated according to the manufacturer’s guidelines. The respiratory quotient was estimated by calculating the ratio of

CO2 production to O2 consumption. Animals were single-caged and acclimated to the metabolic cage for 48 hours prior metabolic

recording. Locomotor activity, food and water intake were monitored throughout the whole measurement. Following basal

measurement at thermoneutrality (28◦C), the mice were exposed to 22◦C and then to 8◦C, or injected intraperitoneally with

CL316,243 (0.1 mg/kg/day) to activate non-shivering thermogenesis.

Tissue Harvest

Animals were individually euthanized in a carbon dioxide environment. Following euthanasia, all tissues were meticulously dissected,

weighed, and immediately snap-frozen in liquid nitrogen for subsequent processing. Popliteal lymph nodes were carefully excised

from the inguinal white adipose tissue (iWAT) for gene and protein expression analyses. For the isolation of RNA and proteins, the

entire adipose tissue depot was homogenized.

Cellular Respiration and Glycolytic Stress Test

For the measurement of cellular respiration, immortalized murine brown adipocytes were cultured on collagen-coated cell culture

dishes. On day 5 of differentiation, adipocytes were trypsinized and replated at a density of 7,000 cells per well, allowing them to

recover for 48 hours prior to treatment. Since hMADS cells grow in a monolayer, they were differentiated directly on collagen-coated

96-well Seahorse microplates. On the day of experiment, adipogenic medium was replaced with XF Assay Medium (pH 7.4, Seahorse

Bioscience) supplemented with glucose (1 g/L; Sigma-Aldrich), 2 mM sodium pyruvate (Invitrogen) and 2 mM L-GLUTamine (Invitro-

gen). The oxygen consumption rate (OCR) was measured using the Extracellular flux analyzer XF96 (Agilent). Test compounds were

sequentially injected to obtain following concentrations: 1 mg/ml Oligomycin, 1 mM isoproterenol, (0.5 mM dibutyryl cAMP for

hMADS), 1 mg/ml FCCP, 3 mM Rotenone with 2 mg/ml Antimycin A. OCR levels (pmol/min) were normalized to protein amount

per well (μg protein). Non-mitochondrial respiration was subtracted to obtain basal, basal uncoupled, basal uncoupled, stimulated

and maximal mitochondrial respiration.

For glycolytic stress test, on the day of experiment, adipogenic medium was replaced with XF Assay Medium (pH 7.4, Seahorse

Bioscience) supplemented with 2 mM L-GLUTamine (Invitrogen). ECAR was measured using the Extracellular flux analyzer XF96

(Agilent). Test compounds were sequentially injected to obtain following concentrations: 70 mM D-Glucose, 1 mg/ml Oligomycin,

900 mM 2-DeoxyGlucose. ECAR values (mpH/min) were normalized to protein amount per well (μg protein). Non-glycolytic acidifi-

cation was subtracted to obtain glycolysis, glycolytic capacity, and glycolytic reserve.

For the fuel dependency assessment, iBAs were differentiated in collagen-coated 96-well Seahorse microplates. On the assay day,

cells were equilibrated for 1 h in XF assay medium (pH 7.4, Seahorse Bioscience) supplemented with 10 mM glucose (Sigma-Aldrich),

1 mM sodium pyruvate (Invitrogen) and 2 mM L-glutamine (Invitrogen). Mitochondrial substrate dependency was quantified through

sequential injection of three metabolic inhibitors: 100 μM etomoxir (Sigma-Aldrich) to inhibit CPT1a-mediated fatty acid oxidation,

6 μM BPTES (Sigma-Aldrich) to suppress glutaminolysis via glutaminase inhibition, and 2 μM UK5099 (Sigma-Aldrich) to block mito-

chondrial pyruvate transport. Fuel-specific oxidative capacity was calculated as the percentage ratio: [(basal OCR - OCR after single

inhibitor injection) / (basal OCR - OCR after double inhibitor injection)]× 100, where single inhibitor injection refers to administration of

the pathway-specific inhibitor, and double inhibitor injection denotes co-administration of all remaining inhibitors.

