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Inhibition of AXL receptor tyrosine kinase
enhances brown adipose tissue functionality
in mice

VissarionEfthymiou 1,2,11, LianggongDing1,11,MiroslavBalaz1,3,Wenfei Sun 1,4,5,
Lucia Balazova1,3, Leon G. Straub1,6, Hua Dong 1,7, Eric Simon8, Adhideb Ghosh1,
Aliki Perdikari1, Svenja Keller1,9, Umesh Ghoshdastider1, Carla Horvath1,
Caroline Moser1, Bradford Hamilton10, Heike Neubauer10 &
Christian Wolfrum 1

The current obesity epidemic and high prevalence of metabolic diseases
necessitate efficacious and safe treatments. Brown adipose tissue in this con-
text is a promising target with the potential to increase energy expenditure,
however no pharmacological treatments activating brown adipose tissue are
currently available. Here, we identify AXL receptor tyrosine kinase as a reg-
ulator of adipose function. Pharmacological and genetic inhibition of AXL
enhance thermogenic capacity of brown and white adipocytes, in vitro and
in vivo. Mechanistically, these effects aremediated through inhibition of PI3K/
AKT/PDE signaling pathway, resulting in induction of nuclear FOXO1 locali-
zation and increased intracellular cAMP levels via PDE3/4 inhibition and sub-
sequent stimulation of the PKA-ATF2 pathway. In line with this, both
constitutive Axl deletion as well as inducible adipocyte-specific Axl deletion
protect animals from diet-induced obesity concomitant with increases in
energy expenditure. Based on these data, we propose AXL receptor as a target
for the treatment of obesity.

Obesity is considered a worldwide epidemic and has been associated
with a variety of metabolic and other complications, such as type II
diabetes, cardiovascular disease and several types of cancer, to name
but a few. At present, the most efficient approach for a long-term and
sustainable weight loss are several types of bariatric surgery, further-
more novel therapies are developed aiming at reducing food intake

through glucagon-like peptide 1 (GLP1) and/or glucose-dependent
insulinotropic polypeptide (GIP) receptor signaling1–3. However, there
are currently no FDA-approved weight-loss treatments that target
energy expense.

Brown adipose tissue (BAT) is a major thermogenic organ in
mammals and rodents, due to its capacity to uncouple the production

Received: 10 August 2021

Accepted: 27 June 2023

Check for updates

1ETH Zürich –Swiss Federal Institute of Technology, Department of Health Sciences andTechnology, Laboratory of Translational Nutrition Biology, Institute of
Food, Nutrition and Health, Schwerzenbach, Switzerland. 2Joslin Diabetes Center, Section of Integrative Physiology and Metabolism, Research Division,
Harvard Medical School, Boston, MA, USA. 3Laboratory of Cellular and Molecular Metabolism, Biomedical Research Center, Slovak Academy of Sciences,
Bratislava, Slovakia. 4Department of Bioengineering, Stanford University, Stanford, CA, USA. 5Department of Molecular and Cellular Physiology, Stanford
University School of Medicine, Stanford, CA, USA. 6Institute of Child Nutrition, Max Rubner-Institut, Federal Research Institute of Nutrition and Food,
Karlsruhe, Germany. 7Institute for Stem Cell Biology and Regenerative Medicine, Stanford University School of Medicine, Stanford, CA, USA. 8Department of
Global Computational Biology andDigital Sciences, Boehringer IngelheimPharmaGmbH&Co. KG, Biberach an der Riss, Germany. 9Mechanisms of Inherited
Kidney Diseases Group, Institute of Physiology, University of Zurich, 8057 Zurich, Switzerland. 10Department of CardioMetabolic Diseases Research, Boeh-
ringer Ingelheim Pharma GmbH & Co. KG, Biberach an der Riss, Germany. 11These authors contributed equally: Vissarion Efthymiou, Lianggong Ding.

e-mail: christian-wolfrum@ethz.ch

Nature Communications |         (2023) 14:4162 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-4327-7977
http://orcid.org/0000-0003-4327-7977
http://orcid.org/0000-0003-4327-7977
http://orcid.org/0000-0003-4327-7977
http://orcid.org/0000-0003-4327-7977
http://orcid.org/0000-0001-5762-6010
http://orcid.org/0000-0001-5762-6010
http://orcid.org/0000-0001-5762-6010
http://orcid.org/0000-0001-5762-6010
http://orcid.org/0000-0001-5762-6010
http://orcid.org/0000-0002-8235-726X
http://orcid.org/0000-0002-8235-726X
http://orcid.org/0000-0002-8235-726X
http://orcid.org/0000-0002-8235-726X
http://orcid.org/0000-0002-8235-726X
http://orcid.org/0000-0002-3862-6805
http://orcid.org/0000-0002-3862-6805
http://orcid.org/0000-0002-3862-6805
http://orcid.org/0000-0002-3862-6805
http://orcid.org/0000-0002-3862-6805
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-39715-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-39715-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-39715-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-39715-8&domain=pdf
mailto:christian-wolfrum@ethz.ch


of ATP from oxidative phosphorylation, thus dissipating chemical
energy in the formof heat4,5. Brown adipocytes do not exist only in the
classic BAT depots (e.g. interscapular BAT or iBAT), but they can also
be found within particular white adipose tissue (WAT) depots. These
cells - functionally and morphologically similar to brown adipocytes –
have been described as “beige” or “brite”, whereas the phenomenon of
the appearance of suchcells within awhite adiposedepot is referred to
as “browning” or “beiging” of WAT6,7. After the relatively recent dis-
covery that BAT can be present in adult humans8–12 - localized in the
supraclavicular, paravertebral, axillary and deep neck regions - as well
as the observation that “browning” ofWAT can also occur in humans13,
the brown adipose organ started being considered a clinically relevant
promising target to increase energy expenditure (EE).

Physiologically, β-adrenergic stimulation, typically induced by
cold exposure or other stimuli that increase catecholamine levels (e.g.,
burning13) activates BAT14. Specifically, the second messenger cyclic
AMP (cAMP) is responsible for the transmission of the intracellular
signal upon β-adrenergic stimulation, and several intracellular sub-
strates and transcription factors, such as PKA and CREB, having been
characterized to play a role in thermogenesis.

Even though the role of the β-adrenergic receptor (β-AR) sig-
naling pathway in BAT thermogenesis has been extensively studied,
the role and directionality of insulin signaling pathway in brown
adipocyte functionality, as well as the interplay between insulin and
β-adrenergic signaling pathways, are less clear. Insulin has been
shown to regulate adipogenesis and adipocyte differentiation, both
in vivo and in vitro15,16. Similarly, insulin and IGF-1 receptor (IR and
IGF1R) signaling is essential for the development and function of
both WAT and BAT, as adipocyte-specific genetic deletion of IR and
IGF1R leads to lipodystrophy both in white and brown adipose
tissue17. Notably, in the same studies, adipose tissue-specific IGF1R
ablation leads to elevated iBAT and inguinal WAT (ingWAT) Ucp1
levels, suggesting that a partial attenuation of the insulin signaling in
adipose tissue may have opposing effects in its thermogenic capa-
city. Several studies manipulating various components of the insulin
signaling pathway provide evidence towards an inverse correlation
between BAT thermogenic capacity and insulin signaling pathway
activity. More specifically, acute insulin injection in mice resulted in
the reduction of UCP1 and PGC1-α levels18. Inversely, mice genetically
incapable of diet-induced fasting hyperinsulinemia, generated by
deletion of one of the insulin alleles, resulted in increased EE, resis-
tance to diet-induced obesity and enhanced browning of WAT19.
Accordingly, inducible partial gene deletion in a high-fat diet (HFD)-
induced obese (DIO) mouse model, resulting in modest reduction in
insulin production/secretion, leads to significant fat loss and smaller
adipocytes in WAT depots20. Lastly, inducible adipocyte-specific
deletion of IGF1R led to increased expression of Ucp1 and Pgc1-α in
iBAT and ingWAT in vivo, as well as increased iBAT and reducedWAT
depot weights17. The importance of the insulin signaling pathway and
particularly of AKT in iBAT-mediated thermogenesis was additionally
demonstrated by brown fat specific deletion of AKT mouse models,
where it was shown that AKT2 is not required to maintain euthermia
in iBAT, but its deletion enhances WAT browning21. Similarly, genetic
deletion of AKT1 resulted in reduced weight gain upon HFD and a
parallel increase in iBAT UCP1 levels22.

AXL is a receptor tyrosine kinase (RTK), a member of the TAM
family of RTKs, which also encompasses TYRO3 and MERTK. Within
this family, it has been demonstrated that the AXL receptor is more
potently activated by its ligand GAS623–25 than the other family mem-
bers and intracellular signaling downstream of AXL receptor has been
shown tobemediatedby components of the insulin signalingpathway,
such as PI3K and AKT. AXL has been extensively studied in the context
of cancer as it is broadly expressed in several types of tumors such as
breast cancer, non-small cell lung carcinoma, ovarian cancer, and clear
cell renal carcinoma. Its expression has been linked to increased risk of

metastasis and several types of tumor development in numerous
studies26–30. Notably, GWAS studies have identified polymorphisms of
AXL and GAS6 that were correlated with increased adiposity and
insulin resistance31. Additionally, circulating GAS6 levels have been
positively correlated with adiposity, insulin resistance, and inflamma-
tion in humans32, whereas subcutaneous adipose tissue of patients
with obesity demonstrated higher AXL expression, as compared to
lean control subjects33. In earlier studies, overexpression of human
AXL receptor inmyeloid cells inmice, predisposed them to non-insulin
dependent diabetes mellitus34. In line with these observations, global
deletion of Axl led to a short and transient reduced weight gain35

whereas genetic global deletion of its endogenous circulating ligand
Gas6 (Gas6 -/- mouse model) resulted in reduced fat mass36 upon a
HFD challenge.

Here, we show that pharmacological and genetic inhibition of the
AXL receptor protectsmice against diet-induced obesity by enhancing
BAT functionality, via regulating the insulin/AKT signaling pathway
through the modulation of cAMP-dependent phosphodiesterase
PDE3/4 activity and the transcription factors Forkhead box protein O1
(FOXO1) and ATF2.

Results
AXL expression is correlated with thermogenic capacity
A previously published shRNA-based kinase screening from our group
demonstrated the importance of several kinases in adipocyte forma-
tion and function37. After filtering the positively regulated kinases for
cell surface receptors and applying further criteria for their “target-
ability” by small-molecule kinase inhibitors and/or antagonistic anti-
bodies, AXL receptor tyrosine kinase was identified as a promising
target that could potentially regulate brown adipocyte formation.
Therefore, we sought to further delineate the role of AXL receptor in
brown adipose tissue and unravel putative intracellular mechanisms
and systemic effects. We first evaluated the expression of the receptor
in several organs and tissues in wild-type C57Bl6 mice and human
samples. We could show that AXL receptor is broadly expressed in
different tissues in humans38 (Supplementary Fig. 1A). Since the adi-
pose organ is known to exert a key role in energy homeostasis, we
measured the expression of Axl in various adipose tissue depots
obtained from wild-type C57Bl6 and ob/ob mice. We demonstrated
that Axl receptor is present in all white adipose anatomical locations,
but we did not observe any expression differences under obesogenic
conditions (Fig. 1A andSupplementaryFig. 1B).Additionally, we sought
to measure the expression of Axl in the most abundant and studied
white and brown adipose depots, namely inguinal (ingWAT), epididy-
mal (epiWAT), and interscapular brown adipose tissue (iBAT). Inter-
estingly, we observed that Axl receptor levels are higher in both white
adipose depots compared to iBAT (Fig. 1B). These results were further
confirmed by bulk RNA sequencing analysis in ingWAT and iBAT
depots, performed on an independent cohort of C57Bl6 male mice
(Supplementary Fig. 1C). Subsequently, we wanted to investigate
whether a similar expression pattern was observed in human adipose
tissue samples. RNA sequencing data obtained from human sub-
cutaneous white adipose tissue (SAT) as well as subcutaneous and
deep-neck brown adipose tissue (scBAT and dnBAT, respectively),
showed that AXL receptor expression was significantly higher in white
compared to brown adipose tissue (Fig. 1C). The same relation was
observed in brown-like and white-like adipocytes from human-derived
adipocyte cell lines (hMADS) (Fig. 1D).

Axl expression pattern led us to investigate whether stimulation
of thermogenic capacity of adipose depots could regulate the
expression of Axl receptor. Therefore, we stimulated immortalized
brown adipocyte mouse cells (iBAs)39, which robustly express Axl
receptor (Supplementary Fig. 1D) but not the other two members of
the TAM family of receptor tyrosine kinases (RTKs) (Supplementary
Fig. 1E–G), using isoproterenol. We could show that isoproterenol
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stimulation caused a significant reduction in Axl receptor mRNA
expression after only 4 hours of incubation (Fig. 1E). Interestingly,
reduction of AXL receptor protein levels upon isoproterenol stimula-
tion preceded its mRNA downregulation, as its protein levels were
reduced after 2 hours of β-adrenergic induction until up to 48 hours
post-stimulation, both in mature iBAs and in undifferentiated pre-
iBAs (Fig. 1F).

Subsequently, we sought to examine the effect of β-adrenergic
stimulation on AXL receptor expression, in vivo. Therefore, we sti-
mulated β-adrenergic signaling in wild-type mice, either by exposing
them to cold temperature (8 °C) (CE) or by injecting them with the
selective β-adrenergic agonist CL-316-243 (CL). We observed that
4 days of CE resulted in a significant reduction in Axl receptor mRNA
levels in the iBAT depot (Fig. 1G), while Axl receptor mRNA expression
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was unchanged upon CE in ingWAT (Fig. 1G). AXL receptor protein
levels were significantly reduced upon both exposure to cold for 2-3
days as well as by CL administration (Fig. 1H). The extracellular domain
of AXL receptor is known to be cleaved, which releases soluble AXL
into circulation40. We observed that isoproterenol stimulation of iBAs
resulted in increased levels of soluble AXL in the medium, an effect,
which was maintained in the presence of a pharmacological AXL
inhibitor (BMS-777607). Co-incubation with the AXL receptor agonist
GAS6blunted the isoproterenol-stimulated inductionof solubleAXL in
the medium of brown adipocytes. Taken together, these results point
towards a post-transcriptional andpost-translational regulation of AXL
receptor in response to β-adrenergic receptor activation. Further-
more, we observed that GAS6 is upregulated by ~2-fold in the
supernatant of mature iBAs in response to isoproterenol treatment
(Fig. 1J). Similarly, circulating GAS6 is significantly upregulated in the
plasma ofmice after injection of the β-adrenergic receptor agonist CL-
316,243 (Fig. 1K).

Pharmacological inhibition of AXL receptor enhances brown
adipocyte functionality
The inverse correlation between AXL expression and thermogenic
capacity of adipose depots as well as the regulation of its expression in
response to β-adrenergic stimulation suggested a potential role of AXL
receptor in adipose tissue function and led us to investigate whether
manipulation of its activity could regulate the functionality of brown
and white adipocytes. Therefore, we employed three commercially
available small molecules that function as pharmacological AXL
receptor inhibitors: NPS-1034 (NPS)41, BMS-777607 (BMS)42,43 and
R42844. Binding affinities of these three compounds for the other
members of the TAM (AXL, TYRO3, MERTK) or MET (MET and RON)
family of proteins are shown in Supplementary Table 1. The use of the
above-mentioned inhibitors is enabled by the fact that the other TAM
proteins are almost undetectable in iBAs (Supplementary Fig. 1D–F).
Potencies of the three compounds for AXL receptor are as follows:
NPS-1034 with IC50 of 10.3 nM, BMS-777607 with IC50 of 1.1 nM and
R428 with IC50 of 14 nM. To test their effect, we differentiated
immortalized mouse-derived brown adipogenic progenitors (pre-
iBAs) for 5 days – period during which cells are differentiated into
mature brown adipocytes – and subsequently (during days 5-8 of
terminal differentiation) treated them with increasing dosages of the
three different pharmacological AXL receptor inhibitors. Treatment
with these compounds increased levels of Ucp1, an effect that was
observed in both isoproterenol-stimulated (Fig. 2A) and unstimulated
brown adipocytes (Fig. 2B) in a dose-dependent manner. Additionally,
we observed that pharmacological inhibition of AXL receptor resulted
in the upregulation of several other BAT-enriched genes such as the
lipid-droplet associated genes Elovl3 and Cidea and themitochondrial
genes Cox7a1 and Cox8b (Supplementary Fig. 2A). Similarly, tran-
scription factors known to be involved in the acquisition of the brown
adipocyte phenotype and inmitochondrial biogenesis, such as Pgc1-α,

C/ebp-α, and C/ebp-β were also significantly upregulated upon treat-
ment with the pharmacological inhibitors (Fig. 2A, B and Supplemen-
tary Fig. 2A).

