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signaling pathway in brown
adipocytes protects GOT1 from
proteasomal degradation
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Rouge, LA, United States, ?Islet Biology and Inflammation, Pennington Biomedical Research Center,
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The malate-aspartate shuttle (MAS) is a key biochemical system that facilitates
the transfer of reducing equivalents from the cytosol into mitochondria. It
consists of two pairs of cytosolic and mitochondrial enzymes: glutamic-
oxaloacetic transaminases (cGOT1, mGOT2) and malate dehydrogenases
(cMDH1, mMDH2). We recently reported that cytosolic GOT1 is selectively
elevated in brown adipocytes during cold exposure, while the expression
of other MAS enzymes remains unchanged. Mechanistically, cold-induced
activation of the B-adrenergic receptor (BAR)-cAMP-PKA signaling pathway
promotes Gotl transcription through the transcriptional coactivators PGC-1a
and NT-PGC-1a. The resulting increase in GOT1 levels activates the MAS, thereby
supporting mitochondrial respiration through enhanced fatty acid oxidation.
In the present study, we identify the PAR-SGK1 (Serum- and Glucocorticoid-
inducible Kinase 1) signaling axis as a novel regulatory mechanism that maintains
GOT1 protein stability. SGK1 is activated downstream of BAR signaling in brown
adipocytes during cold exposure. We show that expression of SGK1%%%2C 3
constitutively active form of SGK1, protects GOT1 from ubiquitination by the
E3 ubiquitin ligase RNF34 and subsequent degradation by the proteasome.
Conversely, both pharmacological and genetic inhibition of SGK1 during BAR
stimulation leads to a reduction in GOT1 protein levels without altering its mRNA
expression. Together, these findings uncover a previously unrecognized role for
the BAR-SGK1 signaling pathway in maintaining GOT1 protein stability in brown
adipocytes, highlighting a multilayered signaling network that orchestrates
metabolic adaptation during cold-induced activation.

KEYWORDS

beta-adrenergic receptor, SGK1, GOT1, Brown adipose tissue (BAT), malate-aspartate
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Introduction

Brown adipocytes are specialized fat cells that dissipate energy in the form of
heat via mitochondrial uncoupling protein 1 (UCP1) (Cannon and Nedergaard, 2004;
Nedergaard et al, 2001; Golozoubova et al, 2001). Notably, both cold exposure
and pharmacological activation of brown adipocytes in adult humans have been
associated with increased energy expenditure and improved insulin sensitivity
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(van Marken et al., 2009; Chondronikola et al., 2014; Ouellet et al.,
2012; Hanssen et al., 2015; Cypess et al., 2015; O'Mara et al., 2020;
Cypess et al,, 2009; Saito et al., 2009), thereby positioning brown
adipocytes as an appealing target for managing obesity-related
metabolic disorders.

Cold exposure activates the sympathetic nervous system,
leading to the release of norepinephrine, which stimulates (-
adrenergic receptors (PAR) on brown adipocytes. This triggers
the downstream cAMP-PKA signaling cascade that activates
transcriptional coactivators, PGC-la and its isoform NT-PGC-
la, which then promote the transcription of genes involved in
mitochondrial thermogenesis and oxidative metabolism (Cannon
and Nedergaard, 2004; Puigserver et al., 1998; Zhang et al,
2009; Chang et al, 2018). We recently showed that the BAR-
cAMP-PKA-PGC-1a/NT-PGC-1a pathway induces the expression
of Gotl, which encodes GOT]I, a key metabolic enzymes in the
malate-aspartate shuttle (MAS) (Park et al, 2024). MAS is a
biochemical system consisting of two mitochondrial transporters
(AGC, OGC) and two pairs of metabolic enzymes located in
the cytosol and mitochondria: glutamic-oxaloacetic transaminases
(cGOT1, mGOT2) and malate dehydrogenases ((MDH1, mMDH2)
(Borst, 2020). MAS facilitates the transfer of reducing equivalents
(especially, electrons from NADH) from the cytosol into the
mitochondrial matrix, where they can be used for mitochondrial
respiration (Borst, 2020). We showed that cold-dependent induction
of GOT1 in brown adipocytes activates the MAS, thereby supporting
mitochondrial respiration through enhanced fatty acid oxidation
during cold exposure (Park et al., 2024).

In this study, we further discovered that the serum- and
glucocorticoid-inducible kinase 1 (SGK1) is activated downstream
of PAR signaling in brown adipocytes during cold exposure,
where it functions to protect GOT1 from proteasomal degradation
independently of PKA-mediated transcriptional control. Our
findings reveal that brown adipocytes employ both PKA- and SGK1-
mediated pathways to fine-tune GOT1 function, underscoring the
importance of integrated transcriptional and post-translational
regulation in adapting to cold-induced metabolic demands.

Materials and methods
Animal studies

C57BL/6 mice (Jackson Laboratory, #000664) were housed
at room temperature under a 12-h light/12-h dark cycle and
maintained on a standard chow diet (5,001, LabDiet, St. Louis,
MO) with ad libitum feeding. 9-to-14-week-old C57BL/6 mice
were randomly assigned to experimental groups and were singly
housed at room temperature or 4°C for 0.2, 1, 2, 3, and 4 days.
At the end of experiments, mice were euthanized to extract brown
adipose tissue (BAT) by carbon dioxide asphyxiation followed
by cervical dislocation that is in accordance with the established
recommendations of the American Veterinary Medical Association
(AVMA) Guidelines for the Euthanasia of Animals. All animal
experimental procedures were approved by the Institutional Animal
Care and Use Committee of the Pennington Biomedical Research
Center, and animal study reporting adheres to the ARRIVE
guidelines (Kilkenny et al., 2010).
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Cell culture and transfection

HEK293 cells (ATCC, #CRL-1573) were maintained in DMEM
supplemented with 10% FBS and 1% Penicillin/Streptomycin
(Invitrogen) and transfected using Lipofectamine 3,000 (Thermo
Fisher Scientific, #1.3000008) in accordance with manufacturer’s
instructions with the following plasmids: pCMV-GOT1-myc
(OriGene, #MR206497), HA-Ubiquitin (a gift from Dr. Beth Floyd),
HA-RNF34 (Addgene, #119938), pcDNA3.1-SGK15422P (Pao et al.,
2010), and pcDNA3.1-SGK25%P (Pao et al., 2010) (gifts from Dr.
Alan C. Pao).

Brown adipocyte differentiation

Brown preadipocytes (Uldry etal., 2006; Jun et al., 2014; Kim et al.,
2018) were grown to confluence in DMEM medium supplemented
with 20nM insulin and 1nM T3 (differentiation medium)
and induced for differentiation by incubating in differentiation
medium supplemented with 0.5 mM isobutylmethylxanthine (IBMX),
0.5 uM dexamethasone, and 0.125 mM indomethacin for 48 h, as
previously described (Chang et al, 2010). Thereafter, the cells
were maintained in differentiation medium until day 7. Fully
differentiated brown adipocytes were treated with MG132 (Sigma,
#474790), isoproterenol (Sigma, # I-2760), KU0063794 (Tocris,
#3725), GSK690693 (Tocris, #4144), GSK650394 (Cayman Chemicals,
#17001), or Go 6,983 (Tocris, #2285).

