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P62 Links p-adrenergic input to mitochondrial
function and thermogenesis
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The scaffold protein p62 (sequestosome 1; SQSTM1) is an emerging key molecular link among the metabolic,
immune, and proliferative processes of the cell. Here, we report that adipocyte-specific, but not CNS-, liver-,
muscle-, or myeloid-specific p62-deficient mice are obese and exhibit a decreased metabolic rate caused by
impaired nonshivering thermogenesis. Our results show that p62 regulates energy metabolism via control
of mitochondrial function in brown adipose tissue (BAT). Accordingly, adipocyte-specific p62 deficiency led
to impaired mitochondrial function, causing BAT to become unresponsive to $-adrenergic stimuli. Ablation
of p62 leads to decreased activation of p38 targets, affecting signaling molecules that control mitochondrial
function, such as ATF2, CREB, PGCla, DIO2, NRF1, CYTC, COX2, ATP5f, and UCP1. p62 ablation in HIB1B
and BAT primary cells demonstrated that p62 controls thermogenesis in a cell-autonomous manner, indepen-
dently of brown adipocyte development or differentiation. Together, our data identify p62 as a novel regulator
of mitochondprial function and brown fat thermogenesis.

Introduction

Obesity and its comorbidities, such as cardiovascular disease and
type 2 diabetes, are increasingly challenging health threats in
modern societies. Obesity, defined as a pathologically exaggerated
accumulation of body fat, is the direct consequence of a prolonged
positive energy balance that occurs when energy intake chronically
exceeds energy expenditure. So far, pharmacological weight loss
therapies, frequently aiming to minimize energy intake, have been
hampered by limited efficacy or considerable side effects. There-
fore, novel strategies to safely and efficiently combat the obesity
and diabetes epidemic are urgently required.

In small mammals and infants, brown adipose tissue (BAT) plays
an important role in energy metabolism due to its ability to burn
energy by dissipating heat in response to sympathetic nerve activity
(1, 2). In adult humans, however, BAT was long believed to play, at
most, a minor role in energy metabolism. More recently, this his-
torical view has been called into question by the observations that
adult humans possess considerable amounts of BAT (3-6) and that
the amount of BAT is decreased in obese compared with lean indi-
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viduals (3, 5). These observations, in addition to recent advances in
understanding the complex processes of brown adipocyte differen-
tiation and function (7-12), have resulted in a rekindled scientific
interest in BAT as a therapeutic target for the treatment of obesity.
Scaffold proteins are important mediators ensuring efficient
and selective cell signal transduction. Enzymatic signal specific-
ity mediated by scaffold proteins is thereby achieved through spe-
cific protein-protein interactions between shared motifs located
in both the target enzyme and the scaffold protein. p62 (seques-
tosome 1; SQSTM1) was originally identified as a signal adaptor
for isoforms of the atypical PKC subfamily (aPKCs) (13, 14). p62
is a multimodular adaptor protein involved in a number of sig-
naling pathways affecting important biological processes, such as
inflammation, cell differentiation, cell growth, and tumorigenesis
(15-17). We have previously shown that global ablation of p62 in
mice results in obesity and systemic glucose intolerance and insu-
lin resistance (18, 19). The main goal of the present study was to
rigorously establish the in vivo target tissue accounting for the role
of p62 in the control of metabolic homeostasis and obesity and
also to unravel the mechanistic details of p62 in those processes.

Results
Generation of tissue-specific p62~/~ mice. To establish the p62 target tis-
sue responsible for its role in whole-body metabolic control and
obesity in vivo, we used the Cre-lox system to target key tissues
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implicated in systemic energy metabolism control, namely CNS,
liver, skeletal muscle, adipose tissue, and cells of the myeloid lin-
eage. To that end, we generated the tissue-specific p627~ mouse
lines shown in Supplemental Figure 1 (supplemental material
available online with this article; doi:10.1172/JCI64209DS1). Brief-
ly, the coding exon 1 of the murine p62 isoform 1 (NM_011018.2)
was deleted by mating chimeric p62 floxed mice with mice express-
ing Cre recombinase (Cre) under the control of the promoter for
either nestin (Nes, CNS specific) (20), albumin (Alb, liver specific)
(21), myosin light chain 1f (Mlc1f, muscle specific) (22), or adipo-
cyte protein 2 (aP2 also known as Fabp4, adipocyte-specific) (23). As
aP2 is also expressed in macrophages (24), we also generated mice
that lack p62 in the myeloid lineage using lysozyme M (LysM, also
known as Lyz2) cre mice. Validation of tissue-specific p62 deletion
was assessed using Western blot analysis (Supplemental Figure 1).

