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SUMMARY

Brown adipose tissue (BAT) thermogenesis is critical for thermoregulation and contributes to total
energy expenditure. However, whether BAT has non-thermogenic functions is largely unknown.
Here, we describe that BAT-specific liver kinase b1 knockout (Lkb1BKO) mice exhibited impaired
BAT mitochondrial respiration and thermogenesis but reduced adiposity and liver triglyceride
accumulation under high-fat-diet feeding at room temperature. Importantly, these metabolic
benefits were also present in Lkb1BXO mice at thermoneutrality, where BAT thermogenesis was
not required. Mechanistically, decreased mRNA levels of mtDNA-encoded electron transport
chain (ETC) subunits and ETC proteome imbalance led to defective BAT mitochondrial
respiration in Lkb1BKO mice. Furthermore, reducing mtDNA gene expression directly in BAT by
removing mitochondrial transcription factor A (Tfam) in BAT also showed ETC proteome
imbalance and the trade-off between BAT thermogenesis and systemic metabolism at room
temperature and thermo-neutrality. Collectively, our data demonstrate that ETC proteome
imbalance in BAT regulates systemic metabolism independently of thermogenesis.
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In Brief Masand and Paulo et al. demonstrate that Lkb1 and Tfam regulate mtDNA-encoded ETC
gene expression, and their deficiencies in BAT lead to ETC proteome imbalance, a mismatch
between proportional ETC complexes. This ETC proteome imbalance locally in BAT can cause
systemic adaptive responses, which ultimately result in metabolic fitness.
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INTRODUCTION

Energy balance requires equivalent energy intake and energy expenditure. Energy is
expended primarily through basal metabolism, physical activity, and adaptive thermogenesis.
Adaptive thermogenesis, which is the process of body heat production in response to
environmental changes, occurs in the mitochondria of brown adipose tissue (BAT) (Cannon
and Nedergaard, 2004, 2011). BAT contains specialized mitochondria-rich brown adipocytes
whose thermogenic functionality is conferred by the uncoupling protein 1 (Ucpl) (Feldmann
et al., 2009; Golozoubova et al., 2001, 2006; Krauss et al., 2005; Shabalina et al., 2013). It
has been demonstrated that cold-induced sympathetic activity can trigger lipolysis and
acutely activate Ucpl, along with promoting mitochondrial biogenesis chronically through
the induction of peroxisome proliferator-activated receptor gamma coactivator 1 a (Pgcl a)
(Lowell and Spiegelman, 2000). Ucpl-mediated adaptive thermogenesis in BAT plays a
crucial role in energy homeostasis in rodents. Dysfunction of adaptive thermogenesis
precedes the development of obesity in ob/0b mice (Trayhurn et al., 1977). Furthermore,
genetic ablation of BAT or inactivation of B-adrenergic receptors (B-ARs) in mice leads to
defective thermoregulation and obesity (Bachman et al., 2002; Klaus et al., 1998; Lowell et
al., 1993), while BAT transplant improves whole-body energy metabolism in mice
(Gunawardana and Piston, 2012; Liu et al., 2013; Stanford et al., 2013).

The presence of thermogenic UCP1-positive fat depots in adult humans (human brown fat)
has been recognized using 18F-fluoro-deoxy-glucose positron emission tomography (18F-

FDG PET) with computer-assisted tomography (Cypess et al., 2009; Saito et al., 2009; van
Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). Human brown fat activity gradually
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declines with aging and metabolic diseases (Cannon and Nedergaard, 2004; Cypess et al.,
2009; Saito et al., 2009; van Marken Lichtenbelt et al., 2009). However, whether the increase
of adaptive thermogenesis in humans is quantitatively sufficient to explain the association
between brown fat abundance/activity and metabolic health remains under debate (Dulloo et
al., 2012; Major et al., 2007; Rosenbaum and Leibel, 2010).

The contribution of BAT adaptive thermogenesis to total energy expenditure is dependent on
ambient temperature (Abreu-Vieira et al., 2015; Cannon and Nedergaard, 2011; Ganeshan
and Chawla, 2017; Maloney et al., 2014). At room temperature (RT), BAT-mediated
adaptive thermogenesis is already active, and defective adaptive thermogenesis is often
associated with reduced energy expenditure and development of obesity in many animal
models. At thermoneutrality (~30°C for mouse), BAT-mediated adaptive thermogenesis is
not needed to maintain core body temperature and contributes little to total energy
expenditure. Hence, metabolic assessment at both RT and thermoneutrality is required to
determine whether any genetic or pharmacological means regulates energy metabolism
through manipulating BAT adaptive thermogenesis. Indeed, the pan adipocyte-specific
carnitine palmitoyltransferase 2 (Cpt2, an obligate step in mitochondrial long-chain fatty
acid oxidation) knockout mice exhibited defective fatty acid oxidation and adaptive
thermogenesis at both RT and thermoneutrality (Lee et al., 2015, 2016). However, these
mice only exhibited increased adiposity at RT, suggesting that decreased adaptive
thermogenesis in BAT indeed contributed to the development of obesity in these mice at RT
(Lee et al., 2015, 2016). Moreover, since the thermoneutral zone for humans is around 22°C,
metabolic studies in mouse models at thermoneutrality would be more relevant to human

physiology.

Sympathetic activity and BAR signaling drive adaptive thermogenesis in adipose tissue
(Lowell and Spiegelman, 2000). Previously, we have demonstrated how liver kinase b 1
(Lkb1) suppressed pAR-induced transcription response and regulated the formation of cold-
induced brown-like adipocytes in subcutaneous adipose tissue (Wang et al., 2017). Here, we
show that brown adipocyte-specific Lkb1 knockout mice (Lkb1BXO) had improved
metabolic performance under a high-fat diet (HFD) at both RT and thermoneutrality, despite
impaired mitochondrial respiration in BAT and defective adaptive thermogenesis. The
disassociation between BAT thermogenic function and energy homeostasis was due to a
specific blockage of mtDNA gene expression and then electron transport chain (ETC)
proteome imbalance. This conclusion was further confirmed in an additional mouse model,
the brown adipocyte-specific mitochondrial transcription factor A knockout mice
(TfamBKO), Therefore, BAT can promote organismal metabolic fitness at the expense of its
own adaptive thermogenic function. Exploiting this non-thermo-genic function of BAT may
provide novel means to tackle metabolic disorders.

Lkb1 Regulates Mitochondrial Respiration in BAT and Adaptive Thermogenesis

We have generated brown adipocyte-specific Lkb1 knockout mice, Ucp1-Cre; Lkb1f
(Lkb1BKO) to investigate the roles of Lkb1 in brown adipocytes. Immunoblots confirmed
that Lkb1 was efficiently deleted in BAT of Lkb1BKO mice (Figures 1A and 1B). AMPK is a
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known substrate of Lkb1 (Alessi et al., 2006). BAT AMPK activity was also diminished in
Lkb1BKO mice (Figures 1A and 1B), further confirming the loss of Lkb1 in BAT. In
addition, hematoxylin and eosin (H&E) staining of BAT showed that brown adipocytes were
bigger in size (hypertrophy), and a higher percentage of brown adipocytes exhibited unilocu-
lar lipid droplet morphology in Lkb1BKO mice (Figures SIA-S1C), consistent with
histological observations in the pan adipocyte-specific Lkb1 knockout mice (Lkb1AKO)
(Shan et al., 2016; Wang et al., 2017). Lkb1 deficiency in BAT did not affect overall fat
mobilization/utilization in these mice; the basal and Forskolin-induced lipolytic activities in
BAT and epididymal WAT (eWAT) were similar between control and Lkb1BKO mice
(Figures S1D and S1E). In addition, there was no significant difference in /n vivo lipolytic
response to p3-adrenergic stimulation (mimicked by CL316,243/CL administration) (Figure
S1F).

Housing temperature affects BAT thermogenic capacity in mice (Cannon and Nedergaard,
2011; Ganeshan and Chawla, 2017). We therefore performed experiments at both RT and
thermoneutrality. For the thermoneutrality experiments, ~5-week-old mice were
acclimatized at 30°C for an additional 3—4 weeks before experiments. We first measured
Ucp1 expression and thermogenic activity in control and Lkb1BXC mice housed at RT and
thermoneutrality. Ucpl mRNA and protein levels were upregulated at both RT and
thermoneutrality (Figures 1A-1C). Indirect calorimetry analysis indicated that Lkb1BXO
mice had similar energy expenditure (EE), basal oxygen consumption (VO5,), respiratory
exchange ratio (RER), food intake and physical activity at both RT and thermoneutrality
(Figures S1IK-S1P). Scatterplots showed that there were no differences in night and day EE
between control and Lkb1BKXO mice at either RT or thermoneutrality (Figures S1H and S11).
Post hoc pairwise comparisons of mean difference in EE, using body weight as a covariate
in the ANCOVA, further showed that ambient temperatures, not genotypes, caused the
difference in EE in CON and Lkb1BKO mice (Figure S1J). However, the EE increase in
response to CL stimulation in Lkb1BXO mice was reduced at RT and thermoneutrality
(Figures 1D and 1E). Linear regression analysis indicated that the slopes of change of CL-
induced EE per unit change of body weight were not overlapping between CON and
Lkb1BKO mice at both RT and 30°C (Figure 1F). We also performed an acute 4°C cold
tolerance test to determine the contribution of BAT adaptive thermogenesis to total
thermogenic capacity. Lkb1BXO mice singly housed at RT maintained their core temperature
initially, but succumbed to the 4°C cold exposure despite elevated Ucpl levels (Figures S1G
and 1A-1C). Both control and Lkb1BKO mice housed at thermoneutrality failed to maintain
their core temperature. Therefore, BAT Ucpl abundance alone does not determine
thermogenic capacity in Lkb1BKO mice.