Generation of Sgkl-deficient brown
preadipocytes

The stromal vascular fraction (SVF) containing brown
preadipocytes was isolated from interscapular brown adipose tissue
(BAT) of 4-days-old Sgk1™! pups (Fejes-Toth et al, 2008) (a
gift from Dr. Aniko Naray-Fejes-Toth) by collagenase digestion
and immortalized by infection with SV40T antigen-expressing
retrovirus as previously described (Zhang et al., 2009). LoxP/Cre-
mediated deletion of Sgk1 was then induced by retrovirus expressing
Cre recombinase (Addgene, #34568) (Wang et al., 2010) as we
performed previously (Park et al., 2024).

Mitochondrial respiration assay

Oxygen consumption rates (OCR) of brown adipocytes were
measured as described previously (Jun et al., 2014). Briefly,
brown adipocytes (10° cells) were placed in a magnetically
stirred respirometric chamber of the OROBOROS Oxygraph-
2k (Oroboros Instruments, Innsbruck, Austria) (Jun et al,
2014). The OCR measurements were obtained at baseline and
after injections of oligomycin (an ATP synthase inhibitor),
FCCP (chemical uncoupler), and antimycin A (a complex III
inhibitor). Mitochondrial respiration was determined by subtracting
antimycin A-independent non-mitochondrial respiration from total
respiration. The coupled respiration refers to the mitochondrial
respiration that is sensitive to oligomycin, and leak respiration
represents oligomycin-independent mitochondrial respiration.
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GOT activity assay

Enzyme activity of glutamic-oxaloacetic transaminase (GOT)
was measured in BAT tissue homogenates by the GOT Activity Assay
kits (Sigma) in accordance with manufacturer’s instructions.

Immunoprecipitation and Western blot
analysis

Cells were lysed in 20 mM HEPES, pH 7.0, 150 mM NaCl,
0.2% NP-40 supplemented with protease and phosphatase inhibitor
cocktail (Roche). Lysates were precleared with protein A-agarose
beads and immunoprecipitated with antibody-coated beads for 3 h
at 4°C as described previously (Chang et al., 2010). After washing,
the immunoprecipitated proteins were subjected to Western blot
analysis. Antibodies used were as follows: GOT1 antibody (Pro
Sci, #30-379), Myc (9E10) antibody (Cell Signaling, # 2,276), HA
antibody (Abcam, #ab9110), NDRG1 (D6C2) antibody (Abcam,
#ab 9,408), p-NDRG1 (Thr346) antibody (Abcam, #ab 5,482),
RNF34 antibody (Novus, #NBP2-56413), SGK1 antibody (Millipore,
# 07-315), SGK2 antibody (Cell Signaling, # 5,595), a-tubulin
antibody (Abcam, #ab7291), and B-actin antibody (Sigma, #A5441).

Quantitative real-time PCR analysis

Total RNA was isolated and converted into cDNA through
reverse transcription as described previously (Chang et al., 2010;
Chang et al., 2012). Gene expression analysis was performed
using the Applied Biosystems 7,900 (Applied Biosystems) and
iTaq Universal SYBR Green Supermix (Bio-Rad). Relative mRNA
abundance of the genes of interest was determined using gene-
specific primers after normalization to cyclophilin mRNA by the
2728Ct method. The validated primer sequences were obtained from
PrimerBank public resource (Wang and Seed, 2003).

Statistical analysis

All graphs were created by using Prism 10 software (GraphPad
Software, San Diego, CA, United States) and Student’s t-test was
used to compare differences between the groups. Data are presented
as mean *+ SEM. Values of P < 0.05 were considered statistically
significant.

Results

GOT1 protein levels are regulated by the
ubiquitin-proteasome pathway

We recently reported that GotI gene expression is significantly
upregulated by cold in brown adipocytes via the well-established
BAR-cAMP-PKA-PGC-1a/NT-PGC-la pathway, leading to the
activation of the malate-aspartate shuttle (MAS) (Figure 1A)
(Park et al., 2024). Intriguingly, a time-course analysis of GotI
mRNA and protein levels in BAT during cold exposure revealed a
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temporal disconnect between their peak levels. GotI mRNA levels
surged as early as 5 h of cold exposure and remained consistently
elevated (Figure 1B), whereas GOT1 protein levels increased more
gradually, reaching their peak between 1 and 2 days after the onset
of cold exposure (Figure 1C). This trend in protein levels was
closely paralleled the rise in GOT1 enzymatic activity during cold
exposure (Figure 1D). Notably, GOT1 activity continued to increase
at 4 days of cold exposure, despite no further increases in protein
levels. These findings suggest that GOT1 protein expression, stability
and activity may be regulated during cold exposure by multiple
mechanisms, such as translational control, protein degradation, and
post-translational modifications (Halbeisen et al., 2008).

Several proteomics studies discovered GOT1 as an ubiquitinated
protein (Kim et al., 2011; Danielsen et al., 2011; Emanuele et al,,
2011; Bartelt et al., 2018), with ubiquitination sites at K33, K276,
K290 and K321 in murine BAT (Bartelt et al., 2018). Thus, we
sought to examine whether GOT1 protein levels are regulated
by the ubiquitin-proteasome pathway. First, we expressed GOT1-
myc in HEK293 cells and assessed its stability after inhibition
of protein synthesis with cycloheximide (CHX). GOTI1 rapidly
degraded following CHX treatment, showing that GOT1 is a short-
lived protein with an estimated half-life of approximately 2.5h
(Figure 1E). Simultaneous inhibition of proteasome activity using
the proteasome inhibitor MG132 significantly slowed down the
degradation of GOT1 in the presence of CHX (Figure 1F), indicating
that GOT1 is degraded via the ubiquitin-proteasome system. Indeed,
MG132 treatment led to the accumulation of ubiquitinated GOT1
and disrupted protein turnover (Figure 1G). Next, we assessed the
effect of MG132-mediated proteasome inhibition on GOT1 protein
levels in brown adipocytes during BAR stimulation with the B-AR
agonist isoproterenol (ISO). Similarly, MG132 treatment resulted in
a modest increase in GOT1 protein levels in ISO-stimulated brown
adipocytes (Figure 1H). Together, these results indicate that GOT1 is
ashort-lived protein, and its levels in brown adipocytes are regulated
by the ubiquitin-proteasome pathway.

RNF34 is an E3 ubiquitin ligase for GOT1

Ubiquitination involves the action of three enzymes: El
ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme, and
E3 ubiquitin ligase (Hershko and Ciechanover, 1992). The E3
ubiquitin ligase interacts with both E2 and its target protein,
promoting the transfer of ubiquitin from E2 to its target protein
(Figure 2A). A previous proteomics study (Kristensen et al., 2012)
identified GOT1 as an interacting protein of an E2 ubiquitin-
conjugating enzyme UBE2H that can be complexed with an E3
ubiquitin ligase RNF34. Thus, we tested whether RNF34 functions
as an E3 ubiquitin ligase for GOTI. Indeed, co-expression of
RNF34 with GOT1 promoted GOT1 ubiquitination and its turnover
(Figure 2B). Interestingly, RNF34 has been shown to be a cold-
regulated E3 ubiquitin ligase in BAT (Wei et al., 2012). In line
with previous findings that cold exposure downregulates Rnf34
expression in BAT (Wei et al, 2012), we observed a time-
dependent decrease in Rnf34 expression in BAT during cold
exposure (Figure 2C). However, this decrease had only a modest
effect on RNF34 protein levels (Figure 2D). The previous study has
shown that RNF34 specifically targets PGC-1a for ubiquitination,
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FIGURE 1
GOT1 protein levels are regulated by the ubiquitin-proteasome pathway (A) A schematic of the malate-aspartate shuttle (MAS) in brown adipocytes.