Lipolysis

Lipolytic activity of mature brown adipocytes was determined as glycerol and free fatty acids release into culture media. Briefly,

the cells were starved for 2 hours in low-glucose medium (Gibco) prior to analysis. Isoproterenol (1 μM; Sigma-Aldrich) was added

and plate was incubated for another 30 mins or 1 hour at 37◦C in humidified CO2 incubator. Media were collected and spun down

to pellet detached cells. Glycerol and free fatty acid were assessed in the supernatant using the Glycerol reagent (Sigma-Aldrich)

and NEFA assay kit (Wako NEFA KIT) respectively, according to manufacturer’s instructions and normalized to protein content in

the well.
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RNA extraction, cDNA synthesis, Quantitative RT-PCR

Total RNA was extracted from tissues or cells using Trizol reagent (Invitrogen) according to the manufacturer’s instructions. DNase

treatment (NEB BioLabs) was included to remove traces of genomic DNA. Reverse transcription was performed to generate cDNA

library by using the High-Capacity cDNA Reverse transcription kit (Applied Biosystems), with 1mg of RNA. Quantitative PCR was

performed on a ViiA7 (Applied Biosystems) and relative mRNA concentrations normalized to the expression of TBP were calculated

by the ΔΔCt method. Primer sequences are listed in Table S2.

Protein extraction and western blot

Adipose tissue samples and in vitro differentiated adipocytes were homogenized in RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM

NaCl, 2 mM EDTA, 1.0% Triton X100, 0.5% sodium deoxycholate) supplemented with protease inhibitor (Complete, Roche) and

phosphatase inhibitor (Halt phosphatase inhibitor cocktail, ThermoFisher). Lysates were cleared by centrifugation at 12,000g for

15 minutes at 4◦C. Protein concentration of the supernatants was determined by DC Protein Assay (Bio-Rad). An equal amount of

proteins (30 mg) were separated on 10% SDS-polyacrylamide gel, transferred to a nitrocellulose membrane (Bio-Rad) and blotted

by different antibodies. The primary antibody signal was visualized by horseradish peroxidase-conjugated secondary antibodies

(1:8,000, Millipore) and the ImageQuant system (GE Healthcare Life Sciences). SuperSep™ Phos-tag™ precast gels (Fujifilm) were

used to enable isolation of phosphorylated proteins by the level of phosphorylation.

Molecular cloning

Mouse Flag-MEDAG, HA-PKA-Cα, V5-PKA-RIIβ constructs were cloned from mouse cDNA library and inserted into pLenti-CMV-

MCS-DBSD vector59 to obtain pLenti-Flag-MEDAG, pLenti- HA-PKA-Cα, pLenti-V5-PKA-RIIβ construct. For mouse MEDAG mutant,

we designed primers to replace Ser 251 to Ala 251 or Asp 251 to obtain Flag-MEDAGS251A or Flag-MEDAGS251D, and the CDS was

then inserted into pLenti-CMV-MCS-DBSD vector to obtain pLenti-Flag- MEDAGS251A. All the plasmids for cell culture work were

extracted by NucleoBond Xtra-Midi kit (Macherey-Nagel). All primers used for molecular cloning were listed in Table S3.

Lentivirus packaging

For lentivirus packaging, the target plasmids were transfected into HEK293T cells together with pMD2.G (Addgene, 12259) and

psPAX2 (Addgene, 12260)58 by polyethylenimine in OptiMEM medium. The virus-containing medium was collected and concen-

trated in PEG-it Virus Precipitation Solution (SBI, LV825A-1) according to the manufacturer’s instructions. The lentivirus transfection

with/without siRNA transfection were performed on day 6 of iBAs culture.

CO- Immunoprecipitation (CO-IP)

For immunoprecipitation, iBAs were homogenized in RIPA buffer (50 mM Tris–HCl pH 7.4, 150 mM NaCl, 2 mM EDTA and 1.0% Triton

X-100) with protease inhibitors (Complete, Roche) and phosphatase inhibitors (Halt phosphatase inhibitor cocktail, ThermoFisher).

The homogenates were centrifuged at 12,000g for 10 min at 4 ◦C to collect cell lysates. After three washes with cold RIPA buffer, 20 μl

Anti-Flag beads or Anti-V5 beads was added to cell lysates for overnight incubation with rotation at 4◦C. The beads were then washed

six times by cold RIPA buffer. The proteins were eluted by boiling the beads at 95◦C for 5 min with 2x Lammeli buffer. The eluted

protein was then analyzed by immunoblotting.