Adaptive thermogenesis in BAT requires mitochondrial respiration followed by the Ucp1-
mediated uncoupling of mitochondrial respiration from ATP production. We therefore
sought to determine whether the defective adaptive thermogenesis observed in Lkb1BKO
mice was due to mitochondrial respiration defects in the BAT. Respiration was measured in
isolated mitochondria from BAT of Lkb1BKO mice housed at RT or thermoneutrality, which
eliminates potential differences in mitochondrial numbers. BAT mitochondria from
Lkb1BKO mice housed at both temperatures exhibited reduced respiration rates (Figures 1G
and 1H). Notably, these mitochondria also showed significant defects in uncoupled
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respiration, induced by the uncoupler FCCP (carbonyl cyanide-p-trifluoro-
methoxyphenylhydrazone) (Figures 1G and 1H). The reserve respiratory capacity (RRC),
also known as spare respiratory capacity, reflects the mitochondrial ability to respond to
increased energy demand under stress. RRC is calculated as the difference between
maximum uncoupled respiration and states respiration in response to ADP. RRC in the BAT
mitochondria of Lkb1BKXO mice was reduced (Figure 11), indicating that these mitochondria
were constantly operating close to their bioenergetic limit. The proton leak was also reduced
by half in the BAT mitochondria of Lkb1BXO mice at RT without a difference in Ucpl
expression and remained unchanged at thermoneutral conditions despite more abundant
Ucpl (Figure 11). ATP turnover rate was largely unaffected in Lkb1BXO mice at RT (Figure
11), but it was reduced under thermoneutral conditions. From these results, we conclude that
BAT mitochondria from Lkb1BKO mice exhibit respiratory abnormalities, which accounts
for the defective adaptive thermogenesis observed in the Lkb1BXO mice. Notably, the
mitochondrial respiration defects were not determined in the BAT of the pan adipocyte-
specific Lkb1-deficient mice (Shan et al., 2016). The increased VO, per body weight in
these pan adipocyte-specific Lkb1-deficient mice could be due to their smaller body weight
under HFD.

Lkb1BKO Mice Show ETC Proteome Imbalance in BAT

Mitochondrial respiration is dependent on the activity of the ETC, consisting of five protein
complexes (C-1 to C-V). A proton gradient across the mitochondrial membrane generated by
C-1to C-1V drives heat production through Ucpl-mediated uncoupling in brown adipocytes,
rather than producing ATP through C-V (ATP synthase). Since BAT mitochondria from
Lkb1BKO mice had respiratory defects, we questioned whether the Lkb1 deficiency was
causing ETC defects in these mice. We first investigated if the composition of the ETC
proteome was affected in the BAT of Lkb1BKO mice. Blue-native PAGE revealed no
structural anomalies; all the complexes and super-complexes were readily detected in BAT
mitochondria of these mice (Figure S2A). However, immunoblots showed reductions of mt-
Co1l (a C-1V subunit) and Uqcrc2 (a C-111 subunit) at both RT and thermoneutrality (Figures
S2B and S2C).

To obtain a global view of the BAT mitochondrial proteome, we performed mass
spectrometry analysis of isolated mitochondria from BAT of control and Lkb1BKO mice at
RT and thermoneutrality (Table S2) (Cox et al., 2014; Cox and Mann, 2008). In each
condition, we identified approximately 760 mitochondrial proteins (roughly 70% of the
mitochondrial proteins listed in MitoCarta2.0) (Figure S2D). Only the mitochondrial
proteins were selected for further analyses. Principal component analysis revealed variation
between the mitochondrial proteomes of controls at both RT and thermoneutrality but no
variation between the mitochondrial proteomes in the Lkb1BXO mice at the two temperature
conditions (Figure S2E). Using 1.5-fold difference and adjusted p value (false positive rate)
<0.1 as the cutoff, more proteins were found deregulated in Lkb1BKO mice at
thermoneutrality (Figures S2F and S2G). The differences between control and LBK1BKO
mice found at RT (18 of 35 upregulated proteins and 28 of 41 downregulated proteins) were
maintained at thermoneutrality (Figures S2H and S2I). Protein-complex enrichment analysis
revealed that C-111 and C-1V subunits were among the most downregulated proteins in
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Lkb1BKO mice (Figure 2A). We found lower protein abundance for most C-1V protein
subunits in Lkb1BXO mice, while most C-1V assembly factors were upregulated (Figure 2B).
Indeed, immunoblots confirmed that C-1V subunits mt-Col, mt-Co2, Cox4, Cox5b, and
Cox6b1 were reduced, while C-11 subunit Sdhb remained unchanged in the BAT of Lkb1BKO
mice (Figure 2C). On the other hand, Surfl protein, an assembly factor for C-1V (Zhu et al.,
1998), was increased in the BAT of Lkb1BXO mice (Figure 2C), which might reflect a failed
attempt to rescue the C-1V deficiency. Consistently, /in vitro C-111 and C-1V enzyme
activities were also attenuated in the BAT of Lkb1BKO mice (Figure 2D).

Optimal ETC activity requires precise control of the composition between C-I to C-V, and
its proteome imbalance leads to respiratory defects. To quantitate this BAT ETC proteome in
the Lkb1BKO mice, we evaluated proteome changes of an individual complex by calculating
the average log2 fold change (log2FC) values for all identified proteins within each complex
from our mass spectrometry dataset. These values reflect proteome change of each ETC
complex as a whole, rather than the change of an individual protein, in the BAT of Lkb1BKO
mice. Notably, C-1V was most affected at both RT and thermoneutrality, while C-I1, which is
entirely nuclear encoded, was least affected (Figure 2E). For instance, BAT mitochondria of
Lkb1BKO mice had about a 2-fold relative reduction of the C-1V proteome (compared with
the C-11 proteome) particularly at thermoneutrality (Figure 2E). This quantitative analysis
reveals that significant alteration in the ETC composition, especially reduction of the C-1V
proteome, occurs in the BAT of Lkb1BKO mice.

Lkb1 Deficiency in BAT Specifically Regulates mRNA Levels of mtDNA-Encoded ETC

Subunits

To determine where these ETC defects stem from, we looked at steady-state mRNA levels of
C-1V subunits in the BAT of Lkb1BXO mice. C-1V is a large protein complex consisting of
13 different subunits, which are encoded by both the mitochondrial (mtDNA) and nuclear
genomes. Strikingly, steady-state mRNA levels of mtDNA-encoded C-1V subunits (mt-Col,
mt-Co2, and mt-Co3) were downregulated in BAT of Lkb1BKO mice at RT and
thermoneutrality, while the steady-state mMRNA levels of nuclear-encoded subunits remained
largely unchanged (Figure 2F). Interestingly, this mitochondrion-specific regulation of ETC
subunit gene expression was not restricted to C-1V. For example, steady-state mMRNA levels
of mtDNA-encoded ETC subunits of C-I (mt-Nd4 and mt-Nd5), C-I1l1 (mt-Cyb) and C-V
(mt-Atp8 and mt-Atp6) were also downregulated in the BAT of Lkb1BKO mice, without
significant changes in steady-state mRNA levels of nuclear-encoded subunits (Figure 2G).
This was consistent with the reduction of mtDNA copy number in the BAT of Lkb1BKO
mice at both temperatures (Figure 2H). Therefore, Lkb1 deficiency in BAT specifically
decreases steady-state mRNA levels of the mtDNA-encoded ETC subunits, thus leading to
an ETC proteome imbalance.

In order to determine whether ETC proteome imbalance in BAT is uniquely affected by
Lkb1 deficiency, rather than a universal response associated with defective adaptive
thermogenesis, we analyzed ETC proteome in the BAT of thermogenesis defective betaless
mice (Bachman et al., 2002). In fact, the C-1V ETC proteome was not affected by AR
deficiency, as protein levels of C-1V subunits were not significantly altered in isolated BAT
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mitochondria from betaless mice (Figures S2J and S2K). The mRNA levels of Pgcla, the
master regulator of mitochondrial biogenesis, were only reduced in the BAT of betaless mice
(Figures 21 and S20). Consequently, mRNA levels of mtDNA- and nuclear-encoded ETC
subunits and Ucpl were downregulated in the BAT of betaless mice (Figures S2L-S20),
suggesting there was impaired mitochondrial biogenesis in the BAT of betaless mice. This
was in sharp contrast with the mitochondrion-specific regulation of ETC subunit gene
expression observed in Lkb1BKO mice. Thus, mitochondrial ETC proteome imbalance,
rather than impaired mitochondrial biogenesis, causes the adaptive thermogenesis defect in
the Lkb1BKO mice.