High-throughput immunofluorescence analysis and western-blot
measurements revealed that treatment of mature brown adipocytes
with pharmacological AXL receptor inhibitors similarly led to a dose-
dependent increase in UCP1 levels (Fig. 2C and D). This effect was not
dependent on changes in differentiation or proliferation of adipocytes
(Supplementary Fig. 2B) but can rather be attributed to a total increase
in the number of UCP1 positive cells (Fig. 2C) as well as to a total
increase in the amount of UCP1 protein per adipocyte (Supplementary
Fig. 2B). Similarly, PGC1α protein levels were elevated upon pharma-
cological AXL receptor inhibition with NPS and BMS (Supplementary
Fig. 2C). Subsequently, we sought to evaluate whether pharmacologi-
cal inhibition of AXL receptor could change the metabolic phenotype
and functionality of white adipocytes. Therefore, we differentiated
immortalized mouse-derived white adipogenic progenitors (pre-
iWAs)45 for 5 days – the period during which cells are differentiated
into mature white adipocytes – and subsequently (during days 5-8 of
terminal differentiation) and treated them with increasing dosages of
the two different pharmacological AXL receptor inhibitors. Pharma-
cological AXL receptor inhibition resulted in a significant upregulation
of Ucp1 and Pgc1-α as well as mitochondrial markers such as Cox8b,
indicative of an enhanced brown-like oxidative phenotype in these
cells (Supplementary Fig. 2D).

In order to investigate the human relevance of the previously
described in vitro findings and confirm their validity and reproduci-
bility across several cell-culture models, we tested the effect of the
pharmacological inhibitors BMS and R428 in human subcutaneous-
derived immortalized adipocytes (hMADS)46. Utilizing a similar setup,
we differentiated hMADS46 for 14 days (the period during which cells
are differentiated into mature brown adipocytes) and subsequently
(during days 15-21 of terminal differentiation) treated them with
increasing dosages of the two different pharmacological AXL receptor
inhibitors. Similar to the effects that we observed on the immortalized
mouse cell lines, treatment of differentiated mature brown hMADS
with the AXL receptor inhibitor compounds led to a significant upre-
gulation of the thermogenic brown-adipocyte specific thermogenic
gene UCP1 and enhanced the levels of the mitochondrial biogenesis-
associated transcription factor PGC1-α (Supplementary Fig. 2E).

Next, we hypothesized that activating AXL receptor would exert
the opposite effect, i.e., suppress the expression of thermogenic genes
in iBAs. To test this, we used an agonistic AXL receptor antibody, in the
assay described above, treating mature iBAs during days 5-8 of dif-
ferentiation with increasing concentration of this AXL receptor
signaling-activating antibody. Despite a mild trend towards suppres-
sion of gene expression, we did not observe any significant down-
regulation of Ucp1 (Supplementary Fig. 2F), Pgc1-α (Supplementary
Fig. 2G) or Cox8b (Supplementary Fig. 2H) in mature iBAs in response
to activation of AXL receptor, suggesting that stimulation above basal

Fig. 1 | Expression of AXL receptor is inversely regulated with thermogenic
capacity. A mRNA expression of Axl receptor in WAT depots of wild-type (WT)
C57BL/6 mice (n = 6/group). B mRNA expression of Axl receptor in ingWAT, epi-
WAT and iBAT from WT mice (ingWAT n = 9; epiWAT n = 12; iBAT n = 9). C RNA
sequencing normalized counts of AXL receptor expression levels in subcutaneous
WAT (scWAT) vs. deep-neck BAT (dnBAT) (left panel – n = 10/group) and in sub-
cutaneous WAT (scWAT) vs. subplatysmal BAT (spBAT) (right panel – n = 7/group)
from human subjects. D RNA sequencing results (in RPKM) of AXL receptor
expression levels in brown (BrhMADS) vs. white (WhMADS) cultured hMADS (n = 3/
group). EmRNA expression of Axl receptor inmature iBAs after 2, 4, 6, and 8 hours
of isoproterenol (2 μΜ) stimulation (n = 6/group). F Representative western blots
of AXL receptor expression time-course of isoproterenol (Iso) stimulation from2 to
48hours, in iBAs; γ-TUBULIN was used as loading control. G) mRNA expression of
Axl receptor in ingWATand iBATofWTmice after 4 days (4d) of cold exposure (CE)

or room-temperature (RT) (n = 10/group) H) Representative western blots of AXL
receptor in iBATor ingWATofCEor RTacclimatizedmice and in iBATofCL-316,243
(1uM) vs. saline (Control) injectedmice. HSP90 or γ-TUBULIN were used as loading
controls. I ELISAmeasurement of soluble AXL in the medium of mature iBAs (after
8 days of differentiation) in response to isoproterenol (Iso), the pharmacological
AXL inhibitor BMS-777607 (BMS), and/or the AXL agonist GAS6 (8h stimulation)
(n = 3/group). J ELISA measurement of GAS6 in the supernatant medium of mature
iBAs after 6 h of isoproterenol treatment (n = 4/group). K ELISA measurement of
GAS6 in plasma of wild-type C57/Bl6 mice after 16 h of treatment with CL-316,243
(1uM) or saline (Control) (n = 4/group). For all graphs, results are presented as
average ± SEM *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001 as compared to
respective controls. For two group comparisons (C–E,G, J,K) unpaired two-tailed t-
test was performed, for three ormore group comparisons (A,B, I) one-way ANOVA
was performed. Tukey test was applied to correct for multiple comparisons.
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activation of the AXL receptor does not exert the opposite phenotypic
effects as compared to its inhibition.

Having characterized the effects of pharmacological inhibition of
AXL receptor in vitro, we investigated whether similar effects could be
recapitulated, in vivo. Therefore, we orally administered BMS or
vehicle control for 7 consecutive days, by gavage in C57Bl6 mice that
had been fed a HFD for 12 weeks. BMS administration led to an

induction of Ucp1 (protein and mRNA level) and other thermogenic
and mitochondrial genes in iBAT (Fig. 2E), as well as a robust increase
of Ucp1 (protein andmRNA) in ingWAT (Fig. 2F) but not in the epiWAT
(Supplementary Fig. 2I). These observations were reproduced in a
second cohort in which BMS was administered for two consecutive
weeks as dietary admixture, as demonstrated by elevated levels
of Ucp1 (Supplementary Fig. 2J), coupled to an increase in energy
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expenditure (Supplementary Fig. 2K). Taken together, we show here
that pharmacological inhibition of AXL receptor leads to enhanced
brown adipocyte activity and can induce uncoupled thermogenesis,
both in vitro and in vivo.

AXL receptor knockdown enhances brown adipocyte
functionality
To corroborate the pharmacological data,we used genetic approaches
to regulate the expression and activity of AXL receptor. Therefore, we
performed siRNA-mediated knockdown of Axl by transfecting mature
adipocytes on day 5 of their differentiation and measuring gene
expression and other parameters on day 8 of their terminal differ-
entiation. First, we demonstrated that siRNA-mediated knockdown of
Axl receptor efficiently reduced the levels of the receptor bymore than
90%, both at the mRNA and at the protein level, whereas the expres-
sion of other TAM receptors was unchanged (Fig. 3A and B). Subse-
quently, we evaluated the effect of the siRNA-mediated deletion of Axl
receptor on the thermogenic capacity of mature iBAs. We could
demonstrate that Axl receptor knockdown in mature brown adipo-
cytes caused a significant upregulation of Ucp1, Elovl3, and Cidea as
well as mitochondrial genes such as Cox7a1 and Cox8b, and tran-
scriptional regulators suchas Pgc1-α, Pparγ, andC/ebp-β. Similar to the
pharmacological experiments, this enhanced brown adipocyte phe-
notype was observed in both unstimulated and isoproterenol-
stimulated mature brown adipocytes (Fig. 3C). As expected, siRNA-
mediated knockdown of Axl receptor significantly upregulated UCP1
protein levels both in unstimulated and isoproterenol-stimulated
mature iBAs (Fig. 3D).

The enhanced thermogenic machinery of brown adipocytes in
response to Axl receptor knockdown, led us to investigate whether
these transcriptional and protein cellular changes could be translated
into functional changes. Therefore, wemeasuredoxygen consumption
rate (OCR) in mature iBAs, 2-3 days after Axl receptor knockdown. In
accordance with the increased expression of thermogenic genes, we
could show that siRNA-mediated Axl receptor deletion enhanced
isoproterenol-stimulated mitochondrial respiration, isoproterenol-
stimulated uncoupled respiration as well as maximal respiration
(Fig. 3E, Supplementary Fig. 3A–C).

To investigate the translation of these findings to a humanmodel,
we performed the siRNA-mediated AXL receptor knockdown experi-
ments on mature brown-like hMADS, during days 14-18 of their
differentiation and quantified the transcriptome of these cells. Tran-
scriptomic analysis showed numerous differentially expressed genes
between the AXL receptor-knockdown and the non-targeted control
adipocytes (Supplementary Fig. 3D). GO enrichment analysis based on
thedifferentially expressed genes revealed a significant enrichment for
lipidmetabolic processes (Fig. 3F),whereas subsequent KEGGpathway
analysis demonstrated that the FOXO, PI3K/AKT, PPAR, and RAS sig-
naling pathways were significantly upregulated in AXL receptor-
knockdown brown-like hMADS, compared to non-targeted siRNA
controls (Fig. 3G, Supplementary Fig. 3E). These transcriptomic

changes were translated into enhanced cAMP-stimulated mitochon-
drial and cAMP-stimulated uncoupled respiration aswell as inmaximal
respiration in hMADS upon AXL receptor knockdown, as compared to
the non-targeted controls (Fig. 3H and Supplementary Fig. 3F). Taken
together, these data demonstrate that ablation of AXL receptor
expression leads to increased brown adipocyte development aswell as
increased mitochondrial respiration.

AXL receptor inhibition induces FOXO1 nuclear localization by
modulating the Insulin/PI3K/AKT axis
Next, we sought to investigate the potential molecular downstream
mechanisms via which inhibition of AXL receptor activity may lead to
the enhanced thermogenic brown-like phenotype of brown and white
adipocytes. Based on pathway enrichment analysis we performed in
hMADS, we could show that PI3K/AKT and FOXO signaling pathways
were significantly regulated in response to AXL receptor knockdown.
Therefore, we focused on analysing the regulation of the insulin
receptor (IR)/AKT axis. Initially, we investigated whether therewas any
interference between the Insulin/IR and GAS6/AXL pathways by mea-
suring AKT activity in cultured immortalized brown adipocytes upon
activation and/or inhibition of AXL receptor activity. Therefore, we
acutely treated mature iBAs with the AXL receptor agonist GAS6 or
with the AXL receptor inhibitor BMS or with a combination of both
GAS6 and BMS simultaneously, in the presence or absence of 10 nM
insulin. As expected, we show that GAS6 induced AXL receptor phos-
phorylation whereas BMS inhibits its phosphorylation, either in the
presence or absence of GAS6 inmature iBAs (estimated IC50 of 0.5μM
for BMS-777607; Fig. 4A). Basal levels of pAXL are observed (DMSO
control) and BMS reduces pAXL, even in the absence of GAS6 stimu-
lation, suggesting basal constitutive activation of AXL receptor
(Fig. 4A). Additionally, using an activating AXL receptor-specific anti-
body, we measured the phosphorylation levels of AXL receptor and
AKT. We demonstrate a robust induction of pAXL and pAKT in
response to the AXL-activating antibody, thus confirming the AXL
receptor - AKT signaling axis in mature brown adipocytes, indepen-
dent of protein expression changes of AXL receptor and its ligand
GAS6 (Fig. 4B).

Subsequently, we measured acute phosphorylation levels of AKT
and could show that both unstimulated and insulin-stimulated AKT
phosphorylation on T308 and S473 residues were attenuated upon
pharmacological inhibition of AXL receptor whereas they were mildly
enhanced upon GAS6 activation (Fig. 4C). Notably, this effect was
observed both under low (10 nM) and high (100nM) insulin con-
centrations, and the same findings could be reproduced in other cell
lines, such as the brown-like hMADS (Supplementary Fig. 4A). Phar-
macological AXL receptor inhibition did not affect the phosphoryla-
tion of IR, IRS-1, PDGFR-α or PDGFR-β (Supplementary Fig. 4B).
Downstream phosphorylation levels of STAT3 and STAT5 were not
significantly affected either, in response to AXL receptor inhibition
(Supplementary Fig. 4H). As AXL receptor appears tomodulate insulin-
stimulated activity of AKT, wemeasured the levels of phosphorylation

Fig. 2 | Pharmacological inhibition of Axl receptor enhances brown adipocyte
functionality. A–D Mature iBAs were treated with AXL inhibitors BMS-777607
(BMS, green), NPS-1304 (NPS, blue), or DMSO (black). On day 8 of differentiation,
iBAs were either harvested unstimulated or were stimulated with isoproterenol (1
μΜ) for 6-8 hours. A-B) qRT-PCR analysis. Representative graph of 4-6 independent
experiments showing mRNA expression of Ucp1 and Pgc1-α in (A) isoproterenol-
stimulated (Control-BMS1uM n = 12; BMS0.2uM-0.5uM-NPS100nM n = 6; BMS2uM
n = 10; NPS1nM n = 5; NPS10nM n = 7) and B) unstimulated and isoproterenol-
stimulated mature iBAs after treatment with increasing concentrations of AXL
inhibitors (n = 6/group). C Percentage of UCP1-positive isoproterenol-stimulated
mature iBAs after treatment with AXL inhibitors. Representative immuno-
fluorescent images (A488/green: FoxO1, blue/A497: Hoechst/Nuclei) (upper) and

quantitative analysis (lower) of 3-4 independent experiments of high-throughput
immunofluorescent imaging analysis (Control n = 10; all other groups n = 5/group).
D Representative western blots and respective quantifications of UCP1 in iBAs after
treatment with AXL inhibitors. E, F Chronic oral administration of BMS-777607 in
C57Bl6 DIOmice. Graphs show gene expression and protein expression analysis of
thermogenesis-associated genes in iBAT (E) and ingWAT (F) of mice treated with
the compound or vehicle for 14 consecutive days (n = 6/group). For all graphs,
results are presented as average ± SEM. *p <0.05, **p <0.01, ***p <0.001,
****p<0.0001 as compared to respective controls. For two group comparisons (E,
F) unpaired two-tailed t-test was performed, for three or more group comparisons
(A–C, F) multiple comparisons one-way ANOVA was performed (Tukey test was
applied to correct for multiple comparisons).
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ofAKTuponAXL receptor inhibition in a time-dependentmanner both
in the presence of low and high doses of insulin. Pharmacological
inhibitor BMS significantly attenuated the insulin-stimulated AKT
phosphorylation at all measured time points within 5min post-
insulin stimulation and persisted for more than 2 hours (Fig. 4D).
Interestingly, wenoticed that despite reduced phosphorylation of AKT
in both low and high insulin concentrations, the AXL receptor

inhibitor-induced attenuated pAKT levels upon high insulin dosage
(100nM) stimulation still surpasses pAKT levels of the low-dosage
(10 nM) insulin-stimulated AXL inhibitor-untreated cells (Fig. 4D).
In other words, pharmacological AXL receptor inhibition moderately
attenuates the activity of the insulin/AKT signaling pathway, whereas
the statemajor regulator is insulin signalling. Taken together, we show
that regulation of the activity of AXL receptor modulates the
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phosphorylation of AKT by slightly attenuating and finely tuning the
insulin-mediated AKT signaling pathway.