CNS-specific deletion of p62 in mice does not affect systemic metabolism.
The metabolic phenotype of mice with exclusive deletion of p62
in the CNS was assessed under 2 different feeding regimes. Some
mice were fed a regular standard chow diet (5.6% fat), whereas a
parallel cohort was fed a high-fat diet (HFD) (58% fat). Surpris-
ingly, we observed no difference in body weight (Figure 1A), body
composition (Figure 1, B and C), or food intake (Figure 1D) in
470
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mice that lack p62 selectively in the CNS (Nes-cre*;p62/xt/ox) as
compared with WT controls (Nes-cre*;p62*/*), irrespective of the
diet. Accordingly, we concluded that obesity in the global p627/~
mice was mediated by peripheral mechanisms and independent of
p62 signaling in the brain.

Hepatic deletion of p62 in mice does not affect systemic metabolism.
The phenotypical analysis of mice that lack p62 exclusively in
the liver (Alb-cre*;p62//x) also failed to reveal any alterations in
body weight (Figure 1E), body composition (Figure 1, F and G),
or food intake (Figure 1H) when compared with WT controls
(Alb-cre*;p62+/*) independently of the diet. In addition, no signs of
liver steatosis were observed and no differences in systemic glu-
cose tolerance were observed when comparing liver-specific p627/~
mice and their WT littermate controls (Supplemental Figure 2A).
Together, these data do not support a role for hepatic p62 signal-
ing in the regulation of body weight or systemic metabolism.

Deletion of p62 in mouse skeletal muscle does not affect systemic metabolism.
We next analyzed the metabolic phenotype of mice lacking p62
exclusively in skeletal muscle (MlcIf-cre*;p62/#/x). When com-
pared with WT controls (Mlclf-cre*;p62*7*), these mutant mice
did not show any signs of obesity on either regular chow or HFD
(Figure 1I). In fact, the body weight of the muscle-specific p62~/~
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Figure 2

Metabolic phenotype of adipocyte-specific p62-- mice. Body weight (A), body composition at an age of 26 weeks (B and C), and food intake (D)
of adipocyte-specific p62-- and control mice fed either with a standard chow diet (5.6% fat) or HFD (58% kcal fat). H&E staining of liver samples
from 35-week-old chow-fed adipocyte-specific p62-- and WT mice (E). Glucose tolerance (F) and insulin sensitivity (G) of 17-week-old chow-fed
adipocyte-specific p62-- and WT mice. Energy expenditure (EE). (H-J) and locomotor activity (K) of 33-week-old chow-fed adipocyte-specific
p62--and WT mice at room temperature (23 + 2°C). Body core temperature of 35-week-old chow-fed adipocyte-specific p62-- and WT mice
at room temperature and during acute cold exposure (16 hours at 4°C) (L). n = 7-11 mice each group. Data represent mean + SEM. *P < 0.05;
**P < 0.01; ***P < 0.001.
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Figure 3

Impaired response to -adrenergic receptor stimulation in adipocyte-specific p62-- mice. Body surface temperature above the BAT, measured
with an IR camera, of obese adipocyte-specific p62-- mice before (A) and after (B) i.p. treatment with CL-316,243 (0.6 mg/kg). Measurement of
energy expenditure (expressed as multiple of baseline expenditure at injection) (C) and increase of BAT temperature (measured using implanted
temperature sensors) at different time points after s.c. treatment with norepinephrine (1 mg/kg) (D). n = 7—11 mice per group (A and B); n = 4 mice
each group (C and D). Data represent mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

mice was moderately lower when compared with WT controls fed
standard chow diet but not HFD (Figure 1I). The decreased body
weight of the chow-fed muscle-specific p627/~ mice was accompa-
nied by a decrease in body fat and lean tissue mass (Figure 1,J and K)
without notable changes in food intake (Figure 1L) or glucose tol-
erance (Supplemental Figure 2B). Indirect calorimetry performed
at the age of 20 weeks revealed no detectable differences in energy
expenditure, locomotor activity, or substrate utilization between
the muscle-specific p627/~ mice and their WT controls (Supplemen-
tal Figure 3, A-D). Also, the energy expenditure response to a nor-
epinephrine challenge (1 mg/kg, single s.c. injection) did not differ
between both genotypes (Supplemental Figure 3E). Together, these
data indicate that lack of p62 signaling in the skeletal muscles does
not explain the role of p62 in the systemic control of body weight
and adiposity observed in global p62~~ mice.