MAS consists of two mitochondrial transporters and two pairs of cytosolic (GOT1 and MDH1) and mitochondrial (GOT2 and MDH2) enzymes.
Cold-activated MAS facilitates the transfer of reducing equivalents (especially, electrons from NADH) from the cytosol into the mitochondria. The
illustration was created using BioRender (https://www.biorender.com). (B) qPCR analysis of Gotl gene expression in BAT during cold exposure.
C57BL/6J female mice were housed at 23°C or exposed to 4°C for the times indicated. (C) GOT1 protein expression in cold-exposed BAT. (D) GOT
enzymatic activity in BAT homogenates. (E) Degradation of GOT1 protein expressed in HEK293 cells upon treatment with 50 pg/mL of cycloheximide
(CHX). A line graph shows the normalized GOT1 protein levels at the indicated time points from three independent experiments. (F) Co-treatment with
MG132 attenuates proteasomal degradation of GOT1 in the presence of cycloheximide (CHX). (G) Ubiquitination of GOT1 protein immunoprecipitated
from HEK293 cells treated with 10 uM of MG132 for 2 h. (H) Accumulation of GOT1 protein levels in brown adipocytes upon treatment with 10 uM of
MG132 for 8 h. Brown adipocytes were stimulated with the B-adrenergic receptor agonist isoproterenol (ISO). All data are presented as the Mean +
SEM. *p < 0.05, **p < 0.01, ****p < 0.0001.
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FIGURE 2
RNF34 is an E3 ubiquitin ligase for GOT1 (A) A schematic describing the ubiquitin-proteasome-dependent degradation of the protein. E2: E2

ubiquitin-conjugating enzyme, E3: E3 ubiquitin ligase. (B) RNF34-dependent ubiquitination and degradation of GOT1 in HEK293 cells. (C) Rnf34 gene
expression in BAT from mice exposed to 4°C for the times indicated. (D) RNF34 protein levels in BAT from mice housed at 23°C or 4°C for 7 days. All
data are presented as the Mean + SEM. *p < 0.05, **p < 0.01, ****p < 0.0001.

The PAR-SGK1 signaling pathway increases
GOT1 protein stability

and its downregulation in BAT during cold exposure increases PGC-
la protein stability (Wei et al, 2012). In a similar manner, the
observed reduction in RNF34 levels may affect the proteasomal

degradation of GOT1 in cold-activated BAT. However, given the
relatively modest decrease in RNF34 protein levels, it is likely that
an additional mechanism contributes to inhibiting RNF34’s activity
toward GOT1.
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Post-translational modifications, such as phosphorylation, have
been shown to disrupt the interaction between E3 ubiquitin ligases
and their target proteins (Hong et al., 2011; Agarwal et al., 2016;
Liao etal., 2019). This interference affects the ubiquitination process,
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thereby altering protein stability and function. Thus, we sought
to investigate whether the downstream signaling pathways of B-
adrenergic receptors specifically influence GOT1 protein stability
without altering its mRNA expression. In parallel to the PAR-
cAMP-PKA signaling cascade, cold stress also activates the PAR-
cAMP-Epacl-mTORC2 pathway in brown adipocytes, resulting in
Akt activation via phosphorylation at serine 473 (Albert et al,
20165 Festuccia, 2025; Ye et al., 2019). Consistent with these earlier
findings, we observed increased phosphorylation of Akt at Ser473
during cold exposure, with peak levels between 1 and 2 days
(Supplementary Figure S1). Akt belongs to the AGC kinase family,
which includes evolutionally related serine/threonine kinases such
as protein kinase C (PKC) and serum- and glucocorticoid-induced
kinase (SGK). mTORC2 is known phosphorylate both PKC and SGK
(Garcia-Martinez and Alessi, 2008; Yan et al., 2008; Bafh et al., 2021);
however, their activation status and functional roles in BAT under
cold exposure remain to be elucidated.

To determine whether mTORC2, Akt, PKC, or SGK signaling
pathway regulates GOT1 protein stability independently of PKA-
mediated transcriptional control, we examined the effects of their
respective inhibitors on GOT1 protein levels in brown adipocytes
during PAR stimulation with isoproterenol (ISO). Inhibition of
mTORC2 by KU0063794 resulted in a modest decrease in GOT1
protein levels (Figure 3A). Interestingly, while inhibiting Akt with
GSK690693 and PKC with Go 6,983 did not affect GOT1 protein
levels, SGK inhibition by GSK650394 led to a significant decrease
in GOT1 protein levels (Figure 3A). Importantly, this decrease in
GOT1 protein levels was not due to reduced GotI gene expression
(Figure 3B), indicating that SGK inhibition during BAR stimulation
does not impact PKA-dependent GotI transcription. In addition,
Rnf34 expression was not altered by SGK inhibition (Figure 3B).
These results indicate that the BAR-SGK signaling pathway
regulates GOT1 at the post-translational level in brown
adipocytes.

The SGK family consists of three isoforms: SGK1, SGK2, and
SGK3 (Lang and Cohen, 2001). Our gene expression analysis of
BAT revealed that expressions of SgkI and Sgk2 are highly induced
by cold, whereas Sgk3 expression remains low and unchanged
(Figure 3C). Thus, we investigated the role of SGK1 and SGK2
in regulating GOT1 protein by co-expressing constitutively active
forms of SGK1 (SGK1%?P) and SGK2 (SGK2%**P) (Pao et al,
2010), along with GOT1-myc in HEK293 cells. Phosphorylation
of SGKI at Ser422 and SGK2 at Ser356 within their C-terminal
hydrophobic motifs by mTORC2 promotes their full activation
by facilitating subsequent phosphorylation at the activation loop
by PDK1 (Garcia-Martinez and Alessi, 2008; Yan et al., 2008).
Interestingly, the expression of SGK1%%??? led to increased GOT1
protein levels at baseline and prevented GOT1 degradation
during CHX treatment (Figure3D). In contrast, SGK233%P
had no impact on GOT1 protein levels prior to and during
CHX treatment (Figure 3D). Together, these results suggest that
SGK1 activation specifically protects GOT1 from proteasomal
degradation.

Consistent with cold-dependent upregulation of SgkI in BAT
(Figure 3C), Sgkl gene expression was also induced by BAR
stimulation in brown adipocytes (Figure 3E). However, we were
unable to determine the effect on SGK1 protein levels due to its
short half-life, which is approximately 30 min (Arteaga et al., 2006;
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Brickley et al., 2002; Zhou and Snyder, 2005). NDRGI is a well-
known substrate of SGK1 (Murray et al., 2004). Thus, NDRG1
phosphorylation at Thr346 by SGKI1 is widely used as a surrogate
marker for SGK1 activation (Murray et al., 2004; Murakami et al.,
2010; McCaig et al., 2011; Inglis et al., 2009). In our study, we
found that the SGK1%*%P protein is rapidly targeted for proteasomal
degradation, as evidenced by its accumulation in the presence of
MG132 (Figure 3F). Despite its rapid turnover, SGK1422P efficiently
phosphorylated NDRGI1 at Thr346 (Figure 3F), indicating that
SGK1 $#22 retains functional activity despite its short half-life. In
a similar manner, MG132 treatment of brown adipocytes resulted
in a time-dependent accumulation of SGK1 protein, accompanied
by a corresponding increase in NDRG1 phosphorylation at Thr346
(Figure 3G). Thus, to evaluate SGK1 activation during 3-adrenergic
stimulation of brown adipocytes, we assessed the phosphorylation
of NDRGI at Thr346. As expected, treatment with the PAR agonist
isoproterenol significantly increased NDRG1 phosphorylation at
Thr346 (Figure 3H), indicating SGK1 activation in response to AR
signaling. This activation was associated with increased GOT1 levels.
Conversely, pharmacological inhibition of SGK1 by GSK650394 in
ISO-stimulated brown adipocytes blunted NDRG1 phosphorylation
at Thr346 and decreased GOT1 protein levels (Figure 3I), without
affecting GotI mRNA expression (Figure 3B). Taken together, these
findings suggest that the PAR-SGK1 signaling axis regulates GOT1
at the post-translational level in brown adipocytes.