As we previously demonstrated, pathway analysis of the differen-
tially expressed genes upon siRNA-mediated AXL receptor knockdown
pointed toward a significant regulationof the FOXOsignalingpathways.
Hence, we measured the phosphorylation of FOXO1 in response to
inhibition of AXL receptor in insulin-stimulated mature brown adipo-
cytes and we could show that pharmacological inhibition of AXL
receptor led to reduced insulin-stimulated phosphorylation of FOXO1
(Supplementary Fig. 4B). The reduced FOXO1 phosphorylation occurs
within 2min and last for up to 60min after insulin stimulation (Sup-
plementary Fig. 4C). Taking into consideration the well-established
effect of FOXO1 phosphorylation on its nuclear-to-cytoplasmic trans-
location, we sought to evaluate FOXO1 cytoplasmic and nuclear locali-
zation in response to AXL signaling regulation. First, we maximally
stimulatedmature iBAs using a high concentration of insulin (20nM) in
the presence of FBS, which contains multiple growth factors, as a
positive control condition of an almost complete nuclear exclusion and
cytoplasmic translocation of FOXO1 (Fig. 4E, left panel). Subsequently,
we stimulatedmature iBAswith a lower dosage of insulin (10 nM), in the
presence of the pharmacological AXL receptor inhibitor BMS, the AXL
receptor agonist GAS6, or DMSO control. We observed that AXL
receptor inhibition prevented the low-dosage insulin-stimulated FOXO1
translocation from the nucleus to the cytoplasmas compared toDMSO-
treated control cells, whereas in the presence of GAS6 the majority
nuclei appeared to be FOXO1 negative. Consistent with a reduced
phosphorylation of pAXL and pAKT in response to co-incubation with
BMS and GAS6, the majority of nuclei of iBAs that were simultaneously
treated with BMS and GAS6, stained positive for FOXO1 (Fig. 4E). We
observed the same effects in differentiated cultured mouse adipose-
derived mature white adipocytes (Supplementary Fig. 4D). Thus,
insulin-stimulated brown andwhite adipocytesmaintain prolonged and
enhanced nuclear FOXO1 localization in response to pharmacological
inhibition of AXL receptor (Fig. 4E and Supplementary Fig. 4D).
Remarkably, the effect of enhanced nuclear FOXO1 localization in
response to AXL receptor inhibition was even more striking under
milder stimulation conditions, when using simply FBS-containing
medium (Fig. 4F). Contrary, in FBS-depleted non-insulin stimulated
brown adipocytes, FOXO1 was almost exclusively localized in the
nucleus, both in the presence or absence of AXL receptor inhibitors.
Interestingly, the previously observed GAS6-stimulated increase in AKT
phosphorylation (Fig. 4C)was not sufficient to cause a significant GAS6-
stimulated nuclear exclusion of FOXO1 translocation, but it led to a
rathermildly enhanced FOXO1 translocation to the cytoplasm (Fig. 4E –
right panel), possibly due to the basal AXL activation from endogenous
GAS6.As expected, pharmacological inhibitors ofAKT recapitulated the
phenotype of AXL receptor inhibitors and led to a blunted insulin-
stimulated AKT phosphorylation (Supplementary Fig. 4F) and a corre-
sponding prolonged enhanced FOXO1 nuclear localization in a dose-
dependent manner (Supplementary Fig. 4G). Subsequently, we asked

whether the same effect can be observed under supra-physiological
conditions of insulin stimulation. Therefore, we repeated the acute-
stimulation experiments in the presence of a high dose of insulin
(100nM). Remarkably, we did not observe the same effect of enhanced
FOXO1 nuclear localization in response to AXL inhibition compared to
the previously described low-grade insulin (10 nM) conditions, as
FOXO1 appeared almost entirely localized in the cytoplasm (Supple-
mentary Fig. 4G). Taken together, our data suggest that a threshold -
likely as a continuum and less as an “on-off switch” - exists for AKT
phosphorylation due to a balance between the activities of the Gas6/
AXL receptor and insulin/IR (or other growth factors, e.g., IGF1R)
pathways, the relative activity of which ultimately determines the sub-
cellular localization of FOXO1.

To identify whether FOXO1 mediates the response of the pre-
viously observed AXL-inhibition-enhanced gene expression of Ucp1
and Pgc1-α in iBAs under non-isoproterenol-stimulated conditions
(Fig. 2A), we co-incubated mature brown adipocytes (during days 6-8
of “terminal”differentiation) with both the AXL receptor inhibitor BMS
and a pharmacological FOXO1 inhibitor. As expected, AXL receptor
inhibition (BMS incubation) led to a significant increase in gene
expression of Ucp1 and Pgc1-α. Strikingly, pharmacological FOXO1
inhibition dramatically diminished Ucp1 and Pgc1-α gene expression
and blunted the BMS-induced stimulation of these genes, suggesting
that FOXO1 is required for the expression of these genes in iBAs and
that it mediates the AXL-inhibition-stimulated phenotype (Fig. 4G). To
corroborate our pharmacological approach, we performed siRNA-
mediated knockdown of FoxO1 in mature brown adipocytes in the
presence or absence of BMS. We observed a significant reduction in
Ucp1 and Pgc1-α gene expression in response to FoxO1 knockdown
and an impaired response of iBAs to the pharmacological AXL inhibi-
tion (Fig. 4H). Overall, these data suggest that FOXO1 is a crucial
transcriptional regulator of the expression of Ucp1 and Pgc1-α in iBAs
and it mediates the effects of pharmacological AXL inhibition in
enhanced thermogenesis.

AXL receptor inhibition increases intracellular cAMP levels
throughmoderate attenuation of the Insulin/AKT/PDE pathway
Leveraging the differentially expressed genes that were revealed
between the AXL receptor-knockdown and control human adipocytes,
we performed Enrichr analysis to detect the associated transcription
factors (TFs) that may be involved in these alterations. Among the TFs
that emerged as significantly enriched upon siRNA-mediated AXL
knockdown in hMADS, we observedmembers of the cAMP-responsive
CREB/ATF family of proteins, which are well-established downstream
targets of the β-adrenergic/cAMP/PKA signaling pathway (Fig. 5A).
Therefore, we hypothesized that pharmacological AXL inhibition
could lead to increased intracellular cAMP levels via anAKT-dependent
mechanism. To test this hypothesis, we acutely stimulated mature
brown adipocytes with isoproterenol and a simultaneous co-
incubation with AXL inhibitors and/or the AXL agonist GAS6. We

Fig. 3 | siRNA-mediated knockdown of Axl receptor enhances brown adipocyte
functionality. A–FMature iBAs (day4-5 of differentiation) were treatedwith siRNA
targeting Axl receptor. 48–72 hours post-siRNA transfection, cells were either
unstimulated or stimulated with isoproterenol (1 μΜ) for 6-8 hours. A Gene
expression analysis of Axl, Tyro3, and Mertk (n = 4/group). B) Representative
western blot of at least 3 independent experiments, of AXL receptor upon siRNA-
mediated knockdown in mature iBAs. γ-TUBULIN was used as loading control.
C Representative graph of 3 independent gene expression analyses of thermo-
genesis- and adipogenesis-associated genes in response to siRNA-mediated
knockdown of Axl receptor in unstimulated or isoproterenol-stimulated mature
iBAs (n = 6/group). D Representative western blots of 3 independent experiments
and respective quantifications of UCP1 in response to siRNA-mediated knockdown
of AXL receptor in unstimulated (upper) or isoproterenol-stimulated (lower)
mature iBAs. E Calculations of basal, isoproterenol-stimulated, maximal,

uncoupled, and non-mitochondrial respiration in mature iBAs upon siRNA-
mediated knockdown of Axl receptor based on oxygen consumption rate (OCR –

Seahorse assays) measurements (n = 5/group). F–H Brown hMADS were differ-
entiated into mature brown adipocytes and treated with siRNA against AXL
receptor (Day 14). 4 days post-siRNA transfection, cells were either harvested or
used for functional assays. F, G Gene expression via bulk RNA sequencing analysis.
GO (F) and KEGG (G) pathway enrichment analyses in response to siRNA-mediated
knockdown of AXL receptor in brown hMADS. H Calculations of basal, cAMP-sti-
mulated, maximal, uncoupled, coupled, and non-mitochondrial respiration in
brown hMADS upon siRNA-mediated knockdown of AXL receptor based on OCR
measurements (n = 5/group). For all graphs, results are presented as average ± SEM.
*p <0.05, ***p <0.001 as compared to respective controls. Unpaired two-tailed t-
test was performed for all comparisons, statistically significant differences are
annotated on the graph.
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observed that isoproterenol-stimulated brown adipocytes acutely
treated with pharmacological AXL inhibitors have higher cAMP
levels compared to the control cells. Conversely, acute GAS6 treat-
ment led to mildly but significantly reduced intracellular cAMP
levels, in agreement with the notion of a basal constitutive activation
of AXL receptor. These effects on intracellular cAMP levels were
observed within 5-15min post-isoproterenol stimulation (Fig. 5B) in

a dose-dependent manner (Supplementary Fig. 5A–C). Even the co-
incubation of isoproterenol-stimulated brown adipocytes with a
simultaneous treatment using both pharmacological AXL inhibitors
and GAS6, resulted in increased intracellular cAMP levels (Supple-
mentary Fig. 5D). Interestingly, these effects of AXL inhibitors were
maintained at higher dosages of isoproterenol (Fig. 5C) or forskolin
(Supplementary Fig. 5E). As expected, the elevated intracellular cAMP
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levels in response to AXL inhibition, led to an enhanced phosphor-
ylation of PKA substrates (Fig. 5D), such as CREB and ATF (Fig. 5E)
and translated into stimulation of brown adipocyte functionality, as
evaluated by an acute increase in the oxygen consumption rate (Fig. 5F
and Supplementary Fig. 5F).

To examine whether AXL receptor inhibition-induced elevated
intracellular cAMP levels can be attributed to a crosstalk between
insulin/IR and GAS6/AXL receptor signaling pathways, we used phar-
macological inhibitors and activators of key established downstream
substrates of these pathways andmeasured their relative contribution
to intracellular cAMP levels. First, we utilized a specific AKT activator
and acutely treated isoproterenol-stimulated mature adipocytes, in
the presence and/or absence of AXL inhibitor BMS. We observed that
AKTactivationmitigated the effect ofAXL inhibitionon cAMP levels, as
combined AXL inhibition and AKT activation did not lead to elevated
cAMP levels, as compared to controls in response to isoproterenol
(Fig. 5G – left panel). Contrary, pharmacological AKT inhibition reca-
pitulated the phenotype of AXL inhibition, resulting in increased cAMP
levels, whereas combined AXL and AKT inhibitions did not lead to an
additive effect (Fig. 5G – right panel). Next, we used a specific PI3K
inhibitor, which recapitulated the phenotypes of AXL and AKT inhibi-
tors. In fact, PI3K inhibition led to increased cAMP levels, whereas its
combination with AXL inhibition resulted in a small additive effect
(Fig. 5H – left panel). Contrary, PTEN inhibition (Supplementary Fig. 5J)
blunted the AXL-inhibition-induced cAMP effect, as co-incubation of
isoproterenol-stimulated brown adipocytes with both AXL receptor
and PTEN inhibitors enhanced the activity of the insulin signaling
pathway (pAKT) and led to a reduction of cAMP levels (Fig. 5H –

right panel).
To further corroborate that AXL receptor inhibition enhanced

brown adipocyte functionality via attenuated AKT phosphorylation,
we employed a previously characterized anti-AXL receptor mono-
clonal antibody47. We observed that despite the antibody’s capacity to
reduce total protein levels of AXL receptor in A549 cells (Fig. 5I), it
agonizes AXL receptor activity as evidenced by increased pAKT levels
in mouse iBAs (Fig. 5J). Based on these data, we investigated the effect
of this agonistic-depleting AXL receptor antibody on energy expen-
diture in mature brown adipocytes. Acute co-administration of
isoproterenol-stimulated brown fat cells with the agonistic AXL
receptor antibody led to a significantly attenuated oxygen consump-
tion rate (OCR) (Fig. 5K). Accordingly, AXL receptor antibody stimu-
lation led to reduced intracellular cAMP levels in isoproterenol-
stimulated brown adipocytes (Supplementary Fig 5G). Subsequently,
we sought to investigate which specific cellular substrate could
potentially mediate the observed regulation in the intracellular cAMP
levels upon AXL receptor inhibition or activation, as AKT is not known
to directly interact with cAMP. Therefore, we focused on the function
of the PDEs, which are known regulators of the intracellular cAMP
levels48. To obtain more conclusive mechanistic data on the role of

individual PDEs, we used the agonistic AXL antibody in an established
commercial assay that measures PDE activity separately for each
phosphodiesterase isoform. We observed that the agonistic anti-AXL
antibody given acutely stimulated the activity of PDE3 and PDE4
(Fig. 5L). Based on these observations, we additionally used pharma-
cological compounds to specifically inhibit the activity of PDE3 and
PDE4, (PDE3i and PDE4i, respectively) hypothesizing that their inhibi-
tionwill exert anopposite effect as compared to the agonistic anti-AXL
antibody and will recapitulate the phenotype of pharmacological AXL
receptor inhibitors. Indeed, acute pharmacological inhibition of PDE3
(Supplementary Fig. 5H) or PDE4 (Supplementary Fig. 5I) resulted in
elevated intracellular cAMP levels in isoproterenol-stimulated brown
adipocytes, with PDE4i showing a stronger effect; suggesting that PDE
inhibition mediates the effect of AXL receptor inhibition. Collectively,
these data demonstrate a role of the AXL/AKT/PDE axis in regulating
intracellular cAMP levels and energy expenditure in brown adipocytes.

Lastly, we sought to test whether these identified signaling path-
ways and TFs mediate not only the AXL-inhibition-induced cAMP
response, but also the resulting thermogenesis-associated gene
expression inmature brown adipocytes. First, we testedwhether GAS6
induces phosphatidyl-serine (PtdSer), which has been previously
described to occur in response to activation of members of the TAM
family49. We observed no effect of GAS6 on PtdSer levels (Supple-
mentary Fig. 5K). Next, we focused on the canonical cAMP/PKA path-
way and downstream targets. Therefore, we treated mature brown
adipocytes during days 6-8 of their terminal differentiation with the
well-established pharmacological PKA inhibitor compoundH89, in the
presence and/or absence of AXL inhibitors. Strikingly, PKA inhibition
entirely abolished expression of Ucp1 and Pgc1a and blunted the effect
of AXL receptor inhibition, suggesting that the cAMP/PKA pathway
mediates the AXL inhibition phenotype (Fig. 5M). Taking into con-
sideration the TF enrichment analysis (Fig. 5A), we additionally hypo-
thesized that the transcription factor ATF2 mediates the effect of AXL
receptor inhibition on gene expression. Therefore, we knocked down
Atf2 in iBAs, in the presence and/or absence of AXL inhibitors. Notably,
Atf2 knockdown entirely abolished the upregulation of AXL inhibition
on enhanced gene expression of Ucp1 and Pgc1-α, suggesting that it
mediates its effect (Fig. 5N).