Since the Lkb1 deficiency in BAT led to reduced mtDNA copy humber and mtDNA gene
expression, we surveyed mRNA and protein levels of key factors involved in mtDNA
replication (Twinkle, Tfam, and Ssbpl), mtDNA transcription (Gfm1, Gfm2, Tfb2m,
Mterf2, Mtpap, Polg, and Polrmt), and mitochondrial RNA processing and stability (Grsf1,
Lrpprc, and Slirp). None of these factors were significantly downregulated in the BAT of
Lkb1BKO mice at both RT and thermoneutrality, although the mRNA levels of some factors
were reduced (Figure S2P). In fact, Polrmt, Tfb2m, and Grsfl proteins were even elevated,
which might reflect a compensatory response to impaired mtDNA-encoded gene expression.

Lkb1BKO Mice Exhibit Improved Metabolic Performance Despite Defective Adaptive
Thermogenesis

Defective adaptive thermogenesis is often associated with obesity. For example, the betaless
mice were prone to the development of obesity and hepatic steatosis (Bachman et al., 2002).
Lkb1BKO mice did not show any body weight difference up to 5 months of age under normal
chow (Figures S3A-S3C); neither did the Lkb14XO mice (Wang et al., 2017). We therefore
investigated the metabolic phenotypes of Lkb1BKO mice in response to HFD feeding. At RT,
BAT of Lkb1BKO mice was hypertrophic and contained an increased percentage of
unilocular brown adipocytes (Figures S3D-S3F). However, Lkb1BXC mice gained less body
weight after 4-week HFD (Figures 3A, 3B, and S3G). In addition, they had smaller inguinal
(iWAT) and epididymal (eWAT) white adipose tissue depots (Figures 3C and 3D), along
with smaller adipocytes in eWAT (Figures 3E and 3F). Lkb1BKO mice also showed
decreased triglyceride (TG) accumulation in the liver (Figures 3G and 3H), lower fasting
glucose levels and a minor reduction of glucose disposal rate in insulin tolerance test (ITT)
(Figures S3L and S3N). There were no differences in serum insulin levels, glucose disposal
rates in glucose tolerance test (GTT), and insulin-induced Akt phosphorylation in the muscle
(Figures S3M and S30-S3Q). The mRNA levels of macrophage markers (Cad68, F4/80, and
Cd11c) and adipokines (Fgr21, adiponectin, and leptin) in eWAT were not changed (Figure
S3R). Taken together, Lkb1BKO mice exhibit metabolic benefits under short-term HFD,
mainly reduced adiposity and liver TG contents, despite thermogenic defects in BAT.

These metabolic benefits observed in Lkb1BKO mice at RT could be due to certain
compensatory thermogenic mechanisms that were more metabolic insufficient (Enerback et
al., 1997; Feldmann et al., 2009; Liu et al., 2003). To circumvent this possibility, we
investigated whether these metabolic benefits were also present in Lkb1BKO mice at
thermoneutrality, since BAT mitochondria remained dysfunctional at thermoneutrality. We
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found that, at thermoneutrality, Lkb1BKO mice still gained less body weight, showed
reduced adipose mass and smaller adipocytes under HFD (Figures 31-3K and S3H-S3J),
despite a complete loss of multilocular morphology in brown adipocytes (Figures S3D—
S3F). At thermoneutrality, Lkb1BKO mice also had reduced triglyceride accumulation in the
liver (Figures 3L and S3K), although their glucose metabolism (in both GTT and ITT) and
marker expression in e WAT were not affected (Figures S3L-S30 and S3R). Lkb1BXO mice
showed a mild decrease in insulin-induced Akt phosphorylation in skeletal muscle (Figures
S3P and S3Q). Indirect calorimetry experiments showed that Lkb1BKO mice after 4-week
HFD exhibited similar EE, VO,, and RER as control mice at either RT or thermoneutrality
(Figures S3S-S3Y). There were slight reductions of food intake at RT and physical activity
at thermoneutrality in Lkb1BXO mice (Figures S3Z-S3AA). Therefore, contributions of BAT
thermogenic function to organismal thermoregulation and metabolic performance are
uncoupled in the Lkb1BKO mice.

TfamBKO Mice Exhibit Mitochondrial Respiration Defects Due to Decreased mtDNA Gene

Expression

Lkb1 regulates many cellular functions besides mtDNA gene expression (Alessi et al.,
2006); thus, ETC proteome imbalance in BAT may not contribute to systemic metabolism in
the Lkb1BKO mice. In order to establish the causal relationship between BAT ETC proteome
imbalance and systemic metabolic benefits, we further investigated whether reducing
mtDNA-encoded gene expression directly in BAT could lead to ETC proteome imbalance
and subsequently to systemic metabolic benefits.

Mitochondrial transcription factor A (Tfam) is essential for mtDNA replication and stability
as well as transcription of mtDNA-encoded genes, and Tfam deletion in mice led to reduced
mtDNA copy number and mtDNA gene expression (Larsson et al., 1998). We therefore
generated BAT-specific Tfam knockout mice (Ucpl-Cre; Tfamf, TfamBKO) and examined
the effect of Tfam deficiency on mtDNA gene expression in BAT. Tfam mRNA and proteins
levels were significantly reduced in BAT of TfamBXO mice (Figures S4A and S4B). At RT,
BAT from TfamBKO mice was also hypertrophic and contained a higher percentage of
unilocular brown adipocytes (Figures S4C-S4E), similar to Lkb1BKO mice. Lipolytic
activity was not affected in TfamBXO mice jn vitroand in vivo (Figures S4F-S4H). As
expected, BAT of TfamBXO mice showed reduced steady-state mMRNA levels of mtDNA-
encoded C-1V subunits at both RT and thermoneutrality, and mRNA levels of nuclear-
encoded C-1V subunits and Ucpl were not altered in these mice (Figures 4A and S4B). The
BAT of TfamBXO mice had reduced expression of most mtDNA-encoded C-1, C-111, and C-
V genes, while nuclear-encoded ETC genes were largely unchanged (Figure 4B).
Immunoblots further confirmed the reduction of mtDNA- and nuclear-encoded C-1V
proteins (mt-Col, mt-Co2, Cox4, Cox5b, and Cox6b1) (Figures 4C, S4J, and S4K), and the
BAT of TfamBXO mice exhibited reduced C-1V activity at RT and thermo-neutrality (Figure
4F). The mtDNA copy number was also reduced in the TfamBKO mice (Figure S4l). Due to
the defects of mtDNA gene expression, TfamBXO mice housed at RT and thermoneutrality
also exhibited reduced respiration rates, as well as reduced RRC and ATP turnover rates
(Figures 4G—-4l). Indirect calorimetry analysis further showed that TfamBKC mice had
reduced CL-induced EE (Figures 4J and 4K). Similar linear regression analysis indicated
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that the slopes of change of CL-induced EE per unit change of body weight were not
overlapping between CON and TfamBKO mice at both RT and 30°C (Figure 4L). Basal EE,
VO,, RER, food intake, and physical activity remained largely unaffected (Figures S4L—
SAT). Collectively, Tfam deficiency leads to reduced expression of mtDNA-encoded ETC
genes and respiratory defects in the BAT.

The C-1V deficiency in the BAT of TfamBKO mice was further confirmed by mass
spectrometry analysis of BAT mitochondrial proteome (Figures SSA-S5F; Table S3).
Similar to Lkb1BKO mice, TfamBKO mice BAT mitochondrial proteomic profiling showed
that C-1V was one of the most profoundly affected ETC complexes; all mtDNA- and
nuclear-encoded C-1V protein were reduced while many C-1V assembly factors were
upregulated at both RT and thermoneutrality (Figures 4D and 4E). C-1V subunits (Cox5a,
Cox6b1, Cox6c, Cox7c, and Ndufad) were downregulated in both Lkb1BKO and TfamBKO
mice at both RT and thermo-neutrality with p values <0.1 (Figure S5G). Other C-1V
proteins, such as mt-Co2 and Cox4il, did not reach the 0.1 cutoff, possibly due to the small
number used in the mass spectrometry analysis (n = 3). C-I subunits (mtDNA-encoded mt-
Nd1, mt-Nd3, and most nuclear-encoded subunits) and mitochondrial ribosome subunits
were specifically downregulated in TfamBXO mice (Figure S5G). In addition to changes in
ETC, several proteases and chaperons (Dnajc15, Afg3l1, Afg3I2, Clpx, and Lonp2) were
selectively upregulated in Lkb1BKO and/or TfamBKO mice (Figure S5H), suggesting that
mitochondrial proteostasis might be activated in response to the ETC proteome imbalance.
We also compared expression levels of key components of mitochondrial fusion/fission,
glycolysis, tricarboxylic acid (TCA), and beta-oxidation enzymes (Figures S5I-S5K).
Interestingly, Mfn1 was reduced and Hk1 was elevated in Lkb1BXO and TfamBKO mice at
both temperatures, which might suggest mitochondrial dynamics and metabolic
reprogramming might occur in order to cope with the respiratory defects. Although no
consistent changes in protein levels of TCA and beta-oxidation enzymes were observed, we
could not rule out the possibility that TCA and beta-oxidation activities are altered in Lkb1-
or Tfam-deficient BAT.