Adipocyte-specific, but not macrophage-specific, deletion of p62~/~ results in
obesity and glucose intolerance. When mice that lack p62 selectively in
the adipose tissue (aP2-cre*;p62/#/ex) were analyzed, we observed a
dramatically enhanced body weight gain as compared with WT con-
trols (aP2-cre*;p62**) on both standard chow and HFD (Figure 2A).
The obese phenotype of the adipocyte-specific p62~~ mice was com-
parable to that observed in the global p627~ mice and was a conse-
quence of increased body fat and lean tissue mass (Figure 2, B and C).
Interestingly, as in the case of global p627~ mice, obesity was not par-
alleled by changes in food intake (Figure 2D). On either diet, adipo-
cyte-specific p62~~ mice had liver steatosis (Figure 2E), impaired glu-
cose tolerance, and decreased insulin sensitivity (Figure 2, F and G).
aP2cre mice have been reported to potentially cause target gene
deletion in cells beyond adipocytes, such as CNS neurons or macro-
phages. However, we had already shown that deletion of p62 in the
CNS did not cause a body weight phenotype and consequently could
not explain the phenotype of aP2-cre*;p62#/% mice. Therefore, we
next used lysozyme M (LysM) cre mice to selectively knock out p62
in the myeloid cell lineage (LysM-cre*;p62/#/%). Careful phenotype
analysis of these mutant mice did not reveal any differences in body
weight, body composition, or glucose and insulin sensitivity when
compared with the corresponding WT control mice (Supplemental
Figure 4, A-E). Collectively, these findings indicate that obesity in
aP2-cre*;p62'»#/p mice is a consequence of p62 deficiency in adipo-
cytes and does not result from the lack of p62 in myeloid cells.

White adipocytes of the obese adipocyte-specific p627~ mice
were greatly enlarged (Supplemental Figure 5A) and showed
increased basal activity of Mapk1 (also known as ERK) (Supple-
472
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mental Figure 5B), which is in agreement with previously report-
ed data in total p62-deficient mice (19). Expression of proinflam-
matory cytokines and chemokines, such as Il6, Tnfa, chemokine
cc motif ligand 2 [Ccl2], and integrin a-x [Itgax], as well as mark-
ers of macrophage infiltration (Cd68 and Emr1 [also known as
F4/80]) were increased as expected, considering the obese pheno-
type of these mice (Supplemental Figure 5, C and D). Of note,
expression of Pparg and Cebpb, well-known master regulators of
adipogenesis and fat cell differentiation (2, 25), was not changed
in epididymal white adipose tissue (eWAT) of adipocyte-specific
627/~ mice (Supplemental Figure SE). Gene programs controlling
lipoprotein metabolism, lipogenesis, fatty acid transport, or lipol-
ysis were also not affected by adipocyte-specific p62 deficiency
(Supplemental Figure 5, F-I). Finally, there was no difference in
plasma-free fatty acids and free glycerol between genotypes fol-
lowing a challenge with norepinephrine (1 mg/kg) (Supplemental
Figure 5, ] and K). We conclude that the obese phenotype of adi-
pocyte-specific p627~ mice does not result from changes in fatty
acid mobilization or lipolysis.

Impaired nonshivering thermogenesis in adipocyte-specific p62~/~ mice.
Indirect calorimetry, performed at an age of 33 weeks, revealed that
energy expenditure was decreased in adipocyte-specific p627/~ mice
as compared with WT controls (Figure 2H). Importantly, this find-
ing was confirmed when energy expenditure raw data were ana-
lyzed without normalizing for body size using ANCOVA, with body
fatand lean tissue mass as covariants, as proposed recently (ref. 26
and Figure 2, I and J). The decrease in energy expenditure was
accompanied by a significant reduction in locomotor activity
(Figure 2K) and considerablylower body core temperature (Figure 2L).
Based on these observations, we hypothesized that the decreased
energy metabolism of the adipocyte-specific p627~ mice might be
a consequence of impaired nonshivering thermogenesis in BAT.
Accordingly, to test whether p62 links B-adrenergic stimulation
with mitochondrial uncoupling in vivo, we measured the surface
temperature above BAT in response to the selective -3 adrenergic
receptor agonist CL-316,243. In line with our hypothesis, single
i.p. treatment with CL-316,243 (0.6 mg/kg) significantly increased
the surface temperature above BAT in WT mice, but had no mea-
surable effect in adipocyte-specific p627~ mice (Figure 3, A and B).
These findings were corroborated by significantly impaired energy
expenditure (Figure 3C) and BAT surface temperature (Figure 3D)
responses to systemic norepinephrine (1 mg/kg) challenge in adi-
pocyte-specific p627~ mice compared with WT controls.
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Figure 4