SGK1 activation inhibits RNF34-dependent
ubiquitination and degradation of GOT1

SGK1 has been shown to phosphorylate an E3 ubiquitin ligase
NEDD4-2 (Zhou and Snyder, 2005), preventing NEDD4-2 from
binding to its target substrates, such as sodium channels and anion
transporters (Debonneville et al., 2001; Snyder et al., 2002; Wang
and You, 2017). This action leads to increased stabilization of
these proteins. SGK1 is 54% homologous to Akt in its catalytic
domain, with both the kinases sharing the same phosphorylation
consensus motifs (RxRxxS/T and RxxS/T) (Zhou and Snyder, 2005;
Murakami et al., 2010; Debonneville et al., 2001; Brunet et al., 2001).
Protein sequencing analysis revealed that RNF34 and GOT1 contain
RxxS/T motifs (*’RRCS'®?, *RCST'"! and '*RSQT'"! in RNF34;
ZBRVLS?C in GOT1). Thus, we sought to test the hypothesis that
SGK1 may phosphorylate RNF34 or GOT1, potentially disrupting
their interaction required for GOT1 ubiquitination. To examine
whether SGK1%22 directly phosphorylates RNF34 or GOT1, we
probed the immunoprecipitated proteins using a phospho-RXXS/T
motif-specific antibody. SGK1%#??P was found to phosphorylate
RNF34 (Figure 3]), but not GOT1 (data not shown). Moreover,
the co-expression of SGK15422P with RNF34 and GOT1 attenuated
RNF34-mediated ubiquitination of GOTI1 and its subsequent
proteasomal degradation (Figure 3K), indicating that SGK1522P-
dependent phosphorylation of RNF34 may impair its ability to
interact with GOT1. However, we were unable to confirm whether
SGK18422D disrupts the RNF34-GOT'1 interaction, likely due to the
highly transient nature of the interactions within the SGK15*2?P-
RNF34-GOT1 complex (data not shown).

Consistent with the observed in vitro findings, co-expression
of SGK1%#22P yyith RNF34 in ISO-stimulated brown adipocytes
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alleviated the suppressive effect of RNF34 overexpression on GOT1
protein levels (Figure 3L). Collectively, these results support a model
in which SGK1 activation enhances GOT1 protein stability in
brown adipocytes by inhibiting its degradation via the ubiquitin-
proteasome pathway (Figure 3M).

Loss of SGK1 in brown adipocytes reduces
GOT1 protein levels without affecting its
gene expression

To further validate the role of SGK1 in regulating GOT1 at
the post-translational level, we generated SgkI-deficient brown
adipocytes. The stromal vascular fraction (SVF) cells were isolated
from BAT of Sgk1 mice (Fejes-Toth et al, 2008), transduced
with retrovirus expressing Cre recombinase to induce loxP/cre-
mediated deletion of the SgkI gene, and differentiated into brown
adipocytes followed by treatment with isoproterenol for 4 h.
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Sgk1 ablation did not affect brown adipogenesis, as shown by no
difference in adipogenic gene expression (Fabp4, Pparg) between
Sgk1%M and Sgk17/~ brown adipocytes (Figure 4A). Loss of SGK1
was further confirmed by the blunted accumulation of SGK1
protein in the presence of MG132 (Figure 4B, lane 2). Moreover,
the absence of SGK1 activity led to a significant reduction in
NDRG!1 phosphorylation at Thr346 in ISO-stimulated Sgk1~/~
brown adipocytes (Figure 4B, lane 4). The residual NDRGI
phosphorylation may suggest the presence of an additional, albeit
minor, kinase(s) capable of phosphorylating NDRGI in the absence
of SGKI activity. Consistent with the effects of pharmacological
SGKI1 inhibition, the absence of SGK1 activity during -adrenergic
stimulation of Sgk17/~
in GOT1 protein levels (Figure4C), without altering GotI
mRNA expression (Figure 4A). Additionally, Ruf34 expression
remained unchanged in Sgk1~/~ brown adipocytes (Figure 4A).
These results further support the conclusion that SGK1 signaling

brown adipocytes resulted in a decrease

downstream of P-adrenergic receptors regulates GOT1 protein
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levels by protecting it from ubiquitin-proteasome-mediated
degradation.

We recently showed that loss of GOT1 in brown adipocytes
impairs ISO-stimulated mitochondrial respiration due to defective
activation of the malate-aspartate shuttle (MAS) (Park et al., 2024).
To investigate whether SGKI activation influences mitochondrial
respiration through enhancing GOT1 levels in brown adipocytes,
we assessed mitochondrial respiration by measuring oxygen
consumption rates (OCR) in ISO-stimulated Sgk1%" and Sgk17/~
brown adipocytes. As expected, Sgk1~/~ brown adipocytes exhibited
reduced mitochondrial respiration compared to Sgklﬂ/ﬂ brown
adipocytes, and their OCR remained lower following treatment
with the ATPase inhibitor oligomycin and chemical uncoupler
FCCP (Figure 4D, left panel). Both coupled respiration, which
reflects ATP production via oxidative phosphorylation, and leak
respiration, indicative of UCP1-mediated uncoupled respiration,
were decreased in the absence of SGK1 (Figure 4D, right panel).
These results suggest that reduced GOTI levels in Sgkl™/~
brown adipocytes may contribute to decreased mitochondrial
respiration. However, it is also plausible that SGK1 regulates
additional substrates that can influence mitochondrial respiration in
brown adipocytes.
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Discussion

We recently reported that GOT1, one of the key enzymes in
the malate-aspartate shuttle (MAS), is significantly upregulated in
BAT during cold exposure, while other MAS enzymes like GOT?2,
MDHI1, and MDH2 remain consistently expressed and do not show
any significant changes (Park et al., 2024). This selective induction
of GOT1 in BAT is driven by cold-dependent activation of the PAR-
cAMP-PKA signaling pathway that promotes GotI transcription
through PGC-la and NT-PGC-la. In this study, we further
demonstrate that the PAR-SGK1 signaling pathway contributes
to the elevation of GOT1 protein levels by protecting it from
proteasomal degradation. Our in vitro findings indicate that SGK1
phosphorylates the E3 ubiquitin ligase RNF34, thereby inhibiting
its ability to ubiquitinate GOT1 for proteasomal degradation. In
support of SGK1' role in the post-translational regulation of GOT1
protein stability, both pharmacological and genetic inhibition of
SGKI1 activity in brown adipocytes led to a significant reduction in
GOT1 protein levels during BAR stimulation, without affecting its
gene expression.