Dot blot overlay assay

Dot blot protein overlay assay was performed as described previously.63 FLAG-MEDAG (WT), FLAG-MEDAGS251A, and V5-PKA-RIIβ
were expressed in HEK293 cells and lysed in a high-stringency buffer (50 mM Tris–HCl pH 7.4–7.5, 500 mM NaCl, 1% NP-40, 0.1%

sodium deoxycholate, 1 mM EDTA, 10% glycerol, 1 mM DTT, protease inhibitors) to minimize indirect or weak associations and

thereby improve sample purity. Recombinant protein was purified by immunoaffinity-capture via anti-V5 or anti-Flag conjugated

resins and eluted under native conditions using the cognate epitope peptide (3×FLAG or V5). Residual peptide was removed by rapid

buffer exchange using Zeba™ Spin Desalting Columns, 7K MWCO (Thermo Scientific) prior to the in-vitro association assays. The

immunoaffinity-purified proteins were analyzed by SDS-PAGE followed by Coomassie Brilliant Blue staining (Figure S3E). Prominent

bands at the expected molecular weights indicate the purity and integrity of the proteins used for in vitro protein–protein interaction

assays. Using a vacuum manifold (Bio-Dot® apparatus), 10 μL of each protein was applied directly onto a nitrocellulose membrane.

Membranes were air-dried for 10 min at room temperature to ensure protein adherence. Membranes were incubated in 5% BSA for

2 h at room temperature with gentle agitation to prevent non-specific binding. Blocked membranes were incubated overnight at 4◦C

with gentle shaking in probing buffer (TBST + 5% BSA) containing the purified, tagged "bait" protein. Unbound probe was removed

by washing membranes 3× for 10 min each in TBST. Membranes were incubated with a primary antibody against the tag for 1 h at

room temperature, washed 3× in TBST, incubated with HRP-conjugated secondary antibody (1:10,000) for 1 h, washed again, and

developed using enhanced chemiluminescence (ECL) substrate.

Immunofluorescence

To immunostain MEDAG, PKA-Cα and PKA-RIIβ, iBAs were transfected with corresponding lentivirus. iBAs were fixed with 4% PFA

for 20 mins and permeabilized by 0.25% PBST (Triton X-100 in PBS) for 20 mins. After three washes with cold PBS, cells were
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blocked by 1% BSA for 1 h and incubated with primary antibodies overnight at 4◦C. After three washes with cold PBS, cells were

incubated with Alexa Fluor 488/568 conjugated secondary antibody (1:200, ThermoFisher) for 1 h at room temperature. Finally, cells

were stained by Hoechst 33342 to label nuclei after three washes with PBS to remove residual secondary antibody. The pictures were

all obtained by Olympus FluoView 3000 confocal microscope and processed by ImageJ. Co-localization was quantified using the

Coloc2 plugin in Fiji/ImageJ.

Computational prediction of MEDAG-PKA-RIIβ dimer complex structure

Computational simulation was conducted to predict the complex structure of mouse PKA- RIIβ dimer and MEDAG using AlphaFold 3

web server (https://alphafoldserver.com/).64 Both amino acid sequences of PKA- RIIβ dimer and MEDAG were obtained from Uniprot

(Uniprot ID of PKA- RIIβ: H3BK84; Uniprot ID of MEDAG: Q14BA6). The copy number of PKA- RIIβ was set to 2 while the copy number

of MEDAG was set to 1 for simulating a dimer-monomer interaction. To simulate a post-translational modification (PTM) of a specific

residue (in this study, pSer251), the desired PTM was added to the target residue by the built-in toolbox of the server. Five complex

structures were generated during the simulation and the most appropriate model was manually evaluated and selected. The molec-

ular graphic figure was generated by PyMOL v.2.5.2 (Schrödinger, New using York, NY, USA).

Histological staining

Adipose tissues were fixed in 4% PFA for 24 h directly after tissue collection. To perform haematoxylin and eosin (H&E) staining, tis-

sue pieces were transferred to 65% ethanol and embedded in paraffin in tissue processing machine and embedding machine, fol-

lowed by section at 10 μm and staining using the standard protocol. Specifically, sections were deparaffinized in xylene (2 × 5 min)

and rehydrated through a graded ethanol series (100%, 95%, 70%; 2-3 min each) to distilled water. Sections were stained in hema-

toxylin for 3-5 min and rinsed in running tap water for 5 min, followed by bluing in Scott’s solution for 30-60 s. Sections were then

counterstained in eosin Y for 30-90 s, rinsed quickly in water, dehydrated through graded ethanols (70%, 95%, 100%), cleared in

xylene (2 × 5 min), and coverslipped using a xylene-based mounting medium. H&E-stained sections were imaged on a whole-slide

scanner under identical illumination and acquisition settings across experimental groups. Adipocyte size was quantified in a blinded

manner using ImageJ.