Impaired mitochondrial function in BAT of chow-fed adipocyte-specific p62-- mice. H&E staining of BAT (A). Expression of genes related to
inflammation (B) and macrophage infiltration (C) in BAT. Western blot analysis of Ppargcia and Ucp1 (D) and ratio between levels of total and
phosphorylated levels of p38a in BAT (E). Expression of genes related to thermogenesis (F). Western blot analysis of Ucp1, Lipe, and Creb in the
inguinal WAT (G). Electron micrograph of brown adipocytes (H), Cox activity (I), and mRNA expression levels of genes related to mitochondrial
electron transport (J) in BAT of adipocyte-specific p62-- and WT mice. Cox4i2, COX subunit 4b. Measurement of gene expression was performed
in n = 7-8 mice of each genotype. Cox activity and protein levels of p38c. were assessed in n = 4 mice of each genotype. Scale bars: 25 um (A);
1 um (H, original magnification x4,000); 200 nm (H; original magnification, x25,000. Data represent mean + SEM. *P < 0.05; **P < 0.01.
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Impaired mitochondrial function in BAT of adipocyte-specific p627/~
mice. Histological analysis revealed enhanced lipid deposition
with increased lipid droplet sizes in BAT of adipocyte-specific
p627/~ mice (Figure 4A). Accordingly, expression profiles reflect-
ing inflammation (inducible nitric oxide synthase [Nos2], mannose
receptor C-type 1 [Mrcl], Tnfa, 116, Itgax, Ccl2) and macrophage infil-
tration (Cd68, Emrl) were increased (Figure 4, B and C). Consistent
with our hypothesis that nonshivering thermogenesis is impaired
in adipocyte-specific p627/~ mice, protein levels of PPARGC1A
(also known as PGC1A) and uncoupling protein 1 (UCP1) were
decreased in these mice (Figure 4D). Importantly, we discovered
that the loss of p62 in adipocytes decreased activation of p38a
in BAT (Figure 4E). Consistent with that observation, we found
that mRNA expression of p38 downstream targets and key uncou-
pling regulators was significantly decreased in adipocyte-specific
p627~ mice compared with WT controls, including cAMP response
element binding protein 1 [Creb], diodinase 2 [Dio2]|, Pgcla, and
nuclear respiratory factor 1 [NrfI] (Figure 4F). This finding was
corroborated by lower protein levels of CREB and UCP1, as well as
less phosphorylated LIPE (also known as HSL) in brown adipocyte
rich (Brite) inguinal adipose tissue (Figure 4G and ref. 27). Nota-
bly, expression of the 3-3 adrenergic receptor (Adrb3) and the 02A
adrenergic receptor (Adra2a) was not changed in adipocyte-specific
627/~ mice compared with WT controls (Figure 4F), indicating a
role for p62 at the molecular interface between B-adrenergic input
and intracellular control of uncoupling in BAT.

Electron microscopy analyses revealed considerable differences
in mitochondrial structure as a consequence of p62 deficiency in
adipocytes (Figure 4H). Brown adipocytes from adipocyte-specific
627~ mice contained mitochondria with fewer cristae, which were
also shorter and displaced to the periphery with varying degrees
of disorientation (Figure 4H). In line with this observation, we
found decreased oxidative capacity, as quantified by measuring
cytochrome ¢ oxidase (Cox) activity, in BAT of adipocyte-specific
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Figure 5

Cell autonomous effect of p62
on mitochondrial function in
HIB1B cells. Western blot anal-
ysis of p62, CytC,and total and
phosphorylated Creb (A) and
mRNA level of Creb (B) and
genes related to mitochondrial
* electron transport (C) in HIB1B
cells lacking p62 and controls.
mRNA levels of Ppargcia
in p62-deficient HIB1B cells
after 6 hours stimulation with
isoproterenol (1 uM) (D). Oil
red O staining in p62-deficient
HIB1B cells (E). *P < 0.05;
**P < 0.01; ***P < 0.001.

Electron transport
O cntr.
M «o

627~ mice (Figure 4I). Moreover, mRNA expression levels of gene
programs relevant to electron transport, such as cytochrome C
(CytC), Cox2,and ATP synthase mitochondrial F1 complex subunit
B (AtpSb), were likewise decreased (Figure 4]). Together, these data
indicate that p62 is essential for the structural integrity and proper
function of BAT mitochondria.