Constitutive global and inducible adipocyte-specific deletion of
AXL receptor enhances the thermogenic signature of adipose
tissues and protects from diet-induced obesity
We next sought to investigate the effects of genetic manipulation and
deletion of AXL receptor in vivo. Therefore, we generated the con-
stitutive Axl receptor global (whole-body) knockoutmousemodel (Axl
KO) (Fig. 6A). First, we characterized the phenotype of these mice
under regular (room-temperature and chow diet) housing conditions.
We observed that Axl KO, as well as the Axl heterozygous (Het), mice
did not show any differences in body weight upon birth as compared

Fig. 4 | Pharmacological inhibition of AXL receptor induces a prolonged AKT-
dependent nuclear FOXO1 localization. A Representative western blots and
quantifications (lower), of phosphorylated AXL (Tyr702) receptor in response to
acute treatment with AXL inhibitor BMS-777607 and AXL agonist GAS6 (30 nM) in
mature iBAs. B Representative immunofluorescent images of three independent
experiments of pAKT,pAXL, totalAXL, andGAS6 (from left to right) after treatment
with AXL receptor-activating antibody, in mature iBAs. C) Representative western
blots of three independent experiments of phosphorylated AKT (pAKT) (upper)
and phosphorylated FOXO1/FOXO3a (pFOXO1/pFOXO3a) (lower) in response to
treatment with BMS-777607 (10uM) and GAS6 (100 ng/ml) in unstimulated or
insulin-stimulated mature iBAs. D Time-course effect of BMS-777607 (10uM) on
AKT phosphorylation (upper: S473, lower: T308), measured by ELISA in insulin-
stimulatedmature iBAs at 10 nM (black and dark green lines) and 100nM (grey and
light green lines) (n = 2/group/timepoint). E Representative immunofluorescent
images (A488/green: FOXO1, blue/A497: Hoechst/Nuclei) of three independent

experiments of FOXO1 in insulin-stimulated and non-stimulated mature iBAs after
treatment with BMS and/or GAS6. Positive controls (left panel) were treated with
20nm insulin in the presence of FBS or used unstimulated and fasted.
F Representative immunofluorescent images (A488/green: FOXO1, blue/A497:
Hoechst/Nuclei) of three independent experiments of FOXO1 in FBS-stimulated
mature iBAs in response to BMS-777607 and/or GAS6. G Gene expression analysis
of Ucp1 and Pgc1-α in mature iBAs in response to pharmacological inhibition of
FOXO1 with AS1842856, in the presence or absence of BMS-777607 (n= 4/group).
HGene expression analysis of Ucp1 and Pgc1-α inmature iBAs in response to siRNA-
mediated knockdown of FoxO1, in the presence or absence of BMS-777607 (n = 4/
group). For all graphs, results are presented as average ± SEM (n = 3-6). *p <0.05,
**p <0.01, ***p <0.001. For three or more group comparisons (G, H), one-way
ANOVA was performed (Tukey test was applied to correct for multiple compar-
isons). Statistically significant differences are annotated in the graph.

Article https://doi.org/10.1038/s41467-023-39715-8

Nature Communications |         (2023) 14:4162 10



to theirwild-type (WT) littermate controls.However, wenoticed amild
but significantly reduced body weight starting on week 11-12 of age for
the males and on weeks 8 and 15 of age for the females Axl KO mice
compared to wild-type control littermates (Supplementary Fig. 6A).
Measurements ofmRNA expression in iBAT and ingWAT in thesemice,
demonstrated significantly increased expression of genes that support
thermogenesis in Axl KO as compared to WT controls, such as Ucp1,
Dio2 and Cox8b as well as increased expression of the regulator of

mitochondrial biogenesis Pgc1-α and of the lipid-associated Elovl3
(Supplementary Fig. 6B). Next, we evaluated the response of Axl KO
mice to a cold stimulus. Gene expression analysis in iBAT depots
demonstrated significantly enhanced thermogenic capacity of Axl KO
mice in response to two days of cold exposure, as evaluated by
increased expression of several thermogenesis-associated genes
including Ucp1, Pgc1-α and Cox8b as well as brown fat-enriched genes
such as Dio2 and Elovl3 (Supplementary Fig. 6C). This effect was even
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more pronounced than what we previously observed under regular
room temperature housing conditions (Supplementary Fig. 6B vs.
Fig. 6C). In addition, we could show that Axl KO mice presented with
increased energy expenditure as compared to wild-type littermates,
effect that wasmore pronounced under cold-exposure environmental
conditions (Supplementary Fig. 6D).

Subsequently, we investigated the effect of HFD challenge on the
metabolic phenotype ofAxl KOmice. Strikingly, we noticed thatAxl KO
female and male mice demonstrated a dramatically reduced body
weight and attenuatedweight gain in response toHFD, as compared to
the wild-type controls, an effect that was apparent already within the
first 4 weeks of HFD and became even more pronounced after 15-25
weeks under the high-caloric food challenge (Fig. 6B and Supple-
mentary Fig. 6E). These results suggest that Axl KO mice are resistant
to diet-induced obesity. As we initially hypothesized that AXL receptor
deletionwould enhance brown fat activity, we performedmicroscopic
H&E analysis in iBAT depots of Axl KO and WT littermates, which
revealed reduced lipid accumulation and increased number of multi-
locular adipocytes in the iBAT depots of the Axl KO mice, suggesting
improved brown fat functionality (Fig. 6C). These morphological
changeswere associatedwith reducedweight of iBATdepots inAxlKO
mice (Fig. 6D). After 25-30weeks onHFD,Axl KOmicepresentedwith a
reduced body weight, which was mainly attributed to reduced fat
depot mass, while lean mass was unchanged between the two groups
(Fig. 6D). This difference in body weight was not attributed to reduced
food intake (Fig. 6D). We further characterized the physiology of
this mouse model under HFD conditions by estimating energy
expenditureofAxl KO andwild-type littermates, usingmetabolic cages
tomeasure their oxygen consumption (VO2). We observed that Axl KO
mice demonstrated significantly higher VO2 and energy expenditure,
compared to controls (Fig. 6E). These changes were accompanied by
increased expression of genes that support thermogenesis in iBAT
depots of Axl KO mice, such as Ucp1, Pgc1-α, and Elovl3 (Supplemen-
tary Fig. 6F). Interestingly, Axl KO mice only showed a mild but not
significantly improved insulin tolerance compared to the controls
(Supplementary Fig. 6G). Accordingly, fasting blood glucose levels
were only mildly but not significantly reduced in Axl KO mice (Sup-
plementary Fig. 6G).

The discrepancy between improved weight gain and reduced fat
mass and the absence of improvement in glucose tolerance, led us to
hypothesize that AXL receptor knockout majorly affects lipid meta-
bolism instead, effect concordant with the well-established role of

active brown fat to efficiently sequester circulating lipids14. To test this,
we challenged Axl KO and WT controls by exposing them to a high-
fructose/high-fat diet, in order to generate a diet-induced dyslipidae-
miamodel with non-alcoholic fatty liver disease (NAFLD) and included
chow diet-fed animals as negative controls. Indeed, this diet led to
weight gain, increased circulating free fatty acids (FFAs), as well as a
dramatic increase in total cholesterol and liver weight (Fig. 6F). As
expected,AxlKOmice had significantly lower bodyweight in response
to a high fat diet (Fig. 6F - left panel). Next, we measured circulating
lipids and observed that Axl KO mice demonstrated lower levels of
total cholesterol, and FFAs as compared to WT controls (Fig. 6F). In
accordance with our previous HFD cohorts, fasting blood glucose was
mildly but not significantly reduced. However, Axl KO mice demon-
strated dramatically reduced liver weight compared to controls, sug-
gesting protection against ectopic lipid accumulation (Fig. 6F). Taken
together, these data suggest that deletion of AXL receptor switches
brown fat activity toward an enhanced lipid-oxidative state, effect that
is reflected by improved dyslipidaemia and reduced lipid accumula-
tion in the liver.

As the Axl KO model is based on a whole-body ablation, we per-
formed additional studies to convincingly demonstrate that the
aforementioned effects are primarilymediated via enhancedbrown fat
function and are not attributed to other tissues. First, we placed HFD-
fed Axl KO andWTmice in thermoneutral conditions (30 °C), in order
to “switch off” brown fat function. Remarkably, the previously
observed effect of AXL receptor deletion on reduced weight gain
under standard room temperature housing conditions (Fig. 6G) was
entirely abolishedunder thermoneutral conditions (Fig. 6H), indicative
of the contribution of non-shivering thermogenesis and enhanced
brown adipose tissue function in the reduced body weight of Axl KO
animals. In addition, we employed a combination of pharmacological
AXL inhibition, which demonstrated that both pharmacological AXL
inhibition and Axl KO led to significantly reduced body weight in
response to HFD, as compared to DMSO-treated or WT littermate
controls, respectively. Notably, pharmacological AXL inhibition in Axl
KO mice did not confer an additive effect in reduced weight gain
(Fig. 6I) demonstrating the specificity of the pharmacological com-
pounds. Similar to our previous observations, insulin tolerance of
BMS-treated or Axl KO mice showed a trend towards improvement
(Supplementary Fig. 6H).

We performed whole-tissue bulk RNA sequencing in iBAT depots
of the HFD-exposed mice, analysis which demonstrated an extended

Fig. 5 | Pharmacological inhibition of AXL receptor induces a pAKT-mediated
upregulation of intracellular cAMP levels in response to β-adrenergic stimu-
lation. Mature iBAs were serum-depleted for 2-3 hours and acutely treated with
AXL inhibitors, anti-AXL antibody, PDE inhibitors and/or GAS6 in the presence or
absence of isoproterenol. A Transcription factor enrichment analysis in upregu-
lated genes upon AXL receptor siRNA-mediated knockdown. B Intracellular cAMP
levels at indicated time points after isoproterenol stimulation and simultaneous
treatment with treatment with AXL inhibitor BMS-777607, or AXL agonist GAS6
(* Control vs. BMS; # Control vs. GAS6) (n = 3/group). C Intracellular cAMP levels in
response to acute (15min) treatment with BMS-777607 and simultaneous stimu-
lation with increasing isoproterenol doses (n = 3/group).D Representative western
blots of 3 independent experiments of phosphorylated PKA substrates.
E Representative western blots of 3 independent experiments of phosphorylated
CREB (pCREB) and ATF (pATF) after (60min) isoproterenol stimulation and con-
comitant treatment with BMS-777607 and/or GAS6. HSP90 was used as a loading
control. F) OCR (Seahorse assays) measurements in isoproterenol-stimulated iBAs
upon concomitant treatment with BMS-777607 or DMSO control (n = 5/group).
Arrow signifies the timeof injectionof isoproterenol and compound.G Intracellular
cAMP levels of isoproterenol-stimulated mature iBAs in response to acute treat-
ment with an AKT activator (left panel) and an AKT inhibitor (right panel), in the
presence or absence of the BMS-777607 (n = 3/group). H Intracellular cAMP levels
of isoproterenol-stimulatedmature iBAs in response to acute treatmentwith a PI3K
inhibitor compound (left panel) and a PTEN inhibitor compound (right panel), in

the presence or absence BMS-777607 (n = 3/group). I Representative western blots
of two independent experiments of total AXL receptor expression in A549 cells
treated for indicated times with anti-AXL antibody. siRNA-mediated knockdown of
AXL receptor was used as positive control. γ-TUBULIN was used as loading control.
JRepresentativewesternblots of three independent experiments of pAKT (S473) in
response to acute treatment with anti-AXL antibody in mature iBAs. BMS-777607
was used as positive control and HSP90 was used as loading control. K OCR
measurements in isoproterenol-stimulated (1uM) mature iBAs in response to
treatment with anti-AXL antibody or IgG control (n = 6/group). Arrow signifies the
time of injection of isoproterenol (Iso), IgG control or anti-AXL antibody (Ab).
L Direct phosphodiesterase activity (relative values) in acutely isoproterenol-
stimulated mature iBAs in response to treatment with anti-AXL antibody or IgG
control (n = 4/group for PDE4, n = 3/group for all other conditions).M Gene
expression analysis of Ucp1 and Pgc1-α in mature iBAs in response to pharmaco-
logical inhibition of PKA (PKAi), in the presence or absence of BMS-777607 (n = 4/
group). N) Gene expression analysis of Ucp1 and Pgc1-α inmature iBAs in response
to siRNA-mediated knockdown of Atf2 (siAtf2), in the presence or absence of BMS-
777607 (n = 4/group). For all graphs, results are presented as average ± SEM.
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. For two-group comparisons (C, L),
an unpaired two-tailed t-test was performed. For three ormore group comparisons
(E, G, H, M, N) one-way ANOVA was performed. Tukey test was applied to correct
for multiple comparisons. For time-course comparisons (B, F, K) two-way ANOVA
was performed. Statistically significant differences are annotated in graphs.
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number of significantly differentially expressed genes. Subsequent
bioinformatic analyses revealed that the differentially expressed genes
of the iBAT depots of Axl KOmice demonstrated a significantly higher
enrichment for the BATLAS50 thermogenic gene expression signature
(Fig. 6J). In addition, KEGG pathway analysis revealed that several
pathways related to thermogenesis, PPAR signaling, oxidative phos-
phorylation, as well as pathways associated with regulation of lipolysis

in adipocytes and with fatty acid metabolism, elongation, and degra-
dation appear to be significantly upregulated in the Axl KO mice,
compared to wild-type littermate controls (Supplementary Fig. 6K).
Overall, these data point towards an enhanced brown fat functionality
in response to AXL receptor inhibition as well as brown fat activity-
mediated effects in improvement of systemic metabolism in Axl
KO mice.
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To define the adipocyte-specific contribution to these pheno-
types in a more conclusive manner, we generated an inducible
adipocyte-specific AXL knockout mouse model (fl-Axl-fl CreERT2+),
hereby termed iFAXLKO (Fig. 6K) and characterized its metabolic
phenotype in response to HFD. Similar to the constitutive whole-
body Axl KO mouse model, iFAXLKO mice showed protection
from diet-induced obesity by significantly reduced body weight
(Fig. S6I) and weight gain (Fig. 6L) compared to their control (fl-Axl-fl
CreERT2-) littermates (Fig. 6K). This was accompanied by redu-
ced gonadal WAT (gWAT) and liver weights, indicative of lower
fat mass and reduced ectopic lipid accumulation, respectively
(Fig. 6M), as well as by reduced iBAT depot weight, indicative of
reduced lipid content and enhanced oxidative activity of the
brown fat (Fig. 6M). Furthermore, this reduced body weight corre-
sponded to improved glucose tolerance and insulin sensitivity, as
demonstrated by glucose tolerance test (Fig. 6N), and insulin toler-
ance test (Fig. 6O). In addition, iFAXLKO mice demonstrated
increased energy expenditure (Fig. 6P) and showed a trend towards
reduced cholesterol levels, despite an absence of dyslipidaemia
(Supplementary Fig. 6J).

Weperformedwhole-tissue bulk RNA sequencing in iBATdepots
of iFAXLKO vs. Cre- control mice; differential gene expression
analysis demonstrated an extended number of significantly upregu-
lated and downregulated genes (Supplementary Fig. 6L). We speci-
fically focused on cluster 2 - where most upregulated genes in
iFAXLKO vs. Cre- control mice clustered together - and performed
overrepresentation pathway analysis. Even though most enriched
pathways were associated with extracellular matrix (ECM) organiza-
tion, selected enriched pathways also included “Response to cAMP”
and “GPCR Signaling” pathways, suggesting “sensitization” of the
cAMP/PKA pathway, in accordance with our previously described
mechanistic studies. Additional pathway analysis via Enrichr revealed
“Fatty Acid Metabolism” and “Glycolysis” enriched pathways (Sup-
plementary Fig. 6M). Taken together, these data suggest that
adipocyte-specific Axl deletion confers resistance to diet-induced
obesity, improved glucose metabolism, and leads to enhanced
functionality of brown fat of the iFAXLKOmice. Overall, we show that
both Axl KO and iFAXLKO mouse models are resistant to HFD-
induced obesity and have an improved metabolic phenotype. These
effects are associated with transcriptomic changes in the brown fat
that support non-shivering thermogenesis, as well as improved adi-
pose tissue functionality.

Discussion
In the recent years, several pathways have been described that can
stimulate and activate brown or beige fat, but their translation to
humans is either underway or has not been successful, so far. For
instance, FGF21 which has been shown to increase energy expenditure
in rodents51, also reduced body weight in humans52. However, whether
these effects are due to the modulation of food intake or increased
energy expenditure mediated by brown adipose tissue functionality
remains elusive. Past attempts to use β3-adrenergic agonists (such as
mirabegron) showed very moderate body weight and energy expen-
diture effects in humans53, while a recent study argued that human
BAT-mediated thermogenesis is driven by β2- and not by β3-
adrenergic receptors54; targets which are likely limited in their
applicability due to possible cardiovascular adverse effects55. Here, we
describe a role of the AXL receptor in the functionality of brown and
white adipose tissues, which can be harnessed to induce non-shivering
thermogenesis, thus promoting a negative energy balance. We could
demonstrate that pharmacological AXL receptor inhibitors increased
energy expenditure, a phenotype that was associated with induced
brown fat-mediated non-shivering thermogenesis. These observations
render AXL receptor a promising pharmacological target that exerts
the potential to stimulate non-shivering brown adipocyte-mediated
thermogenesis and shift energy balance toward a negative state.