TfamBKO Mice Are Protected against HFD-Induced Obesity, Insulin Resistance, Adipose
Inflammation, and Hepatic Steatosis

Because Tfam only regulates mtDNA stability and gene expression while Lkb1 regulates
additional processes outside mitochondria, we reasoned that TfamBKO mice would be the
better model system to investigate the metabolic consequences of BAT ETC proteome
imbalance. Under normal chow, TfamBKXO mice weighed less than controls at about 6
months of age, due to the decreases of both lean and fat mass (Figures S6A-S6C), which
was similar to the pan adipocyte-specific Tfam knockout mice (Adiponectin-Cre; Tfamf,
TfamAKO) (Vernochet et al., 2014). However, TfamBKO mice did not show insulin resistance
as observed in the Tfam”KO mice at a similar age (Vernochet et al., 2014). Serum TG levels
were reduced in TfamBKO mice only at thermoneutrality (Figure S6H). The glucose disposal
rates in both GTT and ITT assays and serum insulin levels in TfamBK© mice were not
altered (Figures S6D-S6F), and neither were the liver TG levels and macrophage infiltration
in eWAT (Figures S6G and S6l), suggesting these metabolic activities are differentially
regulated by brown and white adipocytes.
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We then examined metabolic performance of TfamBKO mice under HFD at both RT and
thermoneutrality. In particular, we characterized their metabolic activities after 4 and 12
weeks on HFD. In BAT of TfamBXO mice, brown adipocytes lost their multilocular
morphology completely (Figure 5A). TfamBKO mice were resistant to HFD-induced obesity
(Figure 5B), due to reductions in fat mass (Figures 5C-5E). They also showed reduced
adipose tissue mass (Figures 5F and 5G) and smaller adipocytes (Figures 5H-5J) at both
temperatures. Notably, these differences were obvious as early as 4 weeks on HFD and
became more significant along the time course of an HFD regimen.

Metabolic syndrome includes abdominal obesity, dyslipidemia, insulin resistance, and
inflammatory milieu (Lusis et al., 2008). We then examined whether insulin sensitivity and
liver TG metabolism were affected in TfamBKO mice under HFD. Glucose metabolism was
normal in TfamBKO mice after 4-week HFD; they showed comparable serum fasting glucose
and insulin levels and glucose disposal rate in a GTT assay as control mice (Figures S7TA-
S7D). TfamBXO mice only showed a slightly accelerated glucose clearance in an ITT assay
at thermoneutrality (Figure S7A). After 12-week HFD, however, TfamBKO mice exhibited
improved glucose disposal rates in ITT and GTT assays and reduced serum insulin levels
(Figures 6A—6C). Immunoblots showed there were increased pAkt activities in response to
insulin in muscle, suggesting there was increased muscle insulin sensitivity after 12-week
HFD at both RT and thermoneutrality (Figures 6D and 6E). Increased muscle insulin
sensitivity was not observed in TfamBKO mice after 4-week HFD (Figures S71 and S7J).

Adipose tissue inflammation was not evident in control and TfamBXO mice after 4-week
HFD, although there were slight reductions in macrophage gene expression in the eWAT of
TfamBKO mice (Figure S7E). However, the crown-like structures (CLSs) were abundant in
the eWAT of control mice after 12-week HFD at both RT and thermoneutrality, and absent in
TfamBKO mice (Figures 5H and 6F). This was correlated with significant reductions of
mRNA levels of macrophage markers Cd68, F4/80, and Cdl1cin the eWAT of TfamBKO
mice (Figure 6G). We also surveyed the mRNA levels of known pro-inflammatory cytokines
(Tnfa, 1I-1B, 1I-6, Visfatin, Resistin, Rbp4, Ccl2, and Leptin) in eWAT (Makki et al., 2013).
Among them, Cc/2and Leptin showed most significant reductions in the eWAT of TfamBKO
mice after 12-week HFD (Figure 61). Indeed, serum lep-tin levels were also reduced in
TfamBKO mice (Figure 6H). We next examined lipid metabolism in TfamBKO mice. Liver
TG contents were reduced in TfamBKO mice after 12-week HFD (Figures 6J and 6K). In
fact, the reduced liver TG content in TfamBKO mice was also observed after 4-week HFD at
both temperatures (Figures S7F and S7G). However, the serum TG levels were only reduced
after 12-week HFD (Figures 6L and S7H).

These metabolic benefits under HFD in TfamBKO mice were present at both RT and
thermoneutrality, suggesting that BAT adaptive thermogenesis was not involved. Indeed,
indirect calorimetry analysis of TfamBKO mice after 4-week HFD showed that total EE,
VO,, RER, and food intake were not changed significantly at both RT and thermoneutrality
(Figures STK-S7R). TfamBKO mice even exhibited trends of reduced physical activities at
both temperatures (Figure S7S). Notably, beige adipocytes in subcutaneous iWAT were
expanded at RT but were absent at thermoneutrality in TfamBKXC mice (Figures S7T-S7V),
indicating that beige adipocyte expansion did not contribute to the metabolic benefits under
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HFD. There was no compensatory expansion of beige adipocytes in iWAT of Lkb1BXO mice
at RT (Wang et al., 2017). In conclusion, our data indicate that specific reduction of mtDNA-
encoded ETC genes can lead to ETC proteome imbalance locally in BAT, and systemic
metabolic benefits in a thermogenesis-independent manner.

DISCUSSION

Although BAT is a non-essential organ for organismal survival under normal physiological
conditions, promoting BAT development and function has been proposed as an alternative
approach to increase EE and ultimately to improve metabolic health in humans. Several key
genetic programs of adaptive thermogenesis have been identified. For example, PR domain-
containing 16 (Prdm16) controls the bidirectional fate decision between skeletal myoblasts
and brown adipocytes (Seale et al., 2008). Also, Pgcla and p govern mitochondrial
biogenesis in brown adipocytes (Uldry et al., 2006). Mitochondrial functions, such as fatty
acid oxidation, TCA, and ETC, are all needed for Ucpl-mediated adaptive thermogenesis in
brown adipocytes (Ahmadian et al., 2011; Ellis et al., 2010; Lee et al., 2015, 2016; Yang et
al., 2016; Zimmermann et al., 2004). All these mitochondrial functions are controlled by the
nuclear genome, but mitochondria also have their own mtDNA that encodes 13 catalytic
subunits of the ETC. Rare mutations of these mtDNA-encoded ETC genes cause respiration
defects, leading to mitochondrial disorders with a broad spectrum of neurological and
systemic manifestations in humans. Disruption of either nuclear or mitochondrial ETC
components should impair adaptive thermogenesis in BAT. Although contributions of
individual mtDNA-encoded ETC subunits to adaptive thermogenesis have not been
thoroughly examined, our study shows that reducing expression levels of all mtDNA-
encoded ETC genes indirectly (through Lkb1 deficiency) or directly (through Tfam
deficiency) affects adaptive thermogenesis in BAT.