Cold stress has been shown to increase proteasome activity
in BAT, accompanied by the upregulation of genes involved in
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the proteasome pathway (Chang et al., 2018; Bartelt et al., 2018).
This activation is crucial for maintaining cellular protein quality
and supporting the increased metabolic demands of thermogenesis.
Our findings reveal that the BAR-SGK1 signaling pathway plays
a protective role in maintaining GOT1 protein levels, thereby
supporting the malate-aspartate shuttle, which is important for cold-
induced metabolic adaptation in BAT. While our data highlights
post-translational regulation of GOT1 via the ubiquitin-proteasome
system, it remains unclear whether translational mechanisms also
contribute to its regulation. Notably, microRNAs such as miR-2115-
3p and miR-9-5p have been reported to bind to GotI mRNA and
suppress its expression in trophoblast cells and pancreatic cancer
cells, respectively (Deng et al., 2022; Wang et al., 2019). In addition,
recent studies have shown that m® A methylation of mRNA can affect
transcript stability and translation efficiency, influencing protein
levels (Zhao et al., 2017; Zaccara et al., 2019; Xiao et al., 2024).
Thus, we cannot rule out the possibility that GOT1 protein levels
in BAT during cold exposure may be governed by a complex
interplay of transcriptional, post-transcriptional, translational, and
post-translational mechanisms.

In line with previous findings that the PAR-cAMP-Epacl-
PI3K-mTORC2 pathway in BAT activates Akt in response to
cold (Albert et al., 2016; Labbe et al., 2016), the phosphorylation
levels of Akt at Ser473 reached their peak between 1 and 2 days
of cold exposure (Supplementary Figure S1). Although direct
assessment of mTORC2-mediated phosphorylation of SGKI1
at Ser422 (Pao et al, 2010) was not possible due to rapid
SGK1 degradation, the kinetics of SGK1 activation, indicated by
increased phosphorylation of NDRG1 at Thr346, paralleled those
of mTORC2-dependent Akt activation, peaking between 1 and
2 days of cold exposure (Supplementary Figure S1). Moreover,
cold-dependent activation of Akt and SGKlwas accompanied
by increased phosphorylation of their downstream substrates,
as measured by a phospho-RXXS/T motif-specific antibody
(Supplementary Figure S1). While both Akt and SGK1 share similar
consensus phosphorylation motifs (RxRxxS/T or RxxS/T), SGK1
is shown to be the primary kinase responsible for phosphorylating
NDRGI1 at Thr346 (Sommer et al., 2013; Mason et al., 2021). In
support of this notion, both pharmacological and genetic inhibition
of SGK1 in ISO-stimulated brown adipocytes led to a marked
reduction in NDRG1 phosphorylation at Thr346. While global
Sgkl knockout mice do not display significant phenotypic changes
under normal conditions, they have been shown to exhibit specific
physiological alterations, such as reduced sensitivity to hypoxia-
induced pulmonary arterial hypertension (Xi et al, 2019) and
impaired sodium retention on a low-salt diet (Wulff et al., 2002).
In contrast to the reduced mitochondrial respiration observed
in Sgki~/~ brown adipocytes, BAT-specific SgkI knockout mice
(SgleKO) maintained cold tolerance during exposure to 4°C (data
not shown), suggesting the presence of compensatory mechanisms
that may be activated in the absence of SGKI1 activity. Future
studies will be necessary to identify the compensatory mechanisms

1B¥O mice. In addition, the

responsible for the cold tolerance in Sgk
full spectrum of SGK1 substrates in brown adipocyte remains to be
defined in order to comprehensively understand the broader cellular
functions of SGK1 during cold activation.

In summary, our findings identify SGK1 as a novel signaling

component that regulates GOT1 protein stability in brown
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adipocytes during cold exposure. Distinct layers of regulation-
PKA-medicated control of GotI transcription and SGK1-mediated
stabilization of GOT1 protein- work in concert to maintain GOT1
protein levels during thermogenic activation. These findings not
only expand our understanding of SGK1’s functional repertoire but
also provide new insights into the dynamic regulation of metabolic
enzymes in adapting to cold-induced metabolic demands.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was approved by Institutional Animal Care and
Use Committee of the Pennington Biomedical Research Center. The
study was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

C-HP: Data curation, Methodology, Investigation, Formal
Analysis, Writing - review and editing. MP: Methodology,
Investigation, Data curation, Writing - review and editing, Formal
Analysis. JJC: Writing - review and editing. JSC: Conceptualization,
Writing - original draft, Funding acquisition, Project administration,
Writing - review and editing, Supervision, Data curation.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the National Institutes of Health grant R01DK136536 (JSC) and
RO1DK123183 (JJC), and used Cell Biology and Bioimaging Core,
Genomics Core, and Animal Metabolism and Behavior Core that
are supported in part by NIH center awards P20GM135002 and
P30DK072476, as well as an NTH equipment award S100D023703.

Acknowledgments

We thank Dr. Alan Pao (Stanford University) for providing
SGK1%22P and SGK25%°°P plasmids, Dr. Aniko Naray-Fejes-Toth
(Dartmouth College) for Sgk1?! mice, Dr. Beth Floyd (Pennington
Biomedical Research Center) for a HA-ubiquitin plasmid, and Dr.
Jiyoung Moon and Ms. Jisu Lee for technical contributions.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fcell.2025.1637770
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Park et al.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

References

Agarwal, N. K., Kim, C. H., Kunkalla, K., Konno, H., Tjendra, Y., Kwon, D., et al.
(2016). Active IKKpP promotes the stability of GLI1 oncogene in diffuse large B-cell
lymphoma. Blood 127 (5), 605-615. doi:10.1182/blood-2015-07-658781

Albert, V., Svensson, K., Shimobayashi, M., Colombi, M., Munoz, S., Jimenez,
V., et al. (2016). Mtorc2 sustains thermogenesis Via akt-induced glucose
uptake and glycolysis in brown adipose tissue. EMBO Mol. Med. 8 (3), 232-246.
doi:10.15252/emmm.201505610

Arteaga, M. E, Wang, L., Ravid, T., Hochstrasser, M., and Canessa, C. M. (2006).
An amphipathic helix targets serum and glucocorticoid-induced kinase 1 to the
endoplasmic reticulum-associated ubiquitin-conjugation machinery. Proc. Natl. Acad.
Sci. U. S. A. 103 (30), 11178-11183. doi:10.1073/pnas.0604816103

Baffi, T. R, Lorden, G., Wozniak, J. M., Feichtner, A., Yeung, W., Kornev, A. P, et al.
(2021). Mtorc2 controls the activity of pkc and akt by phosphorylating a conserved tor
interaction motif. Sci. Signal 14 (678), eabe4509. doi:10.1126/scisignal.abe4509

Bartelt, A., Widenmaier, S. B., Schlein, C., Johann, K., Goncalves, R. L. S., Eguchi,
K., et al. (2018). Brown adipose tissue thermogenic adaptation requires Nrfl-Mediated
proteasomal activity. Nat. Med. 24 (3), 292-303. doi:10.1038/nm.4481

Borst, P. (2020). The malate-aspartate shuttle (borst cycle): how it started and
developed into a major metabolic pathway. ITUBMB Life 72 (11), 2241-2259.
doi:10.1002/iub.2367

Brickley, D. R, Mikosz, C. A., Hagan, C. R, and Conzen, S. D. (2002). Ubiquitin
modification of serum and glucocorticoid-induced protein Kinase-1 (Sgk-1). J. Biol.
Chem. 277 (45), 43064-43070. doi:10.1074/jbc.M207604200

Brunet, A., Park, J, Tran, H,, Hu, L. S, Hemmings, B. A, and Greenberg,
M. E. (2001). Protein kinase sgk mediates survival signals by phosphorylating the
forkhead transcription factor Fkhrll (Foxo3a). Mol. Cell. Biol. 21 (3), 952-965.
doi:10.1128/MCB.21.3.952-965.2001

Cannon, B., and Nedergaard, J.
function and physiological significance.
doi:10.1152/physrev.00015.2003