Plasma TG, FFA and cholesterol measurements

The blood samples were collected by cardiac puncture into EDTA-coated tubes after 4 h of fasting. Plasma was obtained by centri-

fugation at 8,000g for 20 min at 4◦C. Plasma TG levels were determined using the TG assay kit (SPINREACT), and total cholesterol

levels were measured with LabAssatTM Cholesterol kit (FUJIFILM). Plasma NEFA levels were determined using the NEFA assay kit

(Wako NEFA kit).

cAMP levels and PKA kinase activity measurements

Cells were FBS-depleted for 2 hours prior to the cAMP assays in high glucose DMEM medium, followed by isoproterenol treatment

for different timepoints. Prior to assay. Cells were briefly washed 1x with PBS. Subsequently, intracellular and tissue lysates cAMP

concentration was measured using a cAMP Elisa kit (Enzo Life Sciences) according to manufacturer’s instructions. Colorimetric

assay was detected by SynergyMx plate reader (BioTek). cAMP levels (pmol) were normalized to protein amount per well

(mg protein). Similarly, PKA kinase activity (ng) was measured using a PKA Kinase Activity kit (Enzo Life Sciences) according to man-

ufacturer’s instructions and normalized to protein amount per well (μg protein).

QUANTIFICATION AND STATISTICAL ANALYSIS

For in vivo studies, littermates were randomly assigned to treatment groups for all the experiments. Sample sizes were determined

based on previous experiments using similar methodologies. The animal numbers used for all experiments are indicated in the cor-

responding figure legends. All animals were included in statistical analyses, and the investigators were not blinded. For cell culture

experiments, biological replicates were no less than three (shown as n in the figure legends), and all cell culture experiments were

performed with 2–3 technical replicates for RNA and protein analysis, 5–6 replicates for measurement of cellular respiration, and

independently reproduced 2-4 times. Data are presented as mean ± SEM, when it is not indicated specifically. Two-tailed unpaired

student’s t-test was applied on comparison of two groups and two-way ANOVA with Tukey’s post hoc multiple comparison

test was applied on comparisons of multiple groups. Pearson or Spearman correlation coefficient was calculated to address

association of two parameters. All statistical analyses were performed using GraphPad Prism 10. Statistical differences are indicated

as * for P < 0.05, ** for P < 0.01, *** for P < 0.001 and **** for P < 0.0001.
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Supplementary figures and legends 

Figure S1. Adipose tissue MEDAG expression positively correlates with obesity and metabolic 
dysfunction in humans, related to Figure 1 

(A) Dot plots showing expression of MEDAG and top marker genes within hAd1 and hAd4 
subpopulation (Emont et al. dataset) in subcutaneous adipocyte subpopulations in human cohort 4. 

(B) Expression of MEDAG in subcutaneous adipocyte subpopulations from Emont et al. dataset.  

(C) Expression of MEDAG within hAd1 and hAd4 subpopulation (Emont et al. dataset) in individuals 
with different BMI.  

(D) Violin plots comparing MEDAG expression and the top five markers of hAd1 and hAd4 
subpopulation (Emont et al. dataset) between metabolically healthy (IS) versus unhealthy (IR) human 
subcutaneous WAT in human cohort 4. 

 

 

 



Figure S2. Medag regulates adipocyte respiration by PKA activity modulation, related to Figure 
2 

(A) Fuel dependency assay in iBAs with Medag knockdown (n=10).  

(B) Fuel dependency assay in iBAs treated with 1 µM isoproterenol for 1 h after Medag knockdown 
(n=9-10 for each group). 

(C) Representative blots of markers linked to lipid metabolism and glucose/insulin signaling, in iBAs 
treated with 1 µM isoproterenol for 1 h or 12 h after MEDAG knockdown (n = 2). Repeated independently 
three times with similar results.  

(D) Real-time qPCR of thermogenesis markers in iBAs treated with 1 µM isoproterenol for different 
timepoints (n = 4).  

(E) Representative blots of P-HSL, P-CREB and P-PKA substrates protein levels (n = 3). Repeated 
independently three times with similar results. 