Cell autonomous role of p62 in mitochondrial function. To assess
whether the observed effect on mitochondrial function was medi-
ated by p62 in a cell-autonomous manner, we knocked down p62
in the BAT cell line HIB1B using shRNA against p62 (Figure 5).
Consistent with our findings from adipocyte-specific p62~/~ mice,
knockdown of p62 in HIB1B cells led to decreased protein levels of
CytC, lower total and phosphorylated levels of Creb, and decreased
mRNA levels of the Creb, CytC, Cox2,and AtpSb genes (Figure 5, A-C).
In line with this observation, the response of PGCla. to isoprotere-
nol (1 uM) was significantly lower in cells lacking p62 (Figure SD).
On an important note, knockdown of p62 did not affect adipocyte
development and differentiation (Figure SE).

To validate the results obtained in both the adipocyte-specific
p627/~ mice and the HIB1B cells, we assessed the expression pro-
file of the thermogenic genes in BAT primary cells obtained from
WT or global p627~ mice over the time course of adipocyte dif-
ferentiation (Supplemental Figure 6). In line with our previous
findings, expression of Ucpl, Ppargcla, and Cox2 was decreased
in the p62-deficient cells from day 4 with no notable difference
compared with WT controls within the first 3 days of differentia-
tion. Cytochrome ¢ expression was decreased from day 3 onwards
without any difference between genotypes within the first 2 days
of differentiation. No difference at any time point was observed for
AtpSb and Cox4 (Supplemental Figure 6, A-F).

Consistent with our findings in HIB1B cells, we likewise did not
observe a difference in adipocyte development and differentiation
between genotypes in the BAT primary cells (Figure 6A). Aligned
with our in vivo data, phosphorylated levels of both p38 and its
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Cell autonomous effect of p62 on mitochondrial function in BAT primary cells. Oil red O staining in p62-deficient BAT primary cells obtained from
global p62--and WT control mice (A). Western blot analysis of p62, p38, and phosphorylated levels of p38 and Atf2 in 5-day—differentiated BAT
primary cells treated for 30 minutes with isoproterenol (0.5 uM) or pretreated for 30 minutes with the p38 inhibitor SB202190 (10 uM) followed
by 30 minutes treatment of isoproterenol (0.5 uM) plus SB202190 (10 uM) (B). Measurement of OCR of 2-day—differentiated BAT primary cells
obtained from global p62-- mice and WT controls in response to isoproterenol (0.5 uM) (C and D). *P < 0.05.

direct downstream target Atf2 were decreased in p62-deficient
cells upon stimulation with isoproterenol (Figure 6B). These
observations support our hypothesis that p62 affects thermogen-
esis through the p38 MAPK pathway.

To functionally validate the results obtained in the HIB1B cells,
we measured oxygen consumption in the BAT primary cells, both
before and after stimulation with isoproterenol (0.5 uM). Baseline
levels of oxygen consumption were comparable between controls
and cells lacking p62 (Figure 6, C and D). In primary cells obtained
from WT animals, we observed the expected immediate increase
in oxygen consumption in response to isoproterenol. However,
this effect was completely abrogated in cells lacking p62 (Figure 6,
Cand D). Based on recent evidence indicating that catecholamines
released from macrophages can substantially modulate BAT ther-
mogenesis (28), we next assessed whether the observed changes
in mitochondrial function persist after depletion of macrophages
from BAT primary cells. We observed a similar lower response to
isoproterenol in macrophage-depleted, p62-deficient BAT primary
cells (Supplemental Figure 7, B and C). Furthermore, mRNA lev-
els of Ucpl and Ppargecla remained decreased in the macrophage-
depleted p62-deficient cells both before and after stimulation with
isoproterenol (Supplemental Figure 7, D and E). The decreased
Ucpl mRNA expression translated into decreased protein levels of
Ucpl (Supplemental Figure 7F). Notably, no signs of macrophage
infiltration were observed after depletion of Itgam-positive cells
(Itgam is also known as Cd11b) (Supplemental Figure 7G), which
was confirmed by flow cytometry (Supplemental Figure 7A). No
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differences regarding markers indicative of inflammation, DNA
damage, redox balance, or ER stress were observed between geno-
types (Supplemental Figure 7, G-K). Together, these data confirm
that p62 directly controls basal mitochondrial function of brown
adipocytes as well as their responsiveness to -adrenergic stimula-
tion in a cell autonomous manner, independently of macrophage
infiltration and inflammation.