The differential AXL receptor expression between white and
brown adipose tissue as well as the surprising pronounced and acute
effect ofβ-adrenergic stimulationon theprotein levels of AXL receptor
are indicative of its putative role in thermogenesis.Our comprehensive
time-course analysis concerning the regulation ofAXL receptor both at
the mRNA and protein level, indicates a potential post-transcriptional
regulation of the receptor in response to isoproterenol stimulation.
Whether this can be attributed to cleavage of the extracellular domain
of AXL receptor or to internalization of the receptor and subsequent
proteasomal degradation or to other degradation-mediating post-
translational modifications, remains to be clarified56. Our data suggest
that β-adrenergic stimulation may enhance AXL receptor cleavage in
brown adipocytes, as isoproterenol induces levels of circulating AXL.
Importantly, our data also suggest that endogenous brown adipose-
derived GAS6 may be driving basal AXL receptor signaling. In fact,
brown adipocytes secrete GAS6 in the culture medium and significant
amounts of GAS6 are detected in the plasma in mice, while
β-adrenergic stimulation leads to increased GAS6 levels in vitro and
in vivo. This is also supported by our findings of basal levels of

Fig. 6 | Axl KO and iFAXLKO mouse models are protected from diet-induced
obesity (DIO). A Transgenic cassette and subsequent global deletion of AXL
receptor (upper) and representative western blot of three independent experi-
ments of AXL receptor in tissues of global Axl KO (homozygous) mice (lower).
B Weekly body weight curves of Axl KO homozygous (AXLKO Hom), Axl KO het-
erozygous (AXLKO Het) and WT female littermates on HFD challenge. HFD was
initiated at 8weeksof age,micewereacclimatized to room-temperature conditions
(n = 27, 29, 31; respectively). *p <0.05, ** p <0.01, ***p <0.001 and ****p <0.0001
(for WT vs. AXLKO Hom). & p <0.05, &&p <0.01, &&& p <0.001 and &&&& p <0.0001
(for AXLKO Het vs. AXLKO Hom), two-way ANOVA was performed.
C Representative H&E staining images iBAT depots of Axl KO and WT littermates
after 24 weeks of HFD. iBAT depots of all Axl KO and WT mice were imaged.
D Measurements of inguinal WAT (ingWAT), gonadal WAT, and iBAT fat depot
weights (after 24 weeks of HFD), lean mass (via EchoMRI – after 9 weeks of HFD),
and food consumption measurements of Axl KO and WT littermate controls, after
24 weeks of HFD challenge (WT n = 8; Axl KO n = 7) (E) VO2 metabolic cage mea-
surements in Axl KO and WT female mice 24 weeks after HFD challenge (n = 6/
group). F Body weight, total cholesterol, free fatty acids (FFA), fasting blood glu-
cose, iBAT weight, and liver weight of Axl KO and WT littermate controls, after
32 weeks of a high-fructose high-fat (HF/HF) diet challenge that was used to gen-
erate a diet-induced obesity and fatty liver accumulation mouse model (WT-chow
n = 4; Axl KO-chow n = 6; WT-HF/HF n = 5; Axl KO-HF/HF n = 6). G Weekly weight
gain of AxlKO andWT littermate controls, in response to 16-weekHFD challenge at

room temperature (RT) (n = 25 for AxlKOand n = 30 forWT).HWeekly weight gain
of Axl KO and WT littermate controls, in response to 16-week HFD challenge, at
thermoneutrality (TN) (n = 10/group). I Body weight of Axl KO and WT littermate
controls after treatment with the pharmacological AXL receptor inhibitor BMS-
777607 (BMS) or DMSO, in response to HFD challenge. J RNA-Seq analysis of iBAT
depots from Axl KO and WT male mice after 25 weeks on HFD and subsequent
enrichment analysis of the BATLAS signature score of the differentially expressed
genes in Axl KO vs.WTmice (n = 5/group)K) Western blot of themature fraction of
ingWAT depots from control (Axl-floxed Cre-) or iFAXLKO (Axl-floxed CreERT2+ )
mice of AXL receptor in adipocytes. L Weight gain curves of iFAXLKO and litter-
mate control (lox-AXL-lox Cre-) female mice in response to HFD challenge (n = 11/
group). M Weight of ingWAT, gWAT, iBAT, and liver in iFAXLKO and floxed-AXL-
Cre- control littermates, after 20weeks of HFD (n = 11/group).N) Glucose tolerance
test (glucose dose: 2 g/kg) and O) insulin tolerance test (insulin dose: 1IU/kg) in
iFAXLKO and loxP-AXL-Cre- control littermates, after 20 weeks of HFD (n = 11/
group). P VO2 metabolic cage measurements in iFAXLKO and littermate control
(loxP-AXL (Cre-)) female mice 8 weeks after HFD (n = 6/group). For all graphs,
results are presented as average ± SEM. *p<0.05, **p<0.01, ***p <0.001,
****p <0.0001. For two-group comparisons (D, M), unpaired two-tailed t-test was
performed. For three or more group comparisons (F), one-way ANOVA was per-
formed (Tukey test was applied to correct for multiple comparisons), and for time-
course datasets (E, G–I, L, N–P) two-way ANOVA was performed. Statistically sig-
nificant differences are annotated in graphs.
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phosphorylation of AXL receptor in the absence of GAS6 and insulin/
FBS, as well as a reduction of pAXL in response to treatment with AXL
inhibitors in the absence of any additional GAS6 stimulation. Similarly,
downstream phosphorylation analyses showed reduced pAKT in
response to AXL inhibitors in the absence of GAS6 stimulation, while
phosphorylation of other RTKs was not reduced by the AXL inhibitor.
Taken together, these findings point towards paracrine and endocrine
mechanisms, through which AXL receptor is constitutively activated.

The role of AXL receptor on brown- and beige-fat-mediated
thermogenesis and the associated underlying molecular mechanisms
have not been explored. Taken together, our mechanistic data
demonstrate that AXL receptor signaling fine-tunes the Insulin-AKT
signaling pathway and that a moderately attenuated Insulin/IR-AKT
signaling in fat depots promotes the transcriptional machinery that
leads to enhanced browning and stimulated uncoupling thermogen-
esis. An important distinction must be made, though, between the
acute (signaling to PDEs) and the chronic (requirement for adipogen-
esis and adipocyte differentiation) role of insulin and insulin signaling.
Despite the fact that a complete loss of insulin signaling will impair the
function of brown fat17, a host of evidence suggests that mild
attenuation of insulin/IR/AKT signaling in brown adipose tissue can
lead to enhanced BAT-mediated thermogenesis whereas, on the other
hand, excessive insulin can impair brown fat functionality. A recent
study demonstrated that daily insulin injections in mice caused sig-
nificantly reduced expression of UCP1 and PGC1-α in their iBAT18.
Accordingly, mice with an inducible adipocyte-specific deletion of
PTEN which resulted in increased phosphorylation of AKT and
enhanced insulin signaling in their adipose depots, demonstrated
significantly reduced expression of brown adipocyte-specific genes
such as Ucp1, Pgc1-α and Prdm16 in their iBAT depots57. Inversely,
deletion of one of the insulin alleles led to increased EE that was
associated with enhanced browning of WAT, identifying circulating
insulin as a critical negative regulator of Ucp1 expression19. As a
member of the family of receptor tyrosine kinase proteins, the reg-
ulation of the phosphorylation of AKT upon agonism and/or antag-
onism of AXL receptor has been thoroughly characterized in several
cell lines and tissues58. A number of elegant studies using adipocyte-
specific knockoutmousemodels have provided insights on the role of
AKT in brown fat function21,22,59,60. Taken together, these studies reveal
the necessity of functional insulin/AKT signaling pathway for BAT. It
should be noted, however, that in all aforementioned models, insulin
signaling is completely abolished rather than moderately attenuated.
Contrary amodelwith partial impaired insulin signaling, such as theAi-
IGF1RKO model exhibited increased expression of most thermogenic
and brown fat-enriched genes in iBAT17. Along these lines, modest
transgenic PTEN overexpression (PTENtg) led to mild downregulation
of the PI3K/AKT pathway, which was associated with enhanced iBAT
thermogenic capacity61, whereas adipose tissue specific AKT1 KO
mousemodel was protected against DIO and demonstrated enhanced
BAT thermogenesis22. Similarly, treatment of brown and white adipo-
cytes with PI3K inhibitors, which mitigated but did not completely
ablate the PI3K/AKT pathway led to an increased expression of ther-
mogenic and mitochondrial genes61. These results were confirmed by
in vivo administration of PI3K inhibitors in obesemice and non-human
primates, which led to reduced adiposity due to enhanced BAT-
mediated thermogenesis62. Similarly, we demonstrate here that inhi-
bition of AXL receptor signaling only moderately attenuates but does
not completely block the activity of the insulin/AKT pathway and
results in increased brown adipocyte functionality. Taken together,
these results underscore the importance of separating the information
on complete ablation vs. attenuation, which can elicit different effects.

Our work shows that the observed enhanced thermogenic pro-
gram upon inhibition of AXL receptor signaling is partially mediated
via increased FOXO1 activity. Previously, FOXO1 has been identified as
a major transcription factor responsible for Ucp1 upregulation upon

PTEN overexpression. Indeed, studies demonstrated enriched direct
binding of FOXO1 on the Ucp1 and Pgc1-α promoters of PI3K inhibitor-
treated brown adipocytes as well as reduced FOXO1 phosphorylation
in the iBAT of the PTENtg mouse model and upon PI3K inhibitor
treatment, while a constitutively active FOXO1 resulted in enhanced
BAT function61,62. Contradictory results have been reported on the role
of FOXO1, with studies reporting that its deletion in adipocytes can
lead to Ucp1 upregulation63, however, these findings involved Akt-
independent mechanisms and did not demonstrate Ucp1 down-
regulation upon FOXO1 gain-of-function, suggesting that alternate
mechanisms might be involved. The effect of our FoxO1 knockdown
data suggests that FOXO1 is required for thermogenesis in brown
adipocytes and that it mediates the upregulation of thermogenesis-
associated genes induced by AXL inhibition. Importantly, BAT-specific
mTORC2 loss was shown to deacetylate and activate FOXO1, with
nuclear FOXO1 retention potentiating UCP1 expression64. Similarly, we
demonstrate that inhibition of AXL receptor signaling reduces phos-
phorylation of FOXO1 which, in turn, promotes FOXO1 nuclear locali-
zation in brown adipocytes. Along these lines, we propose that this
effect is exerted in an AKT-mediated manner, as shown by the mod-
erate downregulation of the insulin/AKT pathway due to its crosstalk
with the GAS6/AXL pathway, the subsequent attenuated FOXO1
phosphorylation, and the recapitulation of enhanced FOXO1 nuclear
localization upon treatment with AKT inhibitors. Taken together, we
propose that AXL receptor inhibition enhances thermogenic gene
expression in a FOXO1-mediated manner in non-stimulated brown
adipocytes.

Intriguingly, our studies suggest that under β-adrenergic-
stimulated conditions (such as isoproterenol or cold exposure),
enhanced thermogenesis in response to AXL receptor inhibition or
deletion is primarilymediated via anAKT-PDE3/4 inactivation pathway
and a subsequent stimulation of cAMP and ATF2. We propose that
inhibition of AXL receptor signaling removes the brake of the
thermogenesis-inducing β-adrenergic/cAMP pathway, by blunting the
effect of the cAMP-degrading PDE3 and PDE4 enzymes in an AKT-
mediated manner. Our rescue experiments using pharmacological
AKT activators and PTEN inhibitors to ablate theAXL inhibitor-induced
elevation of intracellular cAMP levels underscore the point that the
observed increased cAMP levels are indeed attributed to reduced AKT
phosphorylation. Remarkably, AKT and PI3K inhibitors phenocopying
AXL receptor inhibitorswith a small or absent additive effects on cAMP
levels when used in combination, further support a mediation via the
AKT signaling pathway. It is worth pointing out that these effects could
also occur independently in discrete pools of AKT. However, as insulin
is one of themostpotent anabolic hormones and amajor driver of AKT
phosphorylation in FBS-depleted adipocytes, we suggest the existence
of a simplifiedmodelwhereAKT is the central hub inwhich activities of
IR and AXL receptor intersect. Further research will be required to
investigate in detail the exact effects of AXL receptor inhibition on
discrete AKT pools. Along the same lines, our results do not rule out
that it is solely the activity of AKTwhichdrives these effects. Lastly, it is
important to point out that our data do not suggest that the effects are
specific to the AXL receptor signaling pathway. In fact, other studies
have shown that other RTKs can exert similar effects, such as the
deletion of IFG1R17.

More direct data of an AXL-PDE axis stem from our observations
that stimulating AXL receptor using an anti-AXL receptor agonistic
antibody specifically suppresses the activity of PDE3 and PDE4 and
reduces cAMP levels, whereas PDE3 and PDE4 inhibitors mimic the
effect of AXL inhibitors to increase cAMP levels. In accordancewithour
studies, adipose tissue-specificdeletionof the PI3K subunitp110a leads
to reduced fat accumulation, due to potentiation of β-adrenergic sig-
naling via PDE inhibition65. Additionally, PDE4 inhibitor roflumilast
leads to reduced weight gain, increased energy expenditure and
improved glucosemetabolism inDIOmice66, while it improves glucose
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tolerance in patients with T2D67. Similarly, a combination of PDE3 and
PDE4 inhibition has been shown to induce Ucp1 expression and lipo-
lysis in brown adipocytes, while PDE1/2/8A inhibition did not exert
such effects68. Recently it was shown that differently compartmenta-
lized cAMP pools in brown adipocytes are differentially affected by β1/
2- and β3-adrenergic receptors, with PDE3 and PDE4 inhibition con-
tributing to both and majorly to β1/2-induced cAMP pool69. In light of
the recent observations about the role of β2-adrenergic receptor in
human BAT, these results suggest that AXL receptor inhibitors could
exert even more pronounced effects in human BAT activation54. The
observed phenotype of our mouse model system supports the
mechanistic model of a crosstalk between the β-adrenergic and AXL
receptor pathways, as increased thermogenic gene expression in iBAT,
enhanced energy expenditure and weight loss in Axl KO mice are
accentuated in lower (stimulated β-adrenergic signaling) compared to
higher (attenuated β-adrenergic signaling) temperature conditions
across all experiments.

Our Axl KO mouse model reveals a previously unappreciated
biologically significant role of AXL receptor on bodyweight regulation
which is in part mediated through its effects on enhanced brown
adipose tissue functionality. Enhanced thermogenic transcriptional
signature, reduced brown adipocyte size concomitant with reduced
lipid content and increased Ucp1 expression in iBAT of Axl KO mice,
provide convincing proof that the effect of AXL receptor deletion is
BAT-mediated. Despite the absence of dramatically improved glucose
tolerance - possibly due to a transient mild downregulation of AKT
signaling pathway in other peripheral tissues - the major beneficial
phenotypes of the Axl KO mouse model are primarily associated with
weight loss and improved lipid metabolism, as demonstrated by
improved circulating lipids and reduced ectopic lipid accumulation.
Indeed, recent human studies have demonstrated that increased BAT
mass is associated with cardiometabolic health70. Taking into con-
sideration the prevalent dyslipidemias in the presence of obesity and
the absence of pharmacotherapy against non-alcoholic or meta-
bolic fatty liver disease (NAFLD or MAFLD), this phenotype renders
AXL receptor deletion an interesting therapeutic model. These data
are in line with the Gas6 KOmousemodel, which exhibits significantly
reduced fat mass accumulation upon HFD-induced obesity36. Intrigu-
ingly, GAS6 and AXL polymorphisms have been associated with adip-
osity and insulin resistance in adolescents, providing human relevance
to the role of AXL receptor signaling inmetabolic disease31. Our whole-
body Axl KO data cannot entirely rule out that resistance to diet-
induced obesity and increased energy expenditure may be attributed
to other tissues, as AXL receptor is broadly expressed. Along the same
lines, an AXL receptor gain-of-function approach may confer adverse
effects in vivo. For instance, macrophages of the cleavage-resistant
AXL mouse model (AxlCR/CR) have enhanced phospho-STAT1 and HIF-
1α signaling as well as elevated glycolysis and IL-1β secretion, sug-
gesting a role of AXL receptor toward proinflammatory metabolic
reprogramming71.