Chang, J. S., Fernand, V., Zhang, Y., Shin, J., Jun, H. J,, Joshi, Y, et al. (2012). NT-
PGC-1a protein is sufficient to link 3-adrenergic receptor activation to transcriptional
and physiological components of adaptive thermogenesis. J. Biol. Chem. 287 (12),
9100-9111. doi:10.1074/jbc.M111.320200

Chang, J. S., Ghosh, S., Newman, S., and Salbaum, J. M. (2018). A map of the PGC-1a-
and NT-PGC-1a-regulated transcriptional network in brown adipose tissue. Sci. Rep. 8
(1), 7876. doi:10.1038/s41598-018-26244-4

Chang, J. S., Huypens, P, Zhang, Y., Black, C., Kralli, A., and Gettys, T. W.
(2010). Regulation of Nt-Pgc-1lalpha subcellular localization and function by protein
kinase a-Dependent modulation of nuclear export by Crml. J. Biol. Chem. 285 (23),
18039-18050. doi:10.1074/jbc.M109.083121

Chondronikola, M., Volpi, E., Borsheim, E., Porter, C., Annamalai, P., Enerback,
S., et al. (2014). Brown adipose tissue improves whole-body glucose homeostasis and
insulin sensitivity in humans. Diabetes 63 (12), 4089-4099. doi:10.2337/db14-0746

Cypess, A. M., Lehman, S., Williams, G., Tal, I., Rodman, D., Goldfine, A. B., et al.
(2009). Identification and importance of brown adipose tissue in adult humans. N. Engl.
J. Med. 360 (15), 1509-1517. doi:10.1056/NEJM0a0810780

Cypess, A. M., Weiner, L. S., Roberts-Toler, C., Franquet Elia, E., Kessler, S. H.,
Kahn, P. A, et al. (2015). Activation of human brown adipose tissue by a f3-adrenergic
receptor agonist. Cell. Metab. 21 (1), 33-38. doi:10.1016/j.cmet.2014.12.009

(2004).
Physiol.

tissue:
277-359.

Brown
Rev.

adipose

84 (1),

Danielsen, J. M., Sylvestersen, K. B., Bekker-Jensen, S., Szklarczyk, D., Poulsen,
J. W., Horn, H,, et al. (2011). Mass spectrometric analysis of lysine ubiquitylation
reveals promiscuity at site level. Mol Cell. Proteomics 10 (3), M110 003590.
doi:10.1074/mcp.M110.003590

Debonneville, C., Flores, S. Y., Kamynina, E., Plant, P. J., Tauxe, C., Thomas, M. A.,
et al. (2001). Phosphorylation of Nedd4-2 by Sgk1 regulates epithelial Na(+) channel
cell surface expression. EMBO J. 20 (24), 7052-7059. doi:10.1093/emboj/20.24.7052

Frontiers in Cell and Developmental Biology

09

10.3389/fcell.2025.1637770

or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2025.
1637770/full#supplementary-material

Deng, Y., Lai, W,, Yu, L., Zhang, W,, and Ding, Y. (2022). Mir-2115-3p inhibits
ferroptosis by downregulating the expression of glutamic-oxaloacetic transaminase in
preeclampsia. Placenta 129, 94-103. doi:10.1016/j.placenta.2022.09.014

Emanuele, M. J,, Elia, A. E,, Xu, Q,, Thoma, C. R,, Izhar, L., Leng, Y, et al. (2011).
Global identification of modular cullin-ring ligase substrates. Cell. 147 (2), 459-474.
doi:10.1016/j.cell.2011.09.019

Fejes-Toth, G., Frindt, G., Naray-Fejes-Toth, A., and Palmer, L. G. (2008). Epithelial
Na+ channel activation and processing in mice lacking Sgk1. Am. J. Physiol. Ren. Physiol.
294 (6), F1298-F1305. doi:10.1152/ajprenal.00579.2007

Festuccia, W. T. (2025). Mtorcl and 2 adrenergic regulation and function in brown
adipose tissue. Physiology (Bethesda) 40 (2), 0. doi:10.1152/physiol.00023.2024

Garcia-Martinez, J. M., and Alessi, D. R. (2008). Mtor complex 2 (Mtorc2)
controls hydrophobic motif phosphorylation and activation of Serum- and
glucocorticoid-induced protein kinase 1 (Sgkl). Biochem. J. 416 (3), 375-385.
doi:10.1042/BJ20081668

Golozoubova, V., Hohtola, E., Matthias, A., Jacobsson, A. Cannon, B., and
Nedergaard, J. (2001). Only Ucpl can mediate adaptive nonshivering thermogenesis
in the cold. FASEB J. 15 (11), 2048-2050. doi:10.1096/1].00-0536fje

Halbeisen, R. E., Galgano, A., Scherrer, T., and Gerber, A. P. (2008). Post-
transcriptional gene regulation: from genome-wide studies to principles. Cell. Mol. Life
Sci. 65 (5), 798-813. doi:10.1007/s00018-007-7447-6

Hanssen, M. J., Hoeks, J., Brans, B., van der Lans, A. A., Schaart, G., van den
Driessche, J. J., et al. (2015). Short-term cold acclimation improves insulin sensitivity in
patients with type 2 diabetes mellitus. Nat. Med. 21 (8), 863-865. doi:10.1038/nm.3891

Hershko, A., and Ciechanover, A. (1992). The
for  protein  degradation.  Annu. Rev. Biochem.
doi:10.1146/annurev.bi.61.070192.003553

Hong, J., Zhou, J,, Fu, ], He, T, Qin, J., Wang, L., et al. (2011). Phosphorylation of
serine 68 of Twistl by mapks stabilizes Twistl protein and promotes breast cancer cell
invasiveness. Cancer Res. 71 (11), 3980-3990. doi:10.1158/0008-5472.CAN-10-2914

Inglis, S. K., Gallacher, M., Brown, S. G., McTavish, N., Getty, J., Husband, E. M.,
et al. (2009). Sgkl activity in Na+ absorbing airway epithelial cells monitored by
assaying Ndrg1-Thr346/356/366 phosphorylation. Pflugers Arch. 457 (6), 1287-1301.
do0i:10.1007/s00424-008-0587-1

Jun, H. J., Joshi, Y, Patil, Y, Noland, R. C., and Chang, J. S. (2014). NT-
PGC-1a activation attenuates high-fat diet-induced obesity by enhancing brown fat
thermogenesis and adipose tissue oxidative metabolism. Diabetes 63 (11), 3615-3625.
doi:10.2337/db13-1837

Kilkenny, C., Browne, W. ], Cuthill, I. C., Emerson, M., and Altman, D. G. (2010).
Improving bioscience research reporting: the arrive guidelines for reporting animal
research. J. Pharmacol. Pharmacother. 1 (2), 94-99. d0i:10.4103/0976-500X.72351

Kim, J., Park, M. S., Ha, K., Park, C,, Lee, J., Mynatt, R. L., et al. (2018). NT-PGC-
1la deficiency decreases mitochondrial FA oxidation in brown adipose tissue and alters
substrate utilization in vivo. J. Lipid Res. 59 (9), 1660-1670. doi:10.1194/jlr.M085647

Kim, W,, Bennett, E. J., Huttlin, E. L., Guo, A., Li, J., Possemato, A., et al. (2011).
Systematic and quantitative assessment of the ubiquitin-modified proteome. Mol. Cell.
44 (2), 325-340. doi:10.1016/j.molcel.2011.08.025

ubiquitin
61,

system
761-807.