Discussion

Here we show for what we believe is the first time that the lack
of p62 exclusively in adipose tissue is sufficient to recapitulate
the metabolic syndrome phenotype of total p62-deficient mice,
including obesity, glucose intolerance, and insulin resistance. Our
results further identify BAT as the main organ responsible for the
impaired energy metabolism observed in the adipose-specific
627/~ mice and reveal that p62 controls the mitochondrial func-
tion of brown adipocytes in a direct and cell-autonomous man-
ner. The direct effect of p62 deficiency in brown fat thermogen-
esis includes impaired mitochondrial structure and dysfunction.
Interestingly, we observe here that p62 controls activation of p38
in vivo. Several studies have previously shown that p38 MAPK is
crucial for sympathetic nervous system-mediated (SNS-medi-
ated) activation of BAT nonshivering thermogenesis and Ucp1
function (7, 29-31). Notably, by screening a HeLa cDNA library,
Sudo and colleagues previously identified p62 as a p38-binding
protein (32). Following up on that finding, Kawai and colleagues
identified 2 p62 binding domains in p38. One domain is located
Number 1 475
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in the N-terminal p38 interaction (NPI) domain, whereas the
other is located in the C-terminal p38 interaction (CPI) domain
(33). Consistent with our finding that activated levels of p38 are
decreased in p62-deficient cells upon stimulation with isopro-
terenol, Kawai and colleagues found that genetic inactivation of
p62 in HeLa cells led to impaired p38 activation upon stimula-
tion with cytokines (33). Using surface plasmon resonance (SPR)
imaging experiments, Saito and colleagues showed that the p62
domain comprising amino acids 164-190 can directly bind to
p38 (34). However, whereas several lines of evidence support the
interaction of p62 and p38 in vitro, using genetically engineered
mice, we here show that this interaction appears to be of physi-
ological relevance in vivo. Accordingly, loss of p62 in adipocytes
impairs physiological activation of p38 and its downstream path-
ways, promoting uncoupling in vivo and in vitro. Such programs
governing uncoupling have been either directly or indirectly
linked to p38 activity and include Atf2, Creb, Ppargcla, Dio2, Nrfl,
Cox2, CytC, AtpSb, and Ucpl. All of these signals were significantly
decreased in adipocyte-specific p627/~ mice, suggesting that p62
likely controls mitochondrial function via the p38/Ppargcla
pathway. Notably, this assumption is consistent with reports
indicating that p62 binds p38 via its C-terminal domain and that
p62 is colocalized with phosphorylated p38 in the nuclei (32-34).

In line with the discovery that p62 controls mitochondrial func-
tion of BAT, we found oxidative capacity, measured by Cox activity,
to be decreased in BAT of adipocyte-specific p627/~ mice. Of appre-
ciable note, no difference in Cox activity was observed in BAT of
mice that specifically lack p62 only in skeletal muscle (Supplemen-
tal Figure 3F) or the myeloid lineage (Supplemental Figure 4F).

The observation that lipid metabolism is not changed in the
adipocyte-specific p62~~ mice despite the altered morphology of
their adipocytes is intriguing and warrants further investigation.
As a matter of fact, previously published data showed that global
loss of p62 results in increased adipogenesis in vitro and enhanced
expression of adipogenic markers such as Pparg in vivo (19).
However, using aP2-conditional KO mice, we have been unable
to detect these alterations in WAT but rather changes in BAT. A
potential explanation for this discrepancy might be that the loss
of p62 in a total KO impairs WAT characteristics early during fat
development, revealing the role of p62 in WAT. In the conditional
model reported here, p62 is depleted at the time point when aP2
is expressed later during the adipocyte development process. WAT
differentiation appears to stay intact, but a clear role for p62 gov-
erning BAT function is revealed. We conclude that the alterations
in BAT may have secondary consequences on WAT in vivo but do
not directly affect Pparg-driven differentiation processes.