Our adipocyte-specific AXL receptor deletion experiments
strongly support even further an adipose-mediated contribution
toward improved metabolic phenotype of Axl KO in the fat. Indeed,
deletion of AXL receptor specifically in adipocytes (iFAXLKO) has a
similarly improved body weight phenotype, confirming that the
improved metabolic phenotype of the Axl KO mouse model is mostly
attributable to adipose tissue. Remarkably, iFAXLKO mice demon-
strate significantly improved glucose tolerance, highlighting the fact
that the absence of significantly improved glucose tolerance in Axl KO
mice may be attributed to other peripheral tissues and that adipocyte-
specific AXL receptor deletion does not impair - rather it enhances –
peripheral tissue glucose uptake.

In summaryour data identifyAXL receptor as a regulator of brown
adipocyte activation and functionality. In the context of brown adi-
pocyte signaling, AKT acts as a continuum of gradually enhanced or

attenuated activity and not as an “on-off” switch. Pharmacological
treatments, genetic manipulations, or environmental stimuli that
moderately attenuate the insulin/AKT pathway while maintaining its
activation above a presumable “dysfunctional threshold”, induce the
appropriate transcriptional machinery to promote enhanced brown
adipocyte functionality, while genetic or pharmacological manipula-
tions that inhibit the AKT pathway below this “dysfunctional thresh-
old” lead to impairment of the metabolic processes of the cells and
subsequent attenuated functionality as well as reduced expression of
thermogenic genes. On the other hand, over-stimulation of the insulin/
AKT pathway that can surpass an upper “overly active threshold” of
AKT activity can repress the function of key brown-adipocyte tran-
scriptional regulators and lead to a reduced expression of thermo-
genic genes. We propose that inhibition of AXL receptor signaling
promotes a “fine tuning” of this pathway (Fig. 7) which can be lever-
aged to modulate brown adipocyte activity and thereby increase
energy expenditure to prevent weight gain in obesity.

Methods
Cell culture of A549 cell line
Immortalized A549 cell lines were isolated from the lung tissue of
white, 58-year-old male with lung cancer and purchased from ATCC
(Cat.No. CCL-185). A549 cells were cultured in RPMI-1640 medium
(ThermoFisher Scientific, Gibco, Cat.No. 61870036) supplemented
with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin.

Cell culture of adipogenic cell lines
Immortalizedmouse brown and white pre-adipocyte cell lines derived
from the stromal-vascular fraction of either interscapular brown or
epididymal white adipose tissue of newborn or young mice were
obtained and cultured as previously described39,45. In brief, cells were
cultured in high glucose (25mM) DMEM containing 10% Fetal
Bovine Serum (FBS) and 1% Penicillin/Streptomycin. All lines were
maintained below confluency by splitting every 2-3 days. Cells were
differentiated in rat collagen-coated plates using differentiation
induction medium (DIM).

Immortalized adipocyte differentiation and stimulation
To induce adipogenic differentiation, the cells lines were grown to
confluenceon collagen-coated tissue cultureplates andmaintained for
2 additional days. Immortalized brown preadipocytes were induced by
stimulation with 115 µg/ml IBMX, 1 µM dexamethasone, 20 nM insulin,
125 µM indomethacin and 1 nM T3 in full medium (defined as Day 0 of
differentiation). After 48 h themediumwas exchanged for fullmedium
plus 20 nM insulin and 1 nM T3. Cells were maintained in this medium
until sampling for analysis. For white adipogenesis, the cells were
induced for 48 h in full medium containing the same adipogenic
cocktail without indomethacin and T3. Full medium containing
200nM insulin was provided for the remaining time of the differ-
entiation process. To stimulate UCP1 expression for final read-out, the
cells were incubated in full medium with 1 µM isoproterenol for 6-8 h
before fixation or lysis.

Cell culture – hMADS cells
Human multipotent adipose-derived stem (hMADS) cells were
obtained from Dr. Ez-Zoubir Amri’s laboratory (University of Nice,
France) and cultured as previously described46. In detail, hMADS cells
were grown in low glucose DMEM supplemented with 15mM HEPES,
10% FBS, 2mM L-glutamine, 1% Penicillin/Streptomycin and 2.5 ng/ml
recombinant human FGF-2 (Peprotech). The medium was changed
every other day and FGF-2 was omitted after cells reached confluence.
Differentiation of 48 hours post-confluent cells was induced (day 0) by
adipogenic medium (DMEM/Ham’s F12 media containing 10 µg/ml
Transferrin, 10 nM insulin and 0.2 nM triiodothyronine) supplemented
with 1 µMdexamethasone and 500 µM isobutylmethylxanthine (IBMX)
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and from day 2 to 9, cells were cultured in adipogenic medium con-
taining 100 nM rosiglitazone. Cells were kept in culture until day 18 in
the absence of rosiglitazone to obtain mature white adipocytes. To
obtain brown adipocytes, cells were exposed to an additional rosigli-
tazone (100 nM) pulse between days 14 and 18. To investigate the
effect of pharmacological AXL inhibitors on the activation of brown
adipocytes, treatment was performed between day 14 and 18 in com-
bination with rosiglitazone. To knockdown AXL receptor genes, 50nM
siRNA against AXL or non-targeted (N.T.) controls (Microsynth) were
delivered into mature adipocytes on day 13 using Lipofectamine
RNAiMAX (Invitrogen). After 24 hours, the transfection medium was
replaced by fresh adipogenic medium containing 100 nM rosiglita-
zone. Brown adipocytes were cultured until day 18, when cellular
respiration was determined or cells were harvested for RNA and pro-
tein analysis.

siRNA-mediated knockdown
For siRNA-mediated knockdown, Dharmacon smartPOOL on-target
PLUSRNApools (consistedof 4different siRNAs)wereused for reverse
transfection. Subsequently, the 4 siRNAs were separately tested for
their knockdown efficiency. After picking the most efficient siRNA,
100-250 nM of siRNA (i.e. 20-50 nM final working concentration of
siRNAs) were incubated for 20min in 1.5% Lipofectamine RNAiMAX
diluted in OptiMEM in a ratio of 15 µL RNAiMAX/1mL of OptiMEM.
Subsequently, the siRNA-RNAiMAX-OptiMEM solutions were mixed
with 400.000 (12-well plates) or 200.000 (24-well plates) or 50.000
(96-well plates) trypsinized mature cells in 800 µL (12-well plates),
400 µL (12-well plates) or 80 µL (96-well plates) full growth medium
and plated on collagen-coated plates. siRNA-containing medium was
replaced by full growth medium 24 h hours post lipofection. 48-
72 hours post-siRNA transfection, cells were harvested for RNA/pro-
tein extraction or were fixed for immunofluorescent analysis or were
used for OCR measurements. In the stimulated assays, cells were sti-
mulated with isoproterenol for 6-8 hours before harvesting.

Immunofluorescent staining of cultured cells
For determination of brown and white adipocyte differentiation, cells
were first washed in PBS twice for 5min and fixated in 4% paraf-
ormaldehyde in PBS for 15min. After an additional PBS washing step,
the cells were incubated in the following staining cocktail for 20min:
2 µM Hoechst, 100 ng/µl LD540, 5 µM Syto60 in PBS. After two PBS
washing steps, the cells were covered light protected and stored at
4 °C for microscopical analysis72. After analyzing the first staining, an
additional UCP1 immunohistochemical staining was performed. The
samples were further permeabilized and fixed by incubating them in
pre-cooled 5% acetic acid in ethanol for 10min at −20 °C. Cells were
washed in PBS at room temperature twice and blocked/permeabilised
for 90min in blocking buffer (0.05% Triton X-100, 5% BSA, in PBS).
Primary UCP1 antibody (Pierce) was incubated 1:500 overnight,
washed, and an Alexa488- coupled secondary was incubated for 1 h.
After counterstaining with Hoechst, the samples were washed three
times in PBS and covered light-protected and stored for image-based
analysis. Image acquisition for immunofluorescencewasperformedby
Operetta automated microscope (Perkin Elmer). Immunofluorescence
image analysis was performed by Harmony v3.5 (Perkin Elmer).

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 was performed using DNase I (NEB) to remove traces of
genomicDNA. Reverse transcription was performed to generate cDNA
library by using the High Capacity cDNA Reverse transcription kit
(Applied Biosystems), with 1μg of RNA. Quantitative PCR was per-
formed using the Fast SYBR Green qPCR Mastermix (Applied Biosys-
tems) on a ViiA7 real-time PCR system (Applied Biosystems). Real-time
PCR was analyzed by ViiA7 Ruo v1.2.3 (ThermoFisher). Relative mRNA
concentrations normalized to the expression of 36B4 or TBP (mouse
tissues and cell culture) were calculated by the ΔΔCt method. Primer
sequences are found in key resource table.

Fig. 7 | The AXL/AKT/PDE/cAMP pathway regulates thermogenesis in brown adipocytes. Current mechanistic view of the crosstalk between Insulin-IGF-1/Insulin
Receptor and GAS6/AXL Receptor pathways and subsequent induction of a thermogenic phenotype in an AKT-cAMP-PKA manner (created with BioRender).
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Measurement of intracellular cAMP concentrations
Pre-iBAs were differentiated to mature iBAs and cAMP assays were
performed during days 6-8 of their differentiation. In brief, cells were
washed with DMEM (25mM glucose) without FBS and serum-depleted
with DMEM (25mM glucose) without FBS, 2 hours prior to iso-
proterenol stimulation and/or compound treatment. Whenever pre-
treatment was required, this was performed during the 2 h serum-
depletion period. Stimulation with isoproterenol or forskolin and
treatment with compounds was acutely performed for 5min – 30min.
After the stimulation period, cells were rapidly washed with PBS and
subsequently processed according to manufacturer’s instructions. The
Enzo cAMP ELISA kit was utilized to process cells after stimulation and
to measure intracellular cAMP concentrations (Enzo, ADI-900-067). An
aliquot of the cell lysate was used for BCA protein assay, for protein
quantification and normalization of the cAMP concentrations. Bio-
chemical colorimetric assayswere detected by SynergyMix plate reader
(BioTek). Colorimetric assays were analyzed by Gen5 v3.08 (BioTek).

Animal work
All authors of the study who participated in mouse experiments have
complied with ethical regulations for animal testing and research. All
animal procedures in this study were approved by the cantonal ethics
committee of the veterinary office of the Canton of Zürich. The 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 either female or male as indicated, housed 3–4 lit-
termates per cage in individually ventilated cages at standard housing
conditions (22 °C, 12 h reversed light/dark cycle, dark phase starting at
7am,40%humidity),with ad libitumaccess to chow (18%proteins, 4.5%
fibers, 4.5% fat, 6.3% ashes, Provimi Kliba SA) or high fat diet (HFD)
(60% (kal%) fat, diet no. 3436, Provimi Kliba SA), as indicated, and ad
libitum access to water. Health status of all mouse lines were regularly
monitored according to FELASA guidelines. At the end of the study,
animals were euthanized singly in carbon dioxide atmosphere.

Generation of thewhole-bodyAxl KO and adipocyte-specific Axl
KO mouse models
AxlKOmice were obtained by blastocyst injections of two clones (H04
and D04) of modified ES cells (Axltm1a(EUCOMM)HMGU) acquired from
EUCOMM by performing pronuclear injections of ES cells containing
the transgenic “knockout-first” cassette73 which was inserted between
exons 4 and 5of theAxlgene, using classic homologous recombination
techniques. The cassette contains mouse splicing acceptor (SA), LacZ,
and neomycin-resistant gene (Neo). This initial allele (tm1a) generates
a null allele via splicing to the LacZ trapping element. Thus, the
Axltm1a(EUCOMM)HMGU allele is a non-expressive form, due to alternative
splicing of Axl exon1-4 to SA in the trapping cassette, thus disrupting
the Axl transcript. In detail, modified ES cells were thawed, expanded
and subsequently injected into blastocysts which were implanted into
foster C57Bl6 wild-type mothers/carriers until the generation of chi-
meras, which carried a germ-line mutation. Level of chimerism in the
offspring of the foster mothers was determined through qPCR as well
as visually, based on the agouti coat color, gene which was also
encoded in the modified ES cells. The selected chimeras (level of chi-
merism was more than 90%) were further bred with C57Bl6 wild-type
mice for the generation of heterozygous animals. The final global Axl
KO mouse model was generated by breeding heterozygous x hetero-
zygous animals, breeding which resulted in the mendelian generation
of 25% Axl KO – 25% wild-type – 50% heterozygous mice.

Adipoq-CreERT2 animals were created by bacterial artificial
chromosome (BAC) cloning of CreERT2 into the RPCI-24-69M4 BAC
vector (BACPAC, Oakland, CA, USA) and pronuclear injection, as we
have previously described74. For the generation of the iFAXLKO mice,
heterozygous transgenic Axl KO animals were crossed with Flipase
(FLP) homozygous animals for the removal of the transgenic cassette

between the FRT sites, resulting in mice heterozygous for loxP-Axl-
loxP sites. Offspring of this breeding were crossed with the Adipo-
QERT2Cre mouse line, until the generation of loxP-Axl-loxP homo-
zygous mice (FLP-) AdipoQERT2Cre+ (heterozygous). For the
generation of the final adipocyte-specific AXL KO mouse model, the
following breeding was performed: AdipoQERT2Cre+ (heterozygous)
loxP-Axl-loxP (homozygous) x AdipoQERT2Cre- loxP-Axl-loxP (homo-
zygous). The offspring of the latter breeding resulted in the expected
mendelian ratio of 50% AdipoQERT2Cre+ loxP-Axl-loxP and 50% Adi-
poQERT2Cre- loxP-Axl-loxP mice. For the induction of the adipocyte-
specific AXL knockout, 6-8 week-old mice were gavaged with 2mg/kg
hydroxy-tamoxifen for two consecutive days and placed on a high-fat
diet. Tamoxifen gavages were repeated every 3 weeks for two con-
secutive days, to avoid the possibility of AXL receptor presence due to
newly differentiated adipocytes.

Pharmacological treatment mouse experiments
For in vivo pharmacological studies, C/57Bl6J wild-type mice were
obtained by the Charles-Rivers laboratories at 4-6 weeks of age and
were subsequently housed for 2 weeks in our animal facilities prior to
the initiation of the experiments, in order to be acclimatized to the
new housing conditions. For the in vivo pharmacological experiments,
8-10 weeks old male C57Bl6 mice (Charles River) were placed
on HFD for 6-8 weeks and subsequently subjected to BMS-777607
(5-10mg/kg/day) or DMSO control treatment (dissolved in sunflower
oil for gavaging or in HFD powder for food-mediated administration)
for 14 consecutive days by oral gavage or through diet-mediated
administration. BMS-777607 for the in vivo studies was purchased
from Sigma-Aldrich (Cat.No.: AMBH303C671F-250MG). At the end of
the 2-week treatment, mice were fasted for 4 hours and iBAT, ingWAT
and liverweredissected, snap-frozen in liquidnitrogen andmaintained
frozen in −80 °C until further analysis. Plasma exposure of the com-
pound was confirmed by LC-MS analysis.

AXLKOmice were housed in groups of 3-4 mice (for males) or 3-5
mice (for females) per cage in individually ventilated cages (IVC) at
standard housing conditions (23 °C, 12 h reversed light/dark cycle,
dark phase starting at 7am), with ad libitum access to chow diet and
water. For the HFD challenge, 8-10 weeks old AXLKO (homozygous),
AXLKO heterozygous and wild-type littermate controls were placed
under ad libitumHFD in groups of 3-4mice per cage in IVC at standard
housing conditions and body weight was recorded once per week, on
the sameday and timeof theweek. For the thermoneutrality challenge,
8-10 weeks old AXLKO and wild-type littermate mice were placed into
chambers which maintained the housing conditions at 30 °C, 40
humidity and 12 h reversed light/dark cycle, darkphase starting at 7am.
Bodyweight was recorded onceperweek, on the same day and timeof
the week. For the cold-exposure challenge, AXLKO and wild-type lit-
termate mice were housed into chambers which maintained the
housing conditions at 8 °C, 60% humidity and 12 h reversed light/dark
cycle, dark phase starting at 7am.