(F) Representative blots and quantification of Flag-MEDAG protein levels in iBAs with Flag-MEDAG 
overexpression following Medag knockdown (n = 4). 

(G) Representative blots and quantification of P-HSL and P-CREB protein levels in 3T3 treated with 10 
µM isoproterenol for 1 h after Medag knockdown (n = 3).  

(H) Real-time qPCR of Medag in iBAs treated with 1 µM isoproterenol for different timepoints (n=4).  



(I) Real-time qPCR of Medag in 3T3 treated with 10 µM isoproterenol for different timepoints (n=4).  

Data are presented as mean ± SEM and analyzed using unpaired two-tailed t-test (A, B, D, G) and one-
way ANOVA with Tukey’s post hoc multiple comparison test (H, I). ns, not significant, **p < 0.01, ***p < 
0.001, ****p < 0.0001.   

  



Figure S3. MEDAG regulates the stability of the PKA-RIIβ subunits, related to Figure 4 

(A) Real-time qPCR of PKA-RIIβ in iBAs treated with 1 µM isoproterenol for different timepoints (n = 6).  

(B) Representative blots and quantification of PKA-RIIβ protein levels in 3T3 under basal conditions 
and following 10 µM isoproterenol stimulation after Medag knockdown (n = 3). 

(C) Computational predicted structure complex of WT-MEDAG with PKA-RIIβ dimer using Alphafold 3. 
The two dimers of PKA-RIIβ are labeled in Salmon and Warmpink while MEDAG is labeled in Marine. 

(D) Computational predicted structure complex of Ser251 phospho-MEDAG with PKA-RIIβ dimer using 
Alphafold 3. The two dimers of PKA-RIIβ are labeled in Salmon and Warmpink while MEDAG is labeled 
in Marine. 

(E) Coomassie Blue-stained SDS-PAGE showing immunoaffinity-purified V5-PKA-RIIβ, WT-MEDAG 
and Flag-MEDAGS251A.  

Data are presented as mean ± SEM and analyzed using unpaired two-tailed t-test (A, B). ns, not 
significant, *p < 0.05. 



 

Figure S4. Medag AKO mice exhibit increased EE and are resistant to HFD-induced obesity, 
related to Figure 5 

(A) Medag knockout efficiency in different adipose depots in AKO mice (n = 6). 

(B) Plasma non-esterified fatty acids (NEFA) after 12 weeks of HFD feeding (n = 6). 

(C) Rectal temperature of mice housed at 22°C (n = 8 for WT and 6 for AKO). 

(D) Accumulative food uptake in mice throughout different temperature exposure at 28°C (S), 22°C (T), 
8°C (U) (n = 5). 

(E) Locomotor activity in mice throughout different temperature exposure at 28°C (S), 22°C (T), 8°C (U) 
(n = 5). 

Data are presented as mean ± SEM. Each data point represents an individual animal. Statistical 
analysis was performed using unpaired two-tailed t-test (A-E). ns, not significant, ****p < 0.0001.  



Figure S5. PPARγ/GLUT signaling acts downstream of PKA activation in Medag AKO mice, 
related to Figure 6 

(A) Schematic illustration of experimental design: thermoneutral (28ºC), room temperature (22 ºC), and 
cold exposure (8 ºC). 

(B-C) Energy expenditure curve (B) and daily energy expenditure (C) of mice housed at 22°C (n = 5). 

(D-E) Energy expenditure curve (D) and daily energy expenditure (E) of mice housed at 8°C (n = 5 for 
WT and 4 for AKO).  

(F-G) RER curve (F) and daily RER (G) of mice housed at 22°C (n = 5). 

(H-I) RER curve (H) and daily RER (I) of mice housed at 8°C (n = 5 for WT and 4 for AKO). 

(J) Locomotor activity in mice housed at 28°C (S), 22°C (T), 8°C (U) (n = 5 and n=4 for AKO when 
housed at 8°C). 

(K) Accumulative food uptake in mice housed at 28°C (S), 22°C (T), 8°C (U) (n = 5 and n=4 for AKO 
when housed at 8°C). 

(L) Scheme of experimental design. 

(M) Energy expenditure mice housed at 28°C before and after CL316,243 injection (n = 5). 



(N) RER of mice housed at 28°C before and after CL316,243 injection (n = 5). 