The maintenance of mitochondrial integrity is central to
numerous cellular processes, especially for those regulating the
SNS-mediated activation of brown fat thermogenesis. A num-
ber of recent studies using cotransfection and shRNA-mediated
knockdown of p62 have suggested that it plays an important role
in the disposal of dysfunctional mitochondria by autophagy, also
known as mitophagy, which is in accordance with p62’s role in
the autophagic clearance of polyubiquitinated proteins (35-40).
However, the analysis of p62-knockout cells does not support this
notion, making this mitophagy function of p62 highly controver-
sial at this moment (40-43). It could be argued that our observa-
tion that the mitochondrial structure and function is impaired in
the adipocyte-specific p627~ mice is in line with the reports show-
ing that p62 might be implicated in the regulation of mitophagy.
476
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However, our observation that loss of p62 affects the genetic pro-
gram responsible for mitochondrial biogenesis does not support
this model. Together, these data strongly suggest that, although
decreased mitophagy cannot be completely ruled out, this would
not have a great impact on the p62-deficiency phenotype reported
here. We favor the notion that p62 is critical in the regulation of
transcriptional programs controlling mitochondrial homeostasis,
which underlies the phenotype of adipose-specific p62-KO mice.

Collectively, our findings indicate that the adipose-selective
inactivation of p62 unveils a new and unexpected function of this
important adapter in the direct control of BAT mitochondrial bio-
genesis and function.

Methods
Animal studies. For analysis of body weight, body composition, and food
intake, mice were kept at an ambient temperature of 23 + 2°C with con-
stant humidity and a 12-hour light/12-hour dark cycle. Mice had free
access to water and were fed ad libitum with either a regular standard chow
diet (5.6% fat; LM-485, Teklad) or a HFD (58% kcal fat; Research Diets Inc.).
Measurements of energy expenditure were performed using a customized
indirect calorimetric system (TSE Systems Gmbh.). After adaptation for
24 hours, recordings were collected over the following 118 hours.

Gene expression analysis. Gene expression of tissue samples (n = 7-9 mice
per group) was profiled with quantitative PCR-based (qQPCR-based) tech-
niques using SYBR green, TagMan Single Probes, or TagMan Low Density
Arrays (Applied Biosystems). TagMan Low Density Arrays were performed
in n =4 mice of each genotype. The relative expression of the selected genes
was measured using the 7900HT Fast Real-Time PCR System (Applied Bio-
systems). For low-density arrays, the PCR reactions took place on a 384 well
reaction card preloaded with the specific primers and probes by the manu-
facturer. The sequences of primers and probes were designed and validated
by Applied Biosystems and were taken from the Assay-on-Demand mouse
library. The relative expression levels of each gene were normalized to the
housekeeping gene 18S, HPRT, or RPL32.

Western blotting. Cell extracts for Western blotting were prepared in radio-
immunoprecipitation assay buffer (1x PBS, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulphate, I mM phenylmethylsulfonyl
fluoride, and protease inhibitors). Lysates were separated by SDS-poly-
acrylamide gel electrophoresis and transferred to Nitrocellulose-ECL
membranes (GE Healthcare), where the immune complex was detected
by chemiluminescence (GE Healthcare). Antibodies were purchased from
Santa Cruz Biotechnology Inc. (Gapdh, CytC, p38, p-p38, Ppargcla),
Abcam plc (Ucpl), Progen Biotechnik (p62), and Cell Signaling Technol-
ogy Inc. (Creb, P-Creb, Mapk1, P-Mapk1, Lipe, P-Lipe, P-Atf2).

Cell culturing and analysis of BAT primary cells and HIB1B cells. Culturing of adi-
pocytes was performed according to a protocol provided by C. Ronald Kahn
(Joslin Diabetes Center). For isolation of BAT primary cells, the interscapu-
lar BAT of 1-day-old global p627/- and WT mice was dissected and digest-
ed for 20 minutes in isolation buffer containing 61.5 mM NaCl, 2.5 mM
KCL, 0.65 mM CaCl,, 2.5 mM glucose, 50 mM HEPES, 2% BSA Fraction V,
and 1.5 mg/ml collagenase A (Roche Diagnostics Gmbh). Cells were cultured
for 2 days in DMEM High-Glucose (Fisher Thermo Scientific) containing
20% FBS and 1% penicillin/streptomycin. After reaching confluency, differ-
entiation was induced by switching to DMEM High-Glucose containing 10%
FBS, 20 nM insulin, 1 nM T3, 0.125 mM indomethacin, 0.5 mM IBMX, and
5.1 uM dexamethasone. Two days after start of differentiation, medium was
switched to DMEM High-Glucose containing 10% FBS, 20 nM insulin, and
1 nM T3 until start of the experiments. The HIB1B cells were provided from
Bruce Spiegelman (Department of Cancer Biology, Dana-Farber Cancer
Institute and Department of Cell Biology, Harvard Medical School).
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Depletion of macrophages from BAT primary cells. Separation of macrophages
from BAT primary cells was performed by magnetic immunoaffinity isola-
tion using anti-Cd11b antibodies conjugated to magnetic beads (MACS Cell
Separation System; Miltenyi Biotec). Following BAT digestion, Itgam-positive
(Cd11b) cells were separated using positive selection columns (LD columns;
Miltenyi Biotec) according to the manufacturer’s instructions. For validity of
cell separation, cell eluates were taken before and after depletion of Cd11b-
positive cells as well as from the retained cell fraction. Successful depletion of
macrophages was confirmed by flow cytometry and qPCR analysis.