Lkb1 is a master kinase that regulates diverse cellular activities through the phosphorylation
of 13 downstream AMPK and AMPK-related kinases (Alessi et al., 2006; Shan et al., 2016;
Zhang et al., 2013). AMPK has been identified as an essential non-mitochondrial component
of oxidative phosphorylation (Arroyo et al., 2016). But pan adipocyte-specific AMPK
knockout mice were obese and insulin resistant (Kim et al., 2016; Mottillo et al., 2016),
suggesting that other AMPK-related kinases may mediate Lkb1’s effect in BAT. Similarly,
Lkb1 can modulate mitochondrial functions in hematopoietic stem cells through AMPK-
dependent and -independent mechanisms (Gan et al., 2010; Gurumurthy et al., 2010; Nakada
et al., 2010). Although BAT of Lkb1BKO mice had similar mitochondrial respiration defects
and ETC gene expression profiles as those of TfamBKO mice, Tfam expression was not
altered in the BAT of Lkb1BKO mice (data not shown). Therefore, Lkb1 may regulate
mtDNA gene expression and mitochondrial respiration in BAT through Tfam-independent
mechanisms. Moreover, given multi-layered regulation of mtDNA-encoded protein
expression (Hallberg and Larsson, 2014), it is tempting to speculate that manipulating any
step, including mtDNA replication, transcription, RNA processing/maturation, ribosome
assembly, or protein translation, can similarly cause reduction of mtDNA-encoded gene
expression and mitochondrial ETC proteome imbalance.
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Adaptive thermogenesis is the primary function of BAT mitochondria. Here, we describe
that BAT mitochondria have the capacity to regulate systemic metabolism independently of
their thermogenic function. Two different mouse models (Lkb1BXO and TfamBKO mice)
exhibit reduced adiposity and liver TG accumulation at both RT and thermoneutrality
despite their defective adaptive thermogenesis. Mechanistically, this trade-off between
thermogenic capacity and overall organismal fitness is due to the specific reduction of
mtDNA-encoded gene expression in the BAT (Figure 7). In contrast, reducing Pgcla-
mediated mitochondrial biogenesis in brown-adipocyte-specific Irf4 and Hdac3 knockout
mice affected the expression of both mtDNA- and nuclear-encoded genes in BAT, leading to
thermogenic defects but without metabolic benefits (Emmett et al., 2017; Kong et al., 2014).
TfamBKO mice are resistant to long-term HFD-induced insulin resistance, dyslipidemia, and
non-alcoholic fatty liver disease, which might be secondary to reduced adiposity. Thus, this
unknown non-thermogenic function in BAT originates from stressed mitochondria and is
more dominant than Ucpl-mediated uncoupling. It is plausible that stressed mitochondria
with ETC proteome imbalance can activate mitochondrial unfolded protein response locally
in BAT to affect fat mass. Other processes, such as abnormal hormone secretion or metabolic
reprogramming in BAT adapted from the ETC proteome imbalance, are also possible.
Investigating the *“altruistic behaviors” of BAT ETC proteome in systemic metabolism will
not only improve the understanding of BAT physiology but also provide novel approaches to
prevent and treat obesity and associated metabolic disorders.

ETC proteome imbalance has been observed in other settings (referred to as mitonuclear
protein imbalance). ETC proteome imbalance can activate mitochondrial unfolded protein
response (UPR™!) to regulate longevity in Caenorhabditis elegans (Houtkooper et al., 2013).
The activation of UPR™ in neurons can induce metabolic fitness in C. elegansin a non-cell
autonomous manner (Berendzen et al., 2016; Mardones et al., 2014). Some anti-bacteria
antibiotics can cause ETC proteome imbalance in multiple species due to their activities to
specifically suppress mtDNA translation (De Silva et al., 2015; Greber and Ban, 2016). For
example, doxycycline can inhibit mitochondrial protein synthesis by blocking the
recruitment of aminoacyl-tRNA to a small subunit (Wang et al., 2015). Wild-type mice fed
with doxycycline in the water for 1 week exhibited mitonuclear prote-ome imbalance in the
liver, due to its activity to inhibit mitoribo-some (Moullan et al., 2015). In fact, the Lkb1BKO
and TfamBXO mice represent the first mouse models that affect ETC proteome imbalance
specifically in BAT.

Mitochondria are essential for all metabolic activities, and they have developed adaptive
strategies to communicate with other cellular compartments to endure harsh environmental
changes throughout evolution (Ryan and Hoogenraad, 2007; Wallace, 2005; Yun and Finkel,
2014). Therefore, the general principles of the trade-off between BAT thermogenic capacity
and systemic metabolism, through non-cell autonomous actions of mitochondria with the
ETC proteome imbalance, for instance, may also be applicable in other physiological and
pathological conditions.
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The specific mechanism connecting this BAT dysfunction to systemic benefits is not fully
delineated. However, the ETC proteome imbalance mechanism will serve as a cornerstone
for us, and other investigators, to identify the unknown “batokines” and/or activating
peripheral stress signals and to explore this new BAT biology in the future.

Detailed methods are provided in the online version of this paper and include the following:

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse anti-Lkb1

Rabbit anti-pT172 AMPK
Rabbit anti-AMPK
Rabbit anti-Hsp90

Mouse anti-total OXPHOS rodent
Rabbit anti-Hsp60

Rabbit anti-mt-Co2
Rabbit anti-Cox4

Rabbit anti-Cox5b

Rabbit anti-Cox6b

Rabbit anti-Surfl

Goat anti-Tfam

Rabbit anti-Ucpl

Rabbit anti-pS473 AKT
Rabbit anti-AKT

Chemicals, Peptides, and Recombinant

Proteins

Oligomycin A

Sodium pyruvate
FCCP

Antimycin A from Streptomyces sp.
Rotenone

B-NADH

DCIP

DTNB

Acetyl Coenzyme A
Cytochrome C
Decylubiquinone
Potassium Borohydride
Potassium Cyanide

Potassium Ferricyanide
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Santa Cruz Biotechnology
Cell Signaling

Cell Signaling

Santa Cruz Biotechnology
Abcam

Bethyl

Proteintech

Cell Signaling

Bethyl

Abgent

Proteintech

Santa Cruz Biotechnology
Sigma

Cell Signaling

Cell Signaling

Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma

Sigma

Cat#SC-32245; RRID: AB_627890
Cat#2535

Cat#2603; RRID: AB_490795
Cat#SC-7949

Cat#ab110413; RRID: AB 2629281
Cat#A302-846A; RRID: AB_10634219
Cat#55070-1-AP; RRID: AB_10859832
Cat#4850

Cat#A-305-523A-T

Cat#AP20624a

Cat#15379-1-AP; RRID: AB_2239968
Cat#SC-23588; RRID: AB_2303230
Cat#U6382

Cat#9271

Cat#4691; RRID: AB_915783

Cat#75351
Cat#SA636
Cat#C2920
Cat#A8674
Cat#R8875
Cat#N7410
Cat#D1878
Cat#D8130
Cat#A2056
Cat#C3131
Cat#D7911
Cat#P4129
Cat#20781
Cat#244023
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REAGENT or RESOURCE SOURCE IDENTIFIER
Sodium Hydrosulfite Sigma Cat#157953
Insulin solution human Sigma Cat#19278-5ML
Forskolin Sigma Cat#F6886-10MG

CL316243 disodium salt
Bio-Rad Protein Assay Solution
TRIsure

Critical Commercial Assays
XFe24 Flux Assay Kit

Infinity Triglycerides Reagent
QlAamp DNA Mini Kit
ISOLATE Il RNA Mini Kit
iScript cDNA Synthesis Kit

Mouse insulin ultrasensitive ELISA kit

Mouse leptin ELISA kit
Deposited Data

BAT mitochondrial mass spectrometry

data

Experimental Models: Organisms/Strains

Lkb1f

Tfamf

Ucpl-Cre

Betaless

Oligonucleotides

Full sequences in Table S1
Software and Algorithms
ImageJ

MaxQuant data analysis

Tocris bioscience
BioRad

Bioline

Agilent Technologies
Thermo Scientific
Qiagen

Bioline

BioRad

Alpco

Crystal Chem

ProteomeXchange Consortium

JAX
JAX
JAX
Bachman et al., 2002

Elim Biopharm

NIH
Cox and Mann, 2008

Cat#1499
Cat#500-0006
Cat#B10-38033

Cat#102340-100
Cat#TR22421
Cat#51304
Cat#B10-52073
Cat#170-8891
Cat#80-INSMSV-EO1
Cat#90030

ProteomeXchange: PXD008599

Cat#014143
Cat#026123
Cat#024670
N/A

N/A

https://imagej.nih.gov/ij/
N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Biao Wang (biao.wang@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Models—Lkb17f (JAX#014143) and Tfam®/f (JAX#026123) mice were obtained
from The Jackson Laboratory. Betaless mice were provided by Dr. Shingo Kajimura. About
8-week-old male and female Lkb1BKO, TfamBKO, petaless mice and their relevant controls

were used for biochemical analysis. Male Lkb1BKO, TfamBKO mice and their relevant

controls (started at ~8-week of age) were used for thermogenic and metabolic studies. Mice
were housed in a temperature-controlled environment at 22 °C under a 12h light:dark cycle
with free access to water and food (PicoLab Rodent Diet 20, #5053). There were no

inclusion/exclusion criteria for mice studies. Mice were in C57BL/6J background. All
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animal experiments were approved by the UCSF Institutional Animal Care and Use
Committee in adherence to US National Institutes of Health guidelines and policies.

METHOD DETAILS

Indirect Calorimetry Measurements—For thermoneutral experiments, ~5-week-old
mice were placed in a 30°C rodent chamber (Power Scientific RIS52SD Rodent Incubator)
for an additional 3-4 weeks to reach their thermoneutral zone. Basal energy expenditure
(EE) and CL-induced EE were calculated and presented as scatter plots, followed by
progression analysis. Oxygen consumption /in vivo was quantified using CLAMS (Columbus
Instruments). Rates of O, (VO,) consumption and CO, (VCO,) release were monitored and
expressed per mouse and per body weight (Butler and Kozak, 2010; Tschop et al., 2012).
Investigators were blinded to the mouse genotypes for CLAMS, which was performed by
the UCSF Diabetes and Endocrinology Research Center Metabolic Research Unit.