Kristensen, A. R., Gsponer, J., and Foster, L. J. (2012). A high-throughput approach
for measuring temporal changes in the interactome. Nat. Methods 9 (9), 907-909.
doi:10.1038/nmeth.2131

Labbe, S. M., Mouchiroud, M., Caron, A., Secco, B., Freinkman, E., Lamoureux, G.,
et al. (2016). Mtorcl is required for brown adipose tissue recruitment and metabolic
adaptation to cold. Sci. Rep. 6, 37223. d0i:10.1038/srep37223

Lang, F, and Cohen, P. (2001). Regulation and physiological roles of Serum-
and glucocorticoid-induced protein kinase isoforms. Sci. STKE 2001 (108), rel7.
doi:10.1126/stke.2001.108.re17

frontiersin.org


https://doi.org/10.3389/fcell.2025.1637770
https://www.frontiersin.org/articles/10.3389/fcell.2025.1637770/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2025.1637770/full#supplementary-material
https://doi.org/10.1182/blood-2015-07-658781
https://doi.org/10.15252/emmm.201505610
https://doi.org/10.1073/pnas.0604816103
https://doi.org/10.1126/scisignal.abe4509
https://doi.org/10.1038/nm.4481
https://doi.org/10.1002/iub.2367
https://doi.org/10.1074/jbc.M207604200
https://doi.org/10.1128/MCB.21.3.952-965.2001
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1074/jbc.M111.320200
https://doi.org/10.1038/s41598-018-26244-4
https://doi.org/10.1074/jbc.M109.083121
https://doi.org/10.2337/db14-0746
https://doi.org/10.1056/NEJMoa0810780
https://doi.org/10.1016/j.cmet.2014.12.009
https://doi.org/10.1074/mcp.M110.003590
https://doi.org/10.1093/emboj/20.24.7052
https://doi.org/10.1016/j.placenta.2022.09.014
https://doi.org/10.1016/j.cell.2011.09.019
https://doi.org/10.1152/ajprenal.00579.2007
https://doi.org/10.1152/physiol.00023.2024
https://doi.org/10.1042/BJ20081668
https://doi.org/10.1096/fj.00-0536fje
https://doi.org/10.1007/s00018-007-7447-6
https://doi.org/10.1038/nm.3891
https://doi.org/10.1146/annurev.bi.61.070192.003553
https://doi.org/10.1158/0008-5472.CAN-10-2914
https://doi.org/10.1007/s00424-008-0587-1
https://doi.org/10.2337/db13-1837
https://doi.org/10.4103/0976-500X.72351
https://doi.org/10.1194/jlr.M085647
https://doi.org/10.1016/j.molcel.2011.08.025
https://doi.org/10.1038/nmeth.2131
https://doi.org/10.1038/srep37223
https://doi.org/10.1126/stke.2001.108.re17
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Park et al.

Liao, S. Y., Kuo, I. Y, Chen, Y. T, Liao, P. C,, Liu, Y. E, Wu, H. Y, et al.
(2019). Akt-mediated phosphorylation enhances protein stability and transcription
activity of Znf322a to promote lung cancer progression. Oncogene 38 (41), 6723-6736.
doi:10.1038/s41388-019-0928-x

Mason, J. A., Cockfield, J. A., Pape, D. J., Meissner, H., Sokolowski, M. T., White, T. C.,
etal. (2021). Sgkl signaling promotes glucose metabolism and survival in extracellular
matrix detached cells. Cell. Rep. 34 (11), 108821. doi:10.1016/j.celrep.2021.108821

McCaig, C., Potter, L., Abramczyk, O., and Murray, J. T. (2011). Phosphorylation of
Ndrgl is temporally and spatially controlled during the cell cycle. Biochem. Biophys. Res.
Commun. 411 (2), 227-234. doi:10.1016/j.bbrc.2011.06.092

Murakami, Y., Hosoi, E, Izumi, H., Maruyama, Y., Ureshino, H., Watari, K., et al.
(2010). Identification of sites subjected to serine/threonine phosphorylation by Sgk1
affecting N-Myc downstream-regulated gene 1 (Ndrgl)/Cap43-Dependent suppression
of angiogenic cxc chemokine expression in human pancreatic cancer cells. Biocherm.
Biophys. Res. Commun. 396 (2), 376-381. doi:10.1016/j.bbrc.2010.04.100

Murray, J. T., Campbell, D. G., Morrice, N., Auld, G. C., Shpiro, N., Marquez, R.,
et al. (2004). Exploitation of kestrel to identify ndrg family members as physiological
substrates for Sgkl and Gsk3. Biochem. J. 384 (Pt 3), 477-488. d0i:10.1042/BJ20041057

Nedergaard, J., Golozoubova, V., Matthias, A., Asadi, A., Jacobsson, A., and Cannon,
B. (2001). Ucpl: the only protein able to mediate adaptive non-shivering thermogenesis
and metabolic inefficiency. Biochim. Biophys. Acta 1504 (1), 82-106. doi:10.1016/s0005-
2728(00)00247-4

O’Mara, A. E., Johnson, J. W,, Linderman, J. D., Brychta, R. J., McGehee, S.,
Fletcher, L. A., et al. (2020). Chronic mirabegron treatment increases human brown
fat, hdl cholesterol, and insulin sensitivity. J. Clin. Invest. 130 (5), 2209-2219.
doi:10.1172/JCI131126

Ouellet, V., Labbe, S. M., Blondin, D. P, Phoenix, S., Guerin, B., Haman, E,
et al. (2012). Brown adipose tissue oxidative metabolism contributes to energy
expenditure during acute cold exposure in humans. J. Clin. Invest. 122 (2), 545-552.
doi:10.1172/JC160433

Pao, A. C,, Bhargava, A., Di Sole, E, Quigley, R., Shao, X., Wang, J., et al. (2010).
Expression and role of serum and glucocorticoid-regulated kinase 2 in the regulation
of Na+/H+ exchanger 3 in the mammalian kidney. Am. J. Physiol. Ren. Physiol. 299 (6),
F1496-F1506. doi:10.1152/ajprenal.00075.2010

Park, C. H., Park, M., Kelly, M. E., Cheng, H., Lee, S. R,, Jang, C., et al. (2024).
Cold-inducible Gotl activates the malate-aspartate shuttle in brown adipose tissue
to support fuel preference for fatty acids. bioRxiv [Preprint], 2024.11.18.623867.
doi:10.1101/2024.11.18.623867

Puigserver, P, Wu, Z., Park, C. W, Graves, R., Wright, M., and Spiegelman,
B. M. (1998). A cold-inducible coactivator of nuclear receptors linked to adaptive
thermogenesis. Cell. 92 (6), 829-839. doi:10.1016/s0092-8674(00)81410-5

Saito, M., Okamatsu-Ogura, Y., Matsushita, M., Watanabe, K., Yoneshiro, T., Nio-
Kobayashi, J., et al. (2009). High incidence of metabolically active brown adipose
tissue in healthy adult humans: effects of cold exposure and adiposity. Diabetes 58 (7),
1526-1531. doi:10.2337/db09-0530

Snyder, P. M., Olson, D. R., and Thomas, B. C. (2002). Serum and glucocorticoid-
regulated kinase modulates Nedd4-2-Mediated inhibition of the epithelial Na+ channel.
J. Biol. Chem. 277 (1), 5-8. d0i:10.1074/jbc.C100623200