Flow cytometry to determine macrophage frequencies in BAT primary cells. Disso-
ciated BAT primary cells were suspended in PBS/10% FCS and preincubated
with 5 ug/ml anti-Cd16/32 (FcyRII/III block, clone 2.4G2; BD Biosciences).
Cells were then stained with FITC-conjugated anti-CD45 (clone 30-F11;
eBioscience) and APC-conjugated anti-F4/80 (clone BM8; eBioscience) on
ice for 20 minutes. Propidium iodide (1 pg/ml) was used to exclude dead
cells. Flow cytometry was performed on a FACS Aria III (BD Biosciences),
and results were analyzed using FACS Diva software (BD Biosciences).

Bioenergetics of BAT primary cells. Primary cells of litters were pooled and
independently differentiated and measured. Measurement of oxygen con-
sumption rate (OCR) was performed using an extracellular flux analyzer
(XF24, Seahorse Bioscience; Billerica). After differentiation for 2 days on
a XF24 well plate, cells were washed in 1x PBS and incubated in 675 ul
of DMEM (no. 5030; Sigma-Aldrich) in a non-CO, incubator for 1 hour.
Untreated oxygen consumption was recorded for 20 minutes followed by
isoproterenol injection (0.5 uM) and subsequent OCR measurement. OCR
measurement in macrophage-depleted primary cells was performed after
differentiating for 7 days. Untreated oxygen consumption was recorded for
20 minutes followed by measurement of OCR after injection of isoproter-
enol (0.5 uM, 35 minutes), oligomycin (2 ug/ml, 21 minutes), FCCP (1 uM,
21 minutes), and rotenon/antimycin A (2.5 uM each, 14 minutes).

Cox activity. Cox activity of interscapular BAT was assessed polarographical-
ly using a Clark type electrode (RANK Brothers) and a Powerlab for data pro-
cessing (ADInstruments). Tissue was weighted and homogenized mechani-
cally in tissue buffer (100 mM potassium phosphate, 2 mM EDTA, 10 mM
glutathione, pH 7.2, at 37°C) using QIAGEN TissueLyser. Homogenates
were treated with detergent (0.1% n-dodecyl-f3-D-maltoside) and subjected to
a temperature-controlled reaction chamber containing 130 uM cytochrome ¢
from horse heart (Sigma-Aldrich) and 18 mM ascorbate in measuring buffer
(100 mM potassium phosphate, 5 mM EDTA, pH 7.2,at 37°C).
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Measurement of p38a.. Protein levels of total and phosphorylated p38a
were assessed from BAT tissue using an InstantOne ELISA (eBioscience
Inc.). BAT samples were disrupted using a TissueLyser (Qiagen) and lysed
and analyzed according to the manufacturer’s instructions.

Transmission electron microscopy. Tissue samples were fixed in 2.5%
electron microscopy grade glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.4 (Science Services), postfixed in 2% aqueous osmium tetra-
oxide, dehydrated in gradual ethanol (30%-100%) and propylene oxide,
embedded in Epon (Merck), and cured for 24 hours at 60°C. Semithin
sections were cut and stained with toluidine blue. Ultrathin sections of
50 nm were collected onto 200 mesh copper grids and stained with ura-
nyl acetate and lead citrate before examination by transmission electron
microscopy (Zeiss Libra 120 Plus; Carl Zeiss NTS GmbH). Pictures were
acquired using a Slow Scan CCD-camera and iTEM software (Olympus
Soft Imaging Solutions).

Statistics. Statistical analyses were performed using the statistical tools imple-
mented in Graph Pad Prism (GraphPad Software). Differences between treat-
ment groups were assessed by 2-way ANOVA followed by Dunnett’s or Bonfer-
roni’s post hoc test, 1-way ANOVA, or Student’s 2-tailed ¢ test. All results are
given as mean + SEM. P < 0.05 was considered statistically significant.

Study approval. All procedures were approved by the Institutional Animal
Care and Use Committee of the University of Cincinnati and were per-
formed in accordance with the NIH principles of laboratory animal care.
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