Metabolic Studies—About 8-week-old mice were transferred to a 60% fat diet (Research
Diets, D12492) housed at RT or 30°C. For HFD at thermoneutrality, 5-week-old mice were
housed in a 30°C rodent chamber for 3-4 weeks prior to starting HFD. Body weight was
monitored once a week. For insulin tolerance test (ITT), mice were fasted 4-6 hours before
intraperitoneal administration of insulin (Humulin; 0.75U kg™1). For glucose tolerance test
(GTT), mice were fasted 18 hours before intraperitoneal administration of glucose (0.75U
kg™1). Glucose was measured from tail vein at indicated time points with a glucometer
(Contour, Bayer). For in vitro lipolysis, mice were fasted for 6 hours and 20 mg of fat tissue
was collected and incubated at 37°C in modified Krebs-Ringer buffer (121 mM NacCl, 5 mM
KCI, 0.5 mM MgCl, 0.4 mM NaH,PQOy4, and 1 mM CaCl,) supplemented with 1% fatty acid
free BSA, 0.1% glucose, and 20 mM HEPES. Glycerol release before and after Forskolin
(FSK) is determined using Infinity Triglycerides Reagent (Thermo, TR22421). For in vivo
lipolysis, mice were fasted for 6 hours and serum glycerol levels were measured before and
after img kg~ CL injection.

Cold Tolerance Test (CTT)—About 8-week-old male and female mice were single-
housed with free-access to food and water during CTT. Rectal temperature was monitored
hourly during 4°C cold challenge with a BAT-12 Microprobe Thermometer (Physitem
Instruments). Cold challenge was started at 11am (4 hours after light on).

ETC Complex Activities—Frozen BAT tissue from about 8-week-old male and female
mice was homogenized in 250 pL homogenization buffer (120 mM KCI, 20mM HEPES,
1mM EGTA, pH 7.4) by sonication (5 second pulse x5, 60% power) using a Microson
XL2000 Ultrasonic Cell Disruptor (Misonix). Protein was quantitated using the Bradford
assay and all samples were diluted to a final concentration of 1pg/ul of protein. The
spectrophotometric kinetic assays were performed using a monochromator microplate reader
(Tecan M200 Pro). Complex | activity (NADH:ubiquinone oxidoreductase) was determined
by measuring oxidation of NADH at 340 nm (using ferricyanide as the electron acceptor) in
a reaction mixture of 50 mM potassium phosphate (pH 7.5), 0.2 mM NADH, and 1.7 mM
potassium ferricyanide. Complex Il activity (Succinate Dehydrogenase) was determined by
measuring the reduction of the artificial electron acceptor 2,6-di-chlorophenol-indophenol
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(DCIP) at 600 nm in a reaction mixture of 50 mM potassium phosphate (pH 7.5), 20 mM
succinate, 2 uM DCIP, 10 uM rotenone, and 1 mM potassium cyanide. Complex Il activity
(Ubiquinol:cytochrome ¢ oxidoreductase) was determined by measuring the reduction of
cytochrome cat 550 nm in a reaction mixture of 50 mM potassium phosphate (pH 7.5), 35
UM reduced decylubiquinone, 15 uM cytochrome ¢, 10 uM rotenone, and 1 mM potassium
cyanide. Complex 1V activity (Cytochrome ¢ oxidase) was determined by measuring the
oxidation of cytochrome cat 550 nm in a reaction mixture of 50 mM potassium phosphate
(pH 7.0) and 100 uM reduced cytochrome c¢. Citrate synthase activity was determined by
measuring the reduction of 5,5’ -dithiobis(2-nitro-benzoic acid) (DTNB) at 412 nm which
was coupled to the reduction of acetyl-CoA by citrate synthase in the presence of
oxaloacetate. The reaction mixture consisted of 100 mM Tris-HCI (pH 8.0), 100 uM DTNB,
50 pM acetyl-CoA, and 425 uM oxaloacetate. All activities were calculated as
nmoles/min/mg protein, normalized to citrate synthase (CS) activity and finally expressed as
the percentage of wild-type activity.

Mitochondria Isolation—Freshly dissected BAT tissue from about 8-week-old male and
female mice was homogenized in a Dounce homogenizer with 5ml ice-cold mitochondria
isolation buffer (210mM Mannitol, 70mM Sucrose, 1ImM EGTA, 5mM HEPES pH7.5, 0.5%
BSA). The homogenates were filtered through cheesecloth to remove residual particulates
and intact mitochondria were isolated by differential centrifugation using a previously
described protocol (Methods Enzymol 1979;55:65-78). The mitochondrial pellet was
resuspended in 25pL of isolation buffer and protein was quantitated using the Bradford
assay.

Mitochondrial Respiration Assay—The XFe24 extracellular flux analyzer from
Seahorse Biosciences was used to measure the rate of mitochondrial oxygen consumption,
as previously described (Sadat et al., 2016). Mitochondria were isolated from 6-8-week-old
male and female mice and immediately plated on the XFe24 cell culture microplate at a
density of 2ug per well. The plate was centrifuged at 2000g for 20 mins at 4°C to enable the
mitochondria to adhere to the plate. The XFe24 cartridge was equilibrated with the
calibration solution overnight at 37°C. Mitochondrial Assay Solution (1X MAS) (70 mM
sucrose, 220 mM mannitol, 10 mM KH,POy4, 5 mM MgCl,, 2 mM HEPES, 1.0 mM EGTA
and 0.2% (w/v) fatty acid-free BSA) was freshly prepared and pH adjusted to 7.2. Unless
otherwise stated, 0.5 M Pyruvate and 0.5 M Malate were used as substrates in the 1X MAS.
1X MAS was used to prepare cellular stress reagents, 4 mM ADP, 2.5 pg/ml Oligomycin, 4
UM FCCP, 4 uM Antimycin and 4 uM Rotenone (final concentration). All the reagents were
loaded in the ports as suggested by Seahorse biosciences. Oxygen consumption rates were
measured for 3min with 30 secs of mixing. Oxygen Consumption Rate (OCR) was
expressed as pMoles of oxygen/min.

Mass Spectrometry—Purified BAT mitochondria from 10-12-week old male mice
housed at RT or thermoneutrality (n=3 for each genotype/condition) were resuspended in 8
M urea, 50 mM Tris, 5 mM CaCl,, 100 mM NaCl, and protease inhibitors. Mitochondria
were lysed by probe sonication on ice, and proteins reduced by the addition of 5 mM DTT
for 30 min at 37°C, followed cysteine alkylation by the addition of 15 mM iodoacetamide at
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RT for 45 min in the dark. The reaction was then quenched by the addition of 15 mM DTT
for 15 minutes at RT. Proteins were first digested by the addition of endoproteinase LysC
(Wako LC) at a 1:50 substrate:enzyme and incubated for 2h at RT. Next, samples were
further digested by the addition of trypsin (Promega) at 1:100 substrate:enzyme, and
incubated overnight at 37°C. Protein digests were then acidified by the addition of 0.5%
triflororacetic acid, and samples desalted on C18 stage tips (Rainin). Peptides were
resuspended in 4% formic acid and 3% acetonitrile, and approximately 1ug of digested
mitochondria proteins was loaded onto a 75um ID column packed with 25cm of Reprosil
C18 1.9um, 120A particles (Dr. Maisch). Peptides were eluted into a Q-Exactive Plus
(Thermo Fisher) mass spectrometer by gradient elution delivered by an Easy1200 nLC
system (Thermo Fisher). The gradient was from 4.5% to 31% acetonitrile over 165 minutes.
All MS spectra were collected with oribitrap detection, while the 15 most abundant ions
were fragmented by HCD and detected in the orbitrap. All data were searched against the
Mus musculus uniprot database (downloaded July 22, 2016). Peptide and protein
identification searches, as well as label-free quantitation, were performed using the
MaxQuant data analysis algorithm, and all peptide and protein identifications were filtered
to a 1% false-discovery rate (Cox et al., 2014; Cox and Mann, 2008). Proteome changes of
each ETC complex were calculated by averaging log2 values of fold change of all identified
proteins within individual ETC complex.

Histology—Tissues were fixed in 10% formalin, and processed and stained at AML
Laboratories. Cell size was measured using ImageJ. If a single lipid droplet occupied >50%
of the cytoplasm, it was counted as a unilocular adipocyte. Adipocyte size distribution was
calculated using total adipocyte numbers counted in multiple images.

Blue Native PAGE—To assess ETC complex abundances, blue native polyacrylamide gel
electrophoresis (BN-PAGE) was performed as previously described (Wittig et al., 2006) with
modifications according to the manufacturer’s protocol (Invitrogen) using equal amounts of
protein. Briefly, isolated mitochondria were solubilized with 10% digitonin on ice. After
addition of Coomassie G-250, samples were run on 4-16% NativePAGE gels. Following
BN-PAGE, gels were placed in a fixed solution containing 40% methanol and 10% acetic
acid followed by microwaving for 45 s at 1,100 W. Gels were then washed for 15 min at
room temperature, after which the solution was decanted. Destaining was accomplished by
the addition of 50 ml of an 8% acetic acid solution and microwaved a second time for 45 s at
1,100 W. The gel was then shaken at room temperature until the desired background was
obtained.