Sommer, E. M., Dry, H,, Cross, D., Guichard, S., Davies, B. R., and Alessi, D. R. (2013).
Elevated Sgk1 predicts resistance of breast cancer cells to akt inhibitors. Biochem. J. 452
(3), 499-508. doi:10.1042/BJ20130342

Frontiers in Cell and Developmental Biology

10

10.3389/fcell.2025.1637770

Uldry, M., Yang, W, St-Pierre, J., Lin, ], Seale, P, and Spiegelman, B. M.
(2006). Complementary action of the Pgc-1 coactivators in mitochondrial biogenesis
and brown fat differentiation. Cell. Metab. 3 (5), 333-341. doi:10.1016/j.cmet.
2006.04.002

van Marken Lichtenbelt, W. D., Vanhommerig, J. W, Smulders, N. M.,
Drossaerts, J. M., Kemerink, G. J., Bouvy, N. D,, et al. (2009). Cold-activated
brown adipose tissue in healthy men. N. Engl. J. Med. 360 (15), 1500-1508.
doi:10.1056/NEJM0a0808718

Wang, H., and You, G. (2017). Sgk1/Nedd4-2 signaling pathway regulates the activity
of human organic anion transporters 3. Biopharm. Drug Dispos. 38 (8), 449-457.
doi:10.1002/bdd.2085

Wang, J., Wang, B., Ren, H., and Chen, W. (2019). Mir-9-5p inhibits pancreatic cancer
cell proliferation, invasion and glutamine metabolism by targeting Gotl. Biochem.
Biophys. Res. Commun. 509 (1), 241-248. doi:10.1016/j.bbrc.2018.12.114

Wang, L., Jin, Q, Lee, J. E, Su, L. H, and Ge, K. (2010). Histone H3k27
methyltransferase Ezh2 represses wnt genes to facilitate adipogenesis. Proc. Natl. Acad.
Sci. U. S. A. 107 (16), 7317-7322. doi:10.1073/pnas.1000031107

Wang, X., and Seed, B. (2003). A pcr primer bank for quantitative gene expression
analysis. Nucleic Acids Res. 31 (24), e154. doi:10.1093/nar/gng154

Wei, P, Pan, D., Mao, C., and Wang, Y. X. (2012). RNF34 is a cold-regulated E3
ubiquitin ligase for PGC-1a and modulates brown fat cell metabolism. Mol. Cell. Biol.
32 (2), 266-275. doi:10.1128/ MCB.05674-11

Wulff, P, Vallon, V., Huang, D. Y., Volkl, H., Yu, E, Richter, K., et al. (2002). Impaired
renal Na(+) retention in the Sgk1-Knockout mouse. J. Clin. Invest. 110 (9), 1263-1268.
doi:10.1172/JCI15696

Xi, X., Zhang, J., Wang, J., Chen, Y., Zhang, W, Zhang, X, et al. (2019).
Sgkl mediates hypoxic pulmonary hypertension through promoting macrophage
infiltration and activation. Anal. Cell. Pathol. (Amst) 2019, 3013765. doi:10.1155/
2019/3013765

Xiao, L., De Jesus, D. E, Ju, C. W., Wei, . B., Hu, J., DiStefano-Forti, A., et al. (2024).
M(6)a mrna methylation in brown fat regulates systemic insulin sensitivity via an
inter-organ prostaglandin signaling axis independent of Ucpl. Cell. Metab. 36 (10),
2207-2227.€9. doi:10.1016/j.cmet.2024.08.006

Yan, L., Mieulet, V., and Lamb, R. E. (2008). Mtorc2 is the hydrophobic motif kinase
for Sgkl1. Biochem. J. 416 (3), e19-e21. doi:10.1042/BJ20082202

Ye, Y, Liu, H., Zhang, E, and Hu, E (2019). Mtor signaling in brown and beige
adipocytes: implications for thermogenesis and obesity. Nutr. Metab. (Lond) 16, 74.
doi:10.1186/512986-019-0404-1

Zaccara, S., Ries, R. ], and Jaffrey, S. R. (2019). Reading, writing and erasing mrna
methylation. Nat. Rev. Mol. Cell. Biol. 20 (10), 608-624. doi:10.1038/s41580-019-0168-5

Zhang, Y., Huypens, P, Adamson, A. W,, Chang, J. S., Henagan, T. M., Lenard,
N. R, et al. (2009). Alternative mRNA splicing produces a novel biologically
active short isoform of PGC-lalpha. J. Biol. Chem. 284 (47), 32813-32826.
doi:10.1074/jbc.M109.037556

Zhao, B. S., Roundtree, I. A., and He, C. (2017). Post-transcriptional gene
regulation by mrna modifications. Nat. Rev. Mol. Cell. Biol. 18 (1), 31-42.
doi:10.1038/nrm.2016.132

Zhou, R., and Snyder, P. M. (2005). Nedd4-2 phosphorylation induces serum and
glucocorticoid-regulated kinase (sgk) ubiquitination and degradation. J. Biol. Chem.
280 (6), 4518-4523. doi:10.1074/jbc.M411053200

frontiersin.org


https://doi.org/10.3389/fcell.2025.1637770
https://doi.org/10.1038/s41388-019-0928-x
https://doi.org/10.1016/j.celrep.2021.108821
https://doi.org/10.1016/j.bbrc.2011.06.092
https://doi.org/10.1016/j.bbrc.2010.04.100
https://doi.org/10.1042/BJ20041057
https://doi.org/10.1016/s0005-2728(00)00247-4
https://doi.org/10.1016/s0005-2728(00)00247-4
https://doi.org/10.1172/JCI131126
https://doi.org/10.1172/JCI60433
https://doi.org/10.1152/ajprenal.00075.2010
https://doi.org/10.1101/2024.11.18.623867
https://doi.org/10.1016/s0092-8674(00)81410-5
https://doi.org/10.2337/db09-0530
https://doi.org/10.1074/jbc.C100623200
https://doi.org/10.1042/BJ20130342
https://doi.org/10.1016/j.cmet.2006.04.002
https://doi.org/10.1016/j.cmet.2006.04.002
https://doi.org/10.1056/NEJMoa0808718
https://doi.org/10.1002/bdd.2085
https://doi.org/10.1016/j.bbrc.2018.12.114
https://doi.org/10.1073/pnas.1000031107
https://doi.org/10.1093/nar/gng154
https://doi.org/10.1128/MCB.05674-11
https://doi.org/10.1172/JCI15696
https://doi.org/10.1155/2019/3013765
https://doi.org/10.1155/2019/3013765
https://doi.org/10.1016/j.cmet.2024.08.006
https://doi.org/10.1042/BJ20082202
https://doi.org/10.1186/s12986-019-0404-1
https://doi.org/10.1038/s41580-019-0168-5
https://doi.org/10.1074/jbc.M109.037556
https://doi.org/10.1038/nrm.2016.132
https://doi.org/10.1074/jbc.M411053200
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	Introduction
	Materials and methods
	Animal studies
	Cell culture and transfection
	Brown adipocyte differentiation
	Generation of Sgk1-deficient brown preadipocytes
	Mitochondrial respiration assay
	GOT activity assay
	Immunoprecipitation and Western blot analysis
	Quantitative real-time PCR analysis
	Statistical analysis

	Results
	GOT1 protein levels are regulated by the ubiquitin-proteasome pathway
	RNF34 is an E3 ubiquitin ligase for GOT1
	The βAR-SGK1 signaling pathway increases GOT1 protein stability
	SGK1 activation inhibits RNF34-dependent ubiquitination and degradation of GOT1
	Loss of SGK1 in brown adipocytes reduces GOT1 protein levels without affecting its gene expression

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