Body composition measurements
Livemice body composition wasmeasured with amagnetic resonance
imaging technique (EchoMRI 130, Body Composition Analyzer, Echo
Medical Systems). Fat and lean mass was analyzed using Echo MRI
14 software. Mice were fasted for 4 hours before measurement.

Indirect calorimetry – metabolic cages
Indirect calorimetry measurements were performed with the Pheno-
master (TSE Systems) according to the manufacturer’s guidelines and
protocols. O2 and CO2 levels were measured for 60 s every 13min
continuously with Phenomaster (TSE Systems). Energy expenditure
analysiswasperformedbyPhenomaster software v5.6.5 (TSE-systems).
The respiratory quotient was estimated by calculating the ratio of
CO2 production to O2 consumption. Animals were single-caged and
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acclimated to the metabolic cage for 48 hours prior metabolic
recording. Locomotor activity, food and water intake were monitored
throughout the whole measurement.

Cellular respiration
For measurement of cellular respiration, immortalized murine brown
adipocytes were cultured on collagen-coated 10 cm cell culture dishes.
Differentiating adipocytes were trypsinized and replated on day 5 at a
density of 30.000cells perwell andallowed to recover andmaturate for
48–72 hours before treatment. Since hMADS cells grow in amonolayer,
they were differentiated directly on collagen-coated 96-well Seahorse
cell culture microplates. On the day of the experimental treatment,
adipogenic medium was replaced with unbuffered XF Assay Medium
(pH 7.4, Seahorse Bioscience) supplemented with glucose (1 g/L,
Sigma), 2mM sodium pyruvate (Invitrogen) and 2mM GlutaMax (Invi-
trogen). The oxygen consumption rate (OCR) was measured using the
Extracellular flux analyzer XF96 (Agilent Seahorse). For the measure-
ment of the different components of respiration (mitochondrial, non-
mitochondrial and uncoupling respiration), test compounds were
sequentially injected to obtain the following working concentrations:
1 µg/ml Oligomycin, 0.5 − 1 µM isoproterenol, (0.5mM cAMP for
hMADS), 1 µg/ml FCCP, 3 µM Rotenone with 2 µg/ml Antimycin A. OCR
levels (pmol/min) were normalized to protein amount per well (µg
protein). Non-mitochondrial respirationwas subtracted to obtain basal,
uncoupled, stimulated uncoupled and maximal mitochondrial respira-
tion. For the acute stimulation with the compounds (AXL/PDE inhibi-
tors), cellswerepre-treated for 2-3 hours before the Seahorse assaywith
the respective compounds (dissolved in XF Assay Medium) and, sub-
sequently, isoproterenol (0.5 μΜ) was co-injected with the compounds
for the measurement of baseline and isoproterenol-stimulated OCR.
Cell respiratory analysis was done by Wave 2.6.0 (Agilent Seahorse).
Data were exported in GraphPad Prism for visualization and analysis.

Protein extraction and Western blot
Tissue samples and in vitro differentiated adipocytes were homo-
genized in RIPA buffer (50mM Tris pH 7.4, 150mM NaCl, 2mM EDTA,
1.0% Triton X100, 0.5% sodium deoxycholate) supplemented with
protease (Complete, Roche) and phosphatase (Halt phosphatase inhi-
bitor cocktail, Thermo Fisher) inhibitor cocktails, as well as with 1mM
PMSF (for the detection of protein phosphorylation). Lysates were
cleared by centrifugation at 12,000g for 15minutes at 4 °C. Protein
concentration of the supernatants was determined by BCA Assay
(Thermo Scientific). Western Blotting was carried out following stan-
dard procedures. Equal amount of proteins (30-40 µg) were separated
on 8-12% SDS-polyacrylamide gel, transferred to a nitrocellulose mem-
brane (Bio-Rad) and blotted for the following antibodies: UCP1 (Ther-
moFisher, Cat# PA1-24894, RRID: AB_2241459, 1:1000), γ-TUBULIN
(Sigma-Aldrich, Cat# T-5326, RRID: AB_532292, 1:10,000), HSP90 (Cell
Signaling, Cat# 4877, RRID: AB_2233307, 1:1000), phospho-CREB Ser133
(Cell Signaling, Cat# 9198, RRID: AB_2561044, 1:1000), phospho-PKA
substrates (Cell Signaling, Cat# 9624, RRID:AB_331817, 1:1000),
phospho-AKT Thr308 (Cell Signaling, Cat# 13038, RRID: AB_2629447,
1:1000), phospho-AKT Ser473 (Cell Signaling, Cat# 4060, RRID:
AB_2315049, 1:1000), phospho-Foxo1 (Thr24)/FoxO3a (Thr32) (Cell
Signaling, Cat# 9464, RRID:AB_329842, 1:1000), FOXO1 (Cell Signaling,
Cat# 2880, RRID:AB_2106495, 1:1000), anti-mouse HRP secondary
(Merck, Cat# 401253, RRID: AB_437779, 1:5000), anti-rabbit HRP sec-
ondary (Merck, Cat#401393, RRID: AB_10683386, 1:5000), anti-mouse
Alexa Fluor 488 secondary (Thermo Fisher, Cat# A-11029, RRI-
D:AB_2534088, 1:2000), anti-rabbit Alexa Fluor 488 secondary (Thermo
Fisher, Cat# A-21206, RRID:AB_2535792, 1:2000), AXL (Abcam, Cat#
ab215205, RRID: AB_2924328, 1:1000), AXL (ThermoFisher, Cat# PA5-
106118, RRID: AB_2853927, 1:1000), PGC1-a (Millipore Sigma, Cat#
AB3242, RRID: AB_2268462, 1:1000), phospho-Insulin Receptor (Y972)
(Abcam, Cat#ab5678, RRID: AB_305045, 1:1000), phospho-Insulin

Receptor (Y1361) (Abcam, Cat#ab60946, RRID: AB_943587, 1:1000),
phospho-IRS1 (ThermoFisher, Cat#PA5-114593, RRID: AB_2899229,
1:1000), phospho-AXL (Tyr702) (ThermoFisher, Cat# PA5-64862, RRID:
AB_2662770, 1:1000), phospho-STAT3 (Ser727) (Cell Signaling,
Cat#9134, RRID: AB_331589, 1:1000), phospho-STAT5 (Tyr694) (Cell
Signaling, Cat#4322, RRID: AB_10544692, 1:1000), phospho-PDGFRA
(Y742) (Abcam, Cat#ab5452, RRID: AB_304899, 1:1000), phospho-
PDGFRB (Y857) (Abcam, Cat#ab62367, RRID: AB_2162635, 1:1000).
Chemiluminescent signal of the HRP-conjugated secondary antibodies
(anti-mouse or anti-rabbit purchased fromMerck or Calbiochemor Cell
Signaling, dilution 1:5000) was visualized by the Image Quant system
(GE Healthcare Life Sciences). Quantification of the intensity of the
bands was performed by ImageJ v 1.53e (NIH).

For the pAXL (Tyr702) measurement, the high-throughput Sally
Sue technique was used, according to the manufacturer’s protocol. In
detail, equal amount of undiluted protein lysates (concentration
>0.2mg/mL) were loaded and primary pAXL (Tyr702) antibody (1:15
dilution) was used for the detection of the phosphorylated AXL
receptor. The assaywasperformed following the instructions of the kit
(Sally Sue version 1, ProteinSimple, Bio-Techne). pAXL (Tyr702) was
quantified using the Compass software. pAXL was defined as 138 kDa
with 10% of tolerance and Gaussian Fit was used for area calculation. A
signal/noise ratio of 10or lesswas defined as a “not significant peak”, in
which cases the area was set to zero.

Phosphodiestarase (PDE) activity assay
PDE activity wasmeasured inmature iBAs (Days 6-8 of differentiation)
using a colorimetric PDE Activity Assay Kit (Abcam – Cat.No.:
ab139460), as previously described65. Briefly, mature iBAs were co-
incubated with isoproterenol (2 uM) and the agonistic AXL receptor
antibody or IgG control for 15minutes. Subsequently, brown adipo-
cytes were lysed in a buffer containing 20mM Hepes-NaOH (pH 7.4),
0.5mM EDTA, 2mM MgCl2, 0.1% Triton X-100, 0.5mM DTT, 1mM
EGTA, 1μM microcystin-LR and protease inhibitors. Lysates were
briefly sonicated, desalted using Zeba Spin desalting columns, 7 kD
molecular weight cut-off (Thermo Scientific, cat. no. 89882), and
equilibrated in PDE assay buffer. Desalted lysates (15μg protein) were
assayed for phosphodiesterase activity using the colorimetric kit from
Abcam (cat. no. ab139460) according to the manufacturer’s instruc-
tions. This PDE Abcam kitmeasures total PDE activity and the isoform-
specific PDE activity is specifically attributed to each one of the seven
distinct isoforms via the utilization of specific PDE inhibitors that we
employed. Using specific PDE inhibitors, the reduction of activity to
the total activity accounts for the specific activity of the individual PDE
isoform.

Pharmacological inhibition of AXL receptor tyrosine kinase and
phosphodiesterases (PDEs) and other compounds
Pharmacological compounds BMS-777607 (Cat.No.: S1561), Bemcen-
tinib (R428) (Cat.No.: S2841) and NPS-1034 (Cat.No.: S7669) were
purchased from Selleckchem and dissolved in DMSO to a stock con-
centration of 10mM. For AXL receptor inhibition in cultured cell lines,
serial dilutions were performed (in DMSO and/or in DMEM) to achieve
the required final concentrations in the complete maintenance DMEM
(+Insulin/T3). DMSO concentration in the final complete DMEM was
maintained at 0.1% v/v. PDE1, PDE2, PDE4, PDE8, and PDE10 inhibitors
were kindly provided by Boehringer Ingelheim. Cilostazol (PDE3 inhi-
bitor) was purchased from Millipore-Sigma (Cat.No.: C0737) and dis-
solved in DMSO to a stock concentration of 10mM. PKA inhibitor H89
was purchased from Tocris (Cat.No. 2910). PI3K, PTEN, AKT, and
FOXO1 inhibitors were purchased from Selleckchem.

Intracellular cyclic AMP (cAMP) measurements
Cells were FBS-depleted for 2 hours prior to the cAMP assays in high-
glucose DMEMmedium. Treatment (isoproterenol and/or compounds)
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was performed in high-glucose DMEM medium. Prior to assay, cells
were briefly washed 1x with PBS. Subsequently, intracellular cAMP
concentration was measured using a cAMP ELISA kit (ENZO, Cat.No.:
ADI-901-067A), following manufacturer’s instructions. Colorimetric
assay was detected by SynergyMx plate reader (BioTek).

RNA Sequencing and Analysis
RNA from iBAT and ingWAT was quality-checked by a TapeStation
instrument (GE). All samples had a RNA integrity number (RIN) > 8.
rRNA was depleted, and purified RNA was used for the preparation of
libraries using the TruSeq RNA sample preparation kit (Illumina).
Samples were sequenced on a HiSeq 4000 HT instrument. RNA-seq
sequences were trimmed using Trim Galor and mapped to the mouse
GRCm38 genome assemblies using hisat2 (v2.1.0). Transcripts were
defined using the Ensemble annotations over protein-coding mRNAs.
Differential expression analysis of mapped RNA-seq data was per-
formed using DESeq257 and EdgeR. Significantly different transcripts
were called with significance <0.05 after Benjamimi and Hochberg
correction and minimum mean differential expression of twofold.
Gene ontology (GO) analysis was performed using the g:profiler soft-
ware. Expressed genes had a log2(RPM) value > 0. PCA was performed
using the R prcomp package with default parameters.

AXL expression in human, mouse and rat normal tissues has been
profiled using previously published RNASeq data sets (see Array
Express submissions E-MTAB-6081 and E-MTAB-1733, respectively).
Accordingly, raw FASTQ files have been processed with the RNASeq
data analysis pipeline as described in Schlager et al.75 to obtain FPKM
(fragments per kilobase of exon model per million mapped reads)
normalized gene expression levels.

Tissue harvest
Animals were euthanized singly in carbon dioxide atmosphere. All
tissues were carefully dissected, weighed, snap frozen in liquid nitro-
gen andmaintained frozen in−80 °Cuntil further processing. Popliteal
lymph nodes were carefully removed from inguinal adipose depots for
all gene and protein expression analyses.

Histology and image analysis
Adipose tissues were excised, fixed in fresh 4% paraformaldehyde
(Sigma) in PBS (Gibco; pH 7.4) for 48 h at 4 °C and then embedded
with paraffin. Standard hematoxylin and eosin staining was per-
formed on rehydrated 4-micron paraffin sections. Slides were dehy-
drated and covered with coverslip by resin-based mounting. Tissue
sections were visualized by Axiophot microscope equipped with
AxioCam MR (Zeiss).

Axl receptor expression in tissue panels
AXL receptor expression in human normal tissues has been profiled
using previously published RNASeq data sets (see Array Express
submissions E-MTAB-6081 and E-MTAB-1733, respectively). Accord-
ingly, raw FASTQ files have been processed with the RNASeq data
analysis pipeline as described in75 to obtain FPKM (fragments per
kilobase of exon model per million mapped reads) normalized gene
expression levels.

Statistical analyses and quantifications
For in vivo studies, littermates randomly assigned to treatment groups
were used for all experiments. Sample sizes were determined on the
basis of previous experiments using similar methodologies. The ani-
mal numbers used for all experiments are indicated in the corre-
sponding figure legends. All animals were included in statistical
analyses, and the investigators were blinded. All cell culture experi-
ments were performed with 2-3 technical replicates for RNA and pro-
tein analysis, 5-6 replicates formeasurement of cellular respiration and
independently reproduced at least 3 times. Results are reported as

mean± SEM. Two-tailed unpaired Student’s t-test was applied on
comparison of two groups. One-way ANOVA analysis and Tukey test
for correction of multiple comparisons were applied on comparisons
of multiple (three or more) groups. Two-way ANOVA was applied for
comparisons of two or multiple groups across several time-points. All
statistical analyses were performed using Graphpad Prism 9 software.
Statistical differences are indicated as * for p <0.05, ** for p <0.01,
*** for p <0.001 and **** for p <0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
RNA-Sequencing datasets (hMADS transcriptomic datasets after abla-
tion of AXL receptor, iBAT transcriptomic datasets of Axl KO vs. WT
mice and iBAT transcriptomic datasets of iFAXLKO vs. WT mice) used
in this study have been deposited and are available in GEO under
accession number GSE231471. All data that support the findings of this
study are included in this paper as its Supplementary Information
files. Source data are provided with this paper.

Code availability
Differential expression analysis of the bulk RNA-Seq data was per-
formed following the standard tutorial of the R packages DeSeq2
and edgeR.

References
1. Franz, M. J. et al. Weight-loss outcomes: a systematic review and

meta-analysis of weight-loss clinical trials with a minimum 1-year
follow-up. J. Am. Diet. Assoc. 107, 1755–1767 (2007).

2. Ahren, B. et al. Semaglutide induces weight loss in subjects with
type 2 diabetes regardless of baseline BMI or gastrointestinal
adverse events in the SUSTAIN 1 to 5 trials. Diabetes Obes. Metab.
20, 2210–2219 (2018).

3. Rosenstock, J. et al. Efficacy and safety of a novel dual GIP andGLP-
1 receptor agonist tirzepatide in patients with type 2 diabetes
(SURPASS-1): a double-blind, randomised, phase 3 trial. Lancet398,
143–155 (2021).

4. Cannon, B. & Nedergaard, J. The biochemistry of an inefficient tis-
sue: brown adipose tissue. Essays Biochem 20, 110–164 (1985).

5. Cannon, B. & Nedergaard, J. Brown adipose tissue: function and
physiological significance. Physiol. Rev. 84, 277–359 (2004).

6. Ishibashi, J. & Seale, P. Medicine. Beige can be slimming. Science
328, 1113–1114 (2010).

7. Bartelt, A. & Heeren, J. Adipose tissue browning and metabolic
health. Nat. Rev. Endocrinol. 10, 24–36 (2014).

8. Nedergaard, J., Bengtsson, T. & Cannon, B. Unexpected evidence
for active brown adipose tissue in adult humans. Am. J. Physiol.
Endocrinol. Metab. 293, E444–E452 (2007).