Immunoblots—For lysates, tissues from about 8-week-old male and female mice were
lysed in ice-cold lysis-buffer (50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 6 mM EGTA,
20 mM NaF, 1% Triton X-100, and protease inhibitors) using a TissueLyser 11 (Qiagen).
After centrifugation at 13000 rpm for 15 min, supernatants were reserved for protein
determinations and SDS-PAGE analysis. For muscle insulin sensitivity test, mice were fasted
for 6 hours, and then leg muscle tissues were collected 5 minutes after intraperitoneal insulin
(Humulin; 0.75U kg™1) injection. Mitochondria were lyzed in the above lysis buffer before
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immunoblotting. Antibodies used are listed in Key Resources Table. The immunoblots were
quantified in ImageJ.

Q-PCR—Total RNA was extracted from tissues homogenized in TRIsure (Bioline) reagent.
Isolated RNA was reverse transcribed using iScript cDNA Synthesis Kit (Biorad), and the
resulting cDNA was used for quantitative PCR on a CFX384 real-time PCR detection
system (Bio-Rad). Relative mMRNA expression level was determined using the 2(-Delta Ct)
method with 36B4 as the internal reference control. Primer sequences are listed in Table S1.
Both males and females were used.

mtDNA Quantification—The relative mtDNA content was measured using real-time
gPCR. The B2 microglobulin gene (B2M) was used as the nuclear gene (nDNA) normalizer
for calculation of the mtDNA/nDNA ratio. A 322bp region of the mouse mtDNA was
amplified using forward primer mtDNAF (CGACCTCGATGTTGGATCA) and the reverse
primer mtDNAR (AGAGGATTTGAACCTCTGG). A fragment of the B2M gene was
amplified using forward primer, B2MF (TCTCTGCTCCCCACCTCTAAGT), and reverse
primer, B2MR (TGCTGTCTCGATGTTT GATGTATCT), giving an amplicon of 106 bp.
The relative mtDNA content was calculated using the formula: mtDNA content = 1/24Ct)
where AC; = CtmtDNA - th"TUb”””.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data was presented as average + SEM. Statistical significance was determined by Student t-
test. *: p<0.1, **: p<0.05 and ***: p<0.01. Statistical parameters can be found in the figure
legends. Sample sizes for animal experiments were selected based on numbers typically
used in similar published studies. No methods were used to determine whether the data met
assumptions of the statistical approach. No randomization of animals or predetermination of
sample sizes by statistical methods was performed. /n7 vivo metabolic experiments, such as
body weight and ITT, were repeated 2-3 times, and /in vitro measurements of glycerol were
performed with 2 technical replicates.

DATA AND SOFTWARE AVAILABILITY

The mass spectrometry data files (raw and search results) have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE
partner repository under accession number ProteomeXchange: PXD008599.

Supplementary Material
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Highlights
Lkb1 regulates mitochondrial respiration and adaptive thermogenesis in BAT

BAT-specific Lkb1 KO mice exhibit improved metabolic performance under
HFD

Lkb1-deficient BAT shows reduced mtDNA gene expression and ETC
proteome imbalance

BAT-specific Tfam KO mice show a similar trade-off between thermogenesis
and metabolism
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Figure 1. Lkb1BKO Mice Have Defective Adaptive Thermogenesis Regardless of Ucpl Levels
(A) Immunoblots showing amounts of Lkb1, pThr172-Ampk, total Ampk, Ucpl, and Hsp90

in BAT of ~8- to 10-week-old male control (CON) and Lkb1BKO mice housed at room
temperature (RT) and thermoneutrality (30°C).

(B) Quantitative analysis of western blot in (A).

(C) gPCR of LkbIand Ucpl mRNA levels in BAT of ~8- to 10-week-old male CON and
Lkb1BKO mice housed at RT and 30°C. Sample size: CON/RT (n = 13), Lkb1BKO/RT (n =
9), CON/30°C (n = 6), and Lkb1BK0/30°C (n = 6).

(D and E) Recordings of energy expenditure (EE) increases in response to CL (D) and
hourly average of CL-induced EE (E) in ~8- to 10-week-old male CON and Lkb1BXO mice
housed at RT and 30°C. CL injected at O hr.

(F) Regression plot of CL-induced EE as a function of mouse weight in ~8- to 10-week-old
male CON and Lkb1BXO mice housed at RT and 30°C. Sample size: CON/RT (n = 4),
Lkb1BKO/RT (n = 3), CON/30°C (n = 4), and Lkb1BKO/30°C (n = 4).

(G) Seahorse experiments measuring oxygen consumption rates (OCR) of isolated
mitochondria from BAT of ~8- to 10-week-old male CON and Lkb1BXO mice housed at RT
and 30°C, upon addition of ADP, Oligo, FCCP, and A&R.

(H and 1) Average OCR (H) and RRC, proton leak, and ATP turnover rates (1) in seahorse
measurements. Sample size: CON/RT (n = 4), Lkb1BKO/RT (n = 6), CON/30°C (n = 9), and
Lkb1BKO/30°C (n = 9).

Oligo, oligomycin; FCCP, carbonyl cyanide-p-trifluromethoxyphenylhydrazone; A&R,
antimycin and rotenone; RRC, reserve respiratory capacity. Data are means and error bars
are £SEM. Student’s t test, **p < 0.05 and ***p < 0.01.

Cell Metab. Author manuscript; available in PMC 2018 June 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Masand et al.

A

Complex enriched in CON mice

& 5°

IV iselunr snceded subun

MITO:Complax bunits
MITO:Complex il Mitachondrial encoded subunits )
MITO:Compiex ¥ Mitochondrial encoded submnity GV mit-subisnits -5
MITO: A IANA Synthatanes. =
:nn.F»s:lepmm gg g 8
T Bommpres i ot oo wobonits C-IV: n-subunits g= 3
MITOLC 010 and Cytochrome o biogonsal
g ST e o< eyt 5 s
BRO o B
Complex enriched in Lkb1 ™ mice 2N E
.G C-IV: n-afs LE & w
& ® ”
AT Comple_IN A Factors 0
[ @10 and rome— bloganesis
MATO:mIDNA Muclngid-assccisted protiing 15
WITO:Complex_| Fagtars
MET:mIDNA SFNA 5 .t
WO Comples_| Nucloar encoded sabunits 5
WITO:Complex_IV Assembly Factoe i
MITO-Compies I B
MO Complex_V Assersbly Factor

-

o
=

Fold change of
mRNA levels

2
ShT 25 g o 18 ™ 3
30’ 5, e I Eé 3 \\ g
wl

s saray E‘%ts i I I s g 3 us T %
i ﬁg. _._I.—I Tl 1lg @ owe %%0 2
E = “..-_- e s fies | -; -': e ] x A sl =20 E
1 =ik LALLDAL L]

i l p | | | &

N BB
S SELGE SPETIS A

C-IV: mi-subunits

C-Iv: n-subunits

mit-aubunits n-subunits

Figure 2. BAT Mitochondria of Lkb1BKO Mice Show ETC Proteome Imbalance due to Reduced
mtDNA Gene Expression

(A) Heatmap showing adjusted p values of protein complex Gene Ontology terms enriched
in BAT mitochondria from ~8- to 10-week-old male CON and Lkb1BKO mice housed at RT
and 30°C.

(B and C) Heatmap (B) of protein abundance measured by mass spectrometry and
immunoblots (C) of C-1V subunits (mt-Co1, mt-Co2, Cox4, Cox5b, and Cox6b1) and
assembly factor Surf1 in BAT mitochondria from male CON and Lkb1BXO mice housed at
RT and 30°C. mt-subunits, mtDNA-encoded subunits; n-subunits, nuclear-encoded subunits;
n-afs, nuclear-encoded assembly factors. Immunoblots of C-I1 subunit Sdhb and Hsp60 are
also shown.

(D) Relative /n vitro enzyme activities of C-1 to C-1V and citrate synthase (CS) in BAT of
~8- to 10-week-old male and female CON and Lkb1BXO mice housed at RT and 30°C.
Sample size: CON/RT (n = 6), Lkb1BKO/RT (n = 6), CON/30°C (n = 6), and Lkb1BKO/30°C
(n=6).

(E) Log2 fold change values of each ETC proteome from BAT of Lkb1BXO mice housed at
RT and 30°C.

(F) Fold change of steady-state MRNA levels of mtDNA-encoded and nuclear-encoded C-1V
subunits in BAT of ~8- to 10-week-old male and female CON and Lkb1BKO mice at RT and
30°C.

(G) Fold change of MRNA levels of mtDNA-encoded and nuclear-encoded C-I, C-I1, C-IlI,
and C-V subunits in the BAT of ~8- to 10-week-old male and female CON and Lkb1BKO
mice housed at RT and 30°C. Sample size: CON/RT (n = 5), Lkb1BXO/RT (n = 7), CON/
30°C (n = 6), and Lkb1BKO/30 C (n = 6).