(O) Representative blots and quantification of P-PKA substrates, P-HSL, and P-CREB protein levels in 
BAT from mice housed at 28°C for 1 week (n = 6). 

(P) Representative blots and quantification of P-PKA substrates, P-HSL, and P-CREB protein levels in 
eWAT from mice housed at 28°C for 1 week (n = 6). 

(Q) Representative blots of P-PKA substrates in iWAT of mice housed at 28°C for 1 week (n = 6). 

Data are presented as mean ± SEM. Each data point represents an individual animal. Statistical 
analysis was performed using unpaired two-tailed t-test (C, E, G, I-P). ns, not significant, *p < 0.05. 



Table S1. Sequence of siRNA pools used to knockdown genes in immortalized brown adipocytes 
(Mouse), related to STAR Methods 

Gene symbol Sense siRNA Sequence (5’-3’) 
Medag #1 GGGAAACGATACTGAGCAA 

#2 GCAAACCTATGGTATTCTT 
#3 GCAGAATTCTCATTTCCAA 

Praja2 #1 GUA GUA AGG CCC AAA GUU Aß 
#2 CGG CAA GAA UCU CGG GAC A 
#3 UGG AAG AAG ACA UGC GUA U 

 

Table S2. Sequence of qPCR primers used in this study, related to STAR Methods 

Gene symbol Species  Primer Sequence (5’-3’) 
Medag Mouse Forward: ATCGCCTCAGCAGCTACATC 

Reverse: TGTCCTTCTTGGTCTGCACG 
Prdm16 Mouse Forward: CGCTTCGAATGTGAAAACTG 

Reverse: AAGGTCTTGCCACAGTCAGG 
Cox7A1 Mouse Forward: CAGCGTCATGGTCAGTCTGT 

Reverse: AGAAAACCGTGTGGCAGAGA 
Elovl Mouse Forward: GGCATAATTGTTACCTGATTCAGG 

Reverse: GATGGTTCTGGGCACCATCTT 
Pparα Mouse Forward: TCGGCGAACTATTCGGCTG 

Reverse: GCACTTGTGAAAACGGCAGT 
Pparγ Mouse Forward: GTGGGGATAAAGCATCAGGC 

Reverse: CCGGCAGTTAAGATCACACCTA 
Ucp-1 Mouse Forward: CAGCCGGCTTAATGACTGGA 

Reverse: TGATCCCATGCAGATGGCTC 
Pgc-1α Mouse Forward: CTCTCAGTAAGGGGCTGGTTG 

Reverse: CGAATGACGCCAGTCAAGC 
Pkm2 Mouse Forward: GTGGTGACCTGGGCATTGAG 

Reverse: GCACAGATGACAGGCTTCCC 
Pepck Mouse Forward: CGGATGGGCATATCTGTGCT 

Reverse: AGGCCCAGTTGTTGACCAA 
Glut4 Mouse Forward: GACGGACACTCCATCTGTTG 

Reverse: GCCACGATGGAGACATAGC 
PKA-RIIβ Mouse Forward: CTTTATCGAGTCCCTGCCGT 

Reverse: CAGACGCTGCTCTTGGTTTG 
 

Table S3. Sequence of primers used for molecular cloning, related to STAR Methods 

Plasmid Primer Sequence (5’-3’) 
Flag-MEDAG Forward: GGACTAGTATGGCCACTGCAGCGTGC 

Reverse: 
CGACGCGTTCACTTATCGTCGTCATCCTTGTAATCGATAAGTTGGCTGGATGT
CT 

HA-PKA-Cα Forward: GGACTAGTGCCACCATGGGCAACGCCGCCGCCGC 
Reverse: 
CGACGCGTCTAGGCGTAGTCAGGCACGTCGTAAGGATAAAACTCAGTAAACT
CCTTGCC 

V5-PKA-RIIβ Forward: GGACTAGTATGAGCATCGAGATCCCC 
Reverse: 
CGACGCGTTCAAGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTA
CCTCATGCAGTGGGCTCAAC 

Flag-
MEDAGS251A 

Forward: CTAATACGAAGGAGTGCTTTCTCTGATCGGAAA  
Reverse: TTTCCGATCAGAGAAACGACTCCTTCGTATTAG 

Flag-
MEDAGS251D 

Forward: CTAATACGAAGGAGTGATTTCTCTGATCGGAAA  
Reverse: TTTCCGATCAGAGAAAAGACTCCTTCGTATTAG 
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