9. Cypess, A. M. et al. Identification and importance of brown
adipose tissue in adult humans. N. Engl. J. Med 360, 1509–1517
(2009).

10. van Marken Lichtenbelt, W. D. et al. Cold-activated brown adipose
tissue in healthy men. N. Engl. J. Med 360, 1500–1508 (2009).

11. Saito, M. et al. High incidence of metabolically active brown adi-
pose tissue in healthy adult humans: effects of cold exposure and
adiposity. Diabetes 58, 1526–1531 (2009).

12. Virtanen, K. A. et al. Functional brown adipose tissue in healthy
adults. N. Engl. J. Med 360, 1518–1525 (2009).

13. Sidossis, L. S. et al. Browning of Subcutaneous White Adipose Tis-
sue in Humans after Severe Adrenergic Stress. Cell Metab. 22,
219–227 (2015).

14. Bartelt, A. et al. Brown adipose tissue activity controls triglyceride
clearance. Nat. Med 17, 200–205 (2011).

Article https://doi.org/10.1038/s41467-023-39715-8

Nature Communications |         (2023) 14:4162 20

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE231471


15. Cignarelli, A. et al. Insulin and Insulin Receptors in Adipose Tissue
Development. Int. J. Mol. Sci. 20, https://doi.org/10.3390/
ijms20030759 (2019).

16. Rossi, A. et al. In vitro characterization of the effects of chronic
insulin stimulation in mouse 3T3-L1 and human SGBS adipocytes.
Adipocyte 9, 415–426 (2020).

17. Sakaguchi, M. et al. Adipocyte Dynamics and Reversible Metabolic
Syndrome in Mice with an Inducible Adipocyte-Specific Deletion of
the Insulin Receptor. Cell Metab. 25, 448–462 (2017).

18. Dallon, B. W. et al. Insulin selectively reduces mitochondrial
uncoupling in brown adipose tissue in mice. Biochem J. 475,
561–569 (2018).

19. Mehran, A. E. et al. Hyperinsulinemia drives diet-induced obesity
independently of brain insulin production. Cell Metab. 16,
723–737 (2012).

20. Page, M. M. et al. Reducing insulin via conditional partial gene
ablation in adults reverses diet-induced weight gain. FASEB J. 32,
1196–1206 (2018).

21. Sanchez-Gurmaches, J. et al. Brown Fat AKT2 Is a Cold-Induced
Kinase that Stimulates ChREBP-Mediated De Novo Lipogenesis to
Optimize Fuel Storage and Thermogenesis. Cell Metab. 27,
195–209.e196 (2018).

22. Wu, R. et al. DJ-1 maintains energy and glucose homeostasis by
regulating the function of brown adipose tissue. Cell Discov. 3,
16054 (2017).

23. Graham, D. K., DeRyckere, D., Davies, K. D. & Earp, H. S. The TAM
family: phosphatidylserine sensing receptor tyrosine kinases gone
awry in cancer. Nat. Rev. Cancer 14, 769–785 (2014).

24. Linger, R.M., Keating,A. K., Earp,H. S. &Graham,D. K. TAM receptor
tyrosine kinases: biologic functions, signaling, and potential ther-
apeutic targeting in human cancer. Adv. Cancer Res. 100,
35–83 (2008).

25. O’Bryan, J. P. et al. axl, a transforming gene isolated from primary
human myeloid leukemia cells, encodes a novel receptor tyrosine
kinase. Mol. Cell Biol. 11, 5016–5031 (1991).

26. Gjerdrum, C. et al. Axl is an essential epithelial-to-mesenchymal
transition-induced regulator of breast cancer metastasis and
patient survival. Proc. Natl Acad. Sci. USA 107, 1124–1129 (2010).

27. Lozneanu, L. et al. Computational and Immunohistochemical Ana-
lyses Highlight AXL as a Potential Prognostic Marker for Ovarian
Cancer Patients. Anticancer Res 36, 4155–4163 (2016).

28. Rankin, E. B. et al. AXL is an essential factor and therapeutic
target for metastatic ovarian cancer. Cancer Res. 70, 7570–7579
(2010).

29. Shieh, Y. S. et al. Expression of axl in lung adenocarcinoma and
correlationwith tumor progression.Neoplasia 7, 1058–1064 (2005).

30. Yu, H. et al. Axl receptor tyrosine kinase is a potential therapeutic
target in renal cell carcinoma. Br. J. Cancer 113, 616–625 (2015).

31. Hsiao, F. C. et al. Effect of GAS6 and AXL Gene Polymorphisms on
Adiposity, Systemic Inflammation, and Insulin Resistance in Ado-
lescents. Int J. Endocrinol. 2014, 674069 (2014).

32. Wu, K. S., Hung, Y. J., Lee, C. H., Hsiao, F. C. & Hsieh, P. S. The
Involvement of GAS6 Signaling in the Development of Obesity and
Associated Inflammation. Int J. Endocrinol. 2015, 202513 (2015).

33. Skopkova, M. et al. Protein array reveals differentially expressed
proteins in subcutaneous adipose tissue in obesity. Obes. (Silver
Spring) 15, 2396–2406 (2007).

34. Augustine, K. A. et al. Noninsulin-dependent diabetes mellitus
occurs in mice ectopically expressing the human Axl tyrosine
kinase receptor. J. Cell Physiol. 181, 433–447 (1999).

35. Scroyen, I., Frederix, L. & Lijnen,H. R.AxlDeficiencyDoesNot Affect
Adipogenesis or Adipose Tissue Development. Obesity 20,
1168–1173 (2012).

36. Maquoi, E., Voros, G., Carmeliet, P., Collen, D. & Lijnen, H. R. Role of
Gas-6 in adipogenesis and nutritionally induced adipose tissue

development in mice. Arterioscler Thromb. Vasc. Biol. 25,
1002–1007 (2005).

37. Perdikari, A. et al. A high-throughput, image-based screen to iden-
tify kinases involved in brown adipocyte development. Sci. Signal
10, https://doi.org/10.1126/scisignal.aaf5357 (2017).

38. Fagerberg, L. et al. Analysis of the human tissue-specific expression
by genome-wide integration of transcriptomics and antibody-
based proteomics. Mol. Cell Proteom. 13, 397–406 (2014).

39. Klein, J., Fasshauer, M., Klein, H. H., Benito, M. & Kahn, C. R. Novel
adipocyte lines from brown fat: a model system for the study of
differentiation, energy metabolism, and insulin action. Bioessays
24, 382–388 (2002).

40. O’Bryan, J. P., Fridell, Y. W., Koski, R., Varnum, B. & Liu, E. T. The
transforming receptor tyrosine kinase, Axl, is post-translationally
regulatedbyproteolytic cleavage. J. Biol.Chem.270, 551–557 (1995).

41. Rho, J. K. et al. MET and AXL inhibitor NPS-1034 exerts efficacy
against lung cancer cells resistant to EGFR kinase inhibitors
because of MET or AXL activation. Cancer Res. 74, 253–262 (2014).

42. Schroeder, G. M. et al. Discovery of N-(4-(2-amino-3-chloropyridin-
4-yloxy)-3-fluorophenyl)-4-ethoxy-1-(4-fluorophenyl)-2-oxo-1,2-
dihydropyridine-3-carboxamide (BMS-777607), a selective and
orally efficacious inhibitor of the Met kinase superfamily. J. Med
Chem. 52, 1251–1254 (2009).

43. Kim, K. S. et al. Discovery of pyrrolopyridine-pyridone based inhi-
bitors of Met kinase: synthesis, X-ray crystallographic analysis, and
biological activities. J. Med Chem. 51, 5330–5341 (2008).

44. Holland, S. J. et al. R428, a selective small molecule inhibitor of Axl
kinase, blocks tumor spread and prolongs survival in models of
metastatic breast cancer. Cancer Res. 70, 1544–1554 (2010).

45. Kovsan, J. et al. Depot-specific adipocyte cell lines reveal differ-
ential drug-induced responses of white adipocytes–relevance for
partial lipodystrophy. Am. J. Physiol. Endocrinol. Metab. 296,
E315–E322 (2009).

46. Elabd, C. et al. Human multipotent adipose-derived stem cells dif-
ferentiate into functional brown adipocytes. Stem Cells 27,
2753–2760 (2009).

47. Ye, X. et al. An anti-Axl monoclonal antibody attenuates xenograft
tumor growth and enhances the effect of multiple anticancer
therapies. Oncogene 29, 5254–5264 (2010).

48. Hankir, M. K. et al. A novel thermoregulatory role for PDE10A in
mouse and human adipocytes. EMBO Mol. Med 8, 796–812 (2016).

49. Lemke, G. Phosphatidylserine Is the Signal for TAM Receptors and
Their Ligands. Trends Biochem Sci. 42, 738–748 (2017).

50. Perdikari, A. et al. BATLAS: Deconvoluting Brown Adipose Tissue.
Cell Rep. 25, 784–797.e784 (2018).

51. Xu, J. et al. Fibroblast growth factor 21 reverses hepatic steatosis,
increases energy expenditure, and improves insulin sensitivity in
diet-induced obese mice. Diabetes 58, 250–259 (2009).

52. Charles, E. D. et al. Pegbelfermin (BMS-986036), PEGylated FGF21,
in Patients with Obesity and Type 2 Diabetes: Results from a Ran-
domized Phase 2 Study. Obes. (Silver Spring) 27, 41–49 (2019).

53. O’Mara, A. E. et al. Chronic mirabegron treatment increases human
brown fat, HDL cholesterol, and insulin sensitivity. J. Clin. Invest
130, 2209–2219 (2020).

54. Blondin, D. P. et al. Human Brown Adipocyte Thermogenesis Is
Driven by beta2-AR Stimulation. Cell Metab. 32,
287–300.e287 (2020).

55. Cypess, A. M. et al. Activation of human brown adipose tissue by a
beta3-adrenergic receptor agonist. Cell Metab. 21, 33–38 (2015).

56. Miller, M. A. et al. Reduced Proteolytic Shedding of Receptor Tyr-
osine Kinases Is a Post-Translational Mechanism of Kinase Inhibitor
Resistance. Cancer Discov. 6, 382–399 (2016).

57. Morley, T. S., Xia, J. Y. & Scherer, P. E. Selective enhancement of
insulin sensitivity in the mature adipocyte is sufficient for systemic
metabolic improvements. Nat. Commun. 6, 7906 (2015).

Article https://doi.org/10.1038/s41467-023-39715-8

Nature Communications |         (2023) 14:4162 21

https://doi.org/10.3390/ijms20030759
https://doi.org/10.3390/ijms20030759
https://doi.org/10.1126/scisignal.aaf5357


58. Lemke, G. & Rothlin, C. V. Immunobiology of the TAM receptors.
Nat. Rev. Immunol. 8, 327–336 (2008).

59. Heine, M. et al. Lipolysis Triggers a Systemic Insulin Response
Essential for Efficient Energy Replenishment of Activated Brown
Adipose Tissue in Mice. Cell Metab. 28, 644–655.e644 (2018).

60. Guerra, C. et al. Brown adipose tissue-specific insulin receptor
knockout shows diabetic phenotype without insulin resistance. J.
Clin. Invest 108, 1205–1213 (2001).

61. Ortega-Molina, A. et al. Pten positively regulates brown adipose
function, energy expenditure, and longevity. Cell Metab. 15,
382–394 (2012).

62. Ortega-Molina, A. et al. Pharmacological inhibition of PI3K reduces
adiposity and metabolic syndrome in obese mice and rhesus
monkeys. Cell Metab. 21, 558–570 (2015).

63. El-Merahbi, R. et al. The adrenergic-induced ERK3 pathway drives
lipolysis and suppresses energy dissipation. Genes Dev. 34,
495–510 (2020).

64. Jung, S. M. et al. Non-canonical mTORC2 Signaling Regulates
Brown Adipocyte Lipid Catabolism through SIRT6-FoxO1. Mol. Cell
75, 807–822.e808 (2019).

65. Araiz, C. et al. Enhanced beta-adrenergic signalling underlies an
age-dependent beneficial metabolic effect of PI3K p110alpha
inactivation in adipose tissue. Nat. Commun. 10, 1546 (2019).

66. Mollmann, J. et al. The PDE4 inhibitor roflumilast reduces weight
gain by increasing energy expenditure and leads to improved glu-
cose metabolism. Diabetes Obes. Metab. 19, 496–508 (2017).

67. Wouters, E. F. et al. Effect of the phosphodiesterase 4 inhibitor
roflumilast onglucosemetabolism inpatientswith treatment-naive,
newly diagnosed type 2 diabetes mellitus. J. Clin. Endocrinol.
Metab. 97, E1720–E1725 (2012).

68. Kraynik, S. M., Miyaoka, R. S. & Beavo, J. A. PDE3 and PDE4 isozyme-
selective inhibitors are both required for synergistic activation of
brown adipose tissue. Mol. Pharm. 83, 1155–1165 (2013).

69. Kannabiran, S. A., Gosejacob, D., Niemann, B., Nikolaev, V. O. &
Pfeifer, A. Real-time monitoring of cAMP in brown adipocytes
reveals differential compartmentation of beta1 and beta3-
adrenoceptor signalling. Mol. Metab. 37, 100986 (2020).

70. Becher, T. et al. Brown adipose tissue is associated with cardio-
metabolic health. Nat. Med 27, 58–65 (2021).

71. DeBerge, M. et al. Macrophage AXL receptor tyrosine kinase
inflames the heart after reperfused myocardial infarction. J Clin
Invest 131, https://doi.org/10.1172/JCI139576 (2021).

72. Meissburger, B. et al. Adipogenesis and insulin sensitivity in obesity
are regulated by retinoid-related orphan receptor gamma. EMBO
Mol. Med 3, 637–651 (2011).

73. Coleman, J. L. et al. Rapid Knockout and Reporter Mouse Line
Generation and Breeding Colony Establishment Using EUCOMM
Conditional-Ready Embryonic Stem Cells: A Case Study. Front
Endocrinol. (Lausanne) 6, 105 (2015).

74. Straub, L. G. et al. Antioxidants protect against diabetes by
improving glucose homeostasis in mouse models of inducible
insulin resistance and obesity. Diabetologia 62, 2094–2105 (2019).

75. Schlager, S. et al. Inducible knock-out of BCL6 in lymphoma cells
results in tumor stasis. Oncotarget 11, 875–890 (2020).

Acknowledgements
We would like to thank Elke Kiehlmann for paraffin blocks and H&E
adipose histology preparation.Wewould also like to thank SCOPEMand

Functional Genomic Center Zurich (FGCZ) for next generation RNA
Sequencing analysis. We thank Heike Neubauer and Bradford Hamilton
from Boehringer Ingelheim for their valuable input and technical sup-
port. RNA-Seq analysis was performed by Functional Genomics Center
Zurich. The schematic overviewof AXL receptor inhibitionmechanism in
Fig. 7 was created using BioRender.

Author contributions
V.E., B.H., H.N., and C.W. designed the study; V.E., L.D., B.H., and C.W.
supervised the experiments; V.E., L.D., M.B., W.S., L.B., L.G.S., H.D., A.P.,
S.K., C.H., and C.M. performed the experiments; V.E., and C.H. per-
formed image analysis; V.E., W.S., and H.D. performed RNA-Sequencing
experiments, E.S., A.G., and U.G. performed all bioinformatics analyses;
B.H., and H.N. provided resources; V.E. generated whole-body Axl KO
knockout; V.E., and L.D. generated adipocyte-specific (iFAXLKO)
knockout; V.E., andC.W.wrote themanuscript; all authors reviewed and
edited the manuscript.

Competing interests
The authors declare no competing interests.

Inclusion and ethics statement
The paper adheres to the Nature Portfolio journals’ authorship policy.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39715-8.

Correspondence and requests for materials should be addressed to
Christian Wolfrum.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-39715-8

Nature Communications |         (2023) 14:4162 22

https://doi.org/10.1172/JCI139576
https://doi.org/10.1038/s41467-023-39715-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