(H) Relative mtDNA copy number in BAT of ~8- to 10-week-old male Lkb1BKO mice at RT
and 30°C. Sample size: CON/RT (n = 5), Lkb1BXO/RT (n = 5), CON/30°C (n = 8), and
Lkb1BKO/30°C (n = 8).

(1) Relative mRNA levels of Pgcla in BAT of ~8- to 10-week-old male and female CON and
Lkb1BKO mice housed at RT and 30°C. Sample size: CON/RT (n = 5), Lkb1BXO/RT (n=7),
CON/30°C (n = 6), and Lkb1BKO/30°C (n = 6).
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Data are means and error bars are +SEM. Student’s t test, *p < 0.1, **p < 0.05 and ***p <
0.01.
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Figure 3. Lkb1BKO Mice Exhibit Improved Systemic Metabolism after 4-Week HFD
(A) Body weight gain of male CON and Lkb1BXO mice housed at RT after 4-week HFD

feeding (started at ~6-8 weeks of age). Sample size: n = 14 for each genotype.

(B and C) Representative images of mice (B) and dissected iWAT, eWAT, and BAT (C) from
male CON and Lkb1BKO mice housed at RT after HFD feeding.

(D) Tissue mass of iWAT, eWAT, and BAT from male CON and Lkb1BKO mice housed at RT
after HFD. Sample size: CON/RT (n = 4) and Lkb1BXO/RT (n = 6).

(E) Representative H&E staining of eWAT from male CON and Lkb1BKO mice housed at
RT after HFD. Scale bar, 100 um.

(F) Adipocyte size distribution in eWAT from male CON and Lkb1BXO mice housed at RT
after HFD. Total adipocytes counted: CON/RT (n = 294) and Lkb1BKO/RT (n = 539).

(G) Representative H&E staining of liver from male CON and Lkb1BXO mice housed at RT
after HFD. Scale bar, 50 pm. Insert: hepatocyte circled with a dashed yellow line. Black
arrowheads, lipid droplets.

(H) Liver triglyceride content of male CON and Lkb1BXO mice housed at RT after HFD.
Sample size: CON/RT (n = 7) and Lkb1BKO/RT (n = 8).

(1) Body weight gain in male CON and Lkb1BXO mice housed at 30°C. Sample size:
CON/30 C (n = 17) and Lkb1BKO/30 C (n = 23).

(J-L) Fat tissue mass (J), adipocyte size distribution in eWAT (K), and liver triglyceride
content (L) in male CON and Lkb1BKO mice housed at 30°C after HFD.

Sample size: CON/30°C (n = 12) and Lkb1BKO/30°C (n = 15). Total adipocytes counted in
eWAT: CON/30°C (n = 476) and Lkb1BXO/30°C (n = 632). Data are means and error bars
are +SEM. Student’s t test, **p < 0.05 and ***p < 0.01.
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Figure 4. TfamBXO Mice Exhibit ETC Proteome Imbalance and Defective Mitochondrial
Respiration in BAT
(A) Fold change in steady-state mMRNA levels of C-1V subunits in BAT from ~8- to 10-week

old male and female TfamBKO mice housed at RT and 30°C.

(B) Fold change in mRNA levels of mtDNA-encoded C-I, C-111, and C-V subunits and
selected nuclear-encoded C-1, C-I1, C-I11, and C-V subunits in ~8- to 10-week-old male and
female TfamBKO mice housed at RT and 30°C. Sample size: TfamBXO and control at RT (n
= 6 each) and TfamBKO and control at 30°C (n = 7 and 10).

(C) Immunoblots of C-1V subunits (mt-Col, mt-Co2, Cox4, Cox5b, and Cox6b1), C-1I
subunit Sdhb, Tfam, and Hsp60 in BAT mitochondria from male and female CON and
TfamBKO mice housed at RT and 30°C.

(D) Heatmap of protein abundance of C-1V subunits and assembly factors in BAT
mitochondria from male CON and TfamBKO mice housed at RT and 30°C.

(E) Log2 fold change values of each ETC proteome from BAT of male TfamBKO mice
housed at RT and 30°C.
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(F) Fold change of in vitro enzyme activities of C-I to C-1V and CS in BAT from ~8-week-
old male and female CON and TfamBXO mice housed at RT and 30°C. Sample size:
TfamBKO and control at RT (n = 11 each), TfamBKO and control at 30°C (n = 16 and 13).
(G) Seahorse experiments measuring OCRs in isolated mitochondria from BAT of ~8-week-
old male and female CON and TfamBXO mice housed at RT and 30°C, upon addition of
ADP, Oligo, FCCP, and A&R.

(H and 1) Average OCR (H) and RRC, proton leak, and ATP turnover rates (1) in seahorse
measurements. Sample size: CON/RT (n = 8) and TfamBKO/RT (n = 12), CON/30°C (n = 9),
and TfamBKO/30°C (n = 6). Oxygen consumption in response to CL in ~8-week-old male
CON and TfamBKO mice housed at RT (H) and 30 C (1). CL injected at 0 hr. Sample size:
CON/RT (n = 5), TfamBKO/RT (n = 8), CON/30°C (n = 5), and TfamBKX0/30°C (n = 7).

(J and K) Recordings of energy expenditure (EE) increases in response to CL (J) and hourly
average of CL-induced EE (K) in ~8- to 10-week-old male CON and TfamBXO mice housed
at RT and 30°C. CL injected at O hr.

(L) Regression plot of CL-induced EE as a function of mouse weight in ~8- to 10-week-old
old male CON and TfamBKO mice housed at RT and 30°C. Sample size: CON/RT (n = 5),
TfamBKXO/RT (n = 6), CON/30°C (n = 7), and TfamBKO/30°C (n = 5).

Data are means and error bars are +SEM. Student’s t test, *p < 0.1, **p < 0.05, and ***p <
0.01.
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Figure 5. TfamBKO Mice Show Reduced Adiposity under HFD at RT and Thermoneutrality
(A) Representative H&E staining of BAT from male CON and TfamBKC mice after 4- and

12-week HFD at both RT and 30°C. Scale bar, 50 pm.

(B) Body weight of male CON and TfamBKO mice under HFD at RT and 30°C. Sample size:
CON/RT (n = 7), TfamBKO/RT (n = 13), CON/30°C (n = 3), and TfamBKO/30°C (n = 5).
(C—E) Fat percentage (C), lean mass (D), and fat mass (E) of male CON and TfamBKO mice
under HFD at RT and 30°C. Sample size: CON/OW/RT (n = 7), TfamBXO/0w/RT (n = 6),
CON/4W/RT (n = 4), TfamBKO/4w/RT (n = 4), CON/4w/30°C (n = 7), TfamBKXO/4w/30°C (n
=9), CON/12w/RT (n = 4), TfamBKXO/12w/RT (n = 7), CON/12w/30°C (n = 7). and
TfamBKO/12w/30°C (n = 13).

(F) Tissue mass of eWAT, iWAT, BAT, and liver of male CON and TfamBKO mice after 4 and
12-week HFD at both RT and 30°C. Sample size: CON/4wW/RT (n = 4), TfamBKO/4w/RT (n
= 4), CON/4w/30°C (n = 5), TfamBKX0O/4w/30 C (n = 3), CON/12w/RT (n = 4),
TfamBKO/12w/RT (n = 8), CON/12w/30°C (n = 5), and TfamBKO/12w/30°C (n = 9).

(G) Representative images of dissected iWAT, eWAT, and BAT from CON and TfamBKO
mice after 12-week HFD at RT and 30°C.
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(H-J) Representative H&E staining (H) of eWAT from male CON and TfamBKXO mice after
4- and 12-week HFD at both RT and 30°C. Scale bar, 100 um. Arrows indicate crown-like
structures. Adipocyte size distribution in e WAT from CON and TfamBKO mice after 4- and
12-week HFD at RT (1) and 30°C (J). Total adipocytes counted: CON/4w/RT (n = 593),
TfamBKO/4w/RT (n = 1,031), CON/4w/30 C (n = 495), TfamBKO/4w/30°C (n = 552),
CON/12w/RT (n = 224), TfamBKO/12w/RT (n = 692), CON/12w/30°C (n = 280), and
TfamBKO/12w/30°C (n = 267).

Data are means and error bars are +SEM. Student t test, *p < 0.1, **p < 0.05, and ***p <
0.01.
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Figure 6. TfamBXO Mice Exhibit Improved Insulin Sensitivity, Reduced Adipose Inflammation,
and Attenuated Hepatic Steatosis under HFD at RT and Thermoneutrality

(A) Serum glucose levels during ITT in male CON and TfamBKO mice after 12-week HFD
at RT and 30°C. Area under the curve (AUC) values of glucose levels shown. Sample size:
CON/RT (n = 4), TfamBKO/RT (n = 8), CON/30°C (n = 8), and TfamBKX0/30°C (n = 12).
(B) Serum glucose levels during GTT in male CON and TfamBKO mice after 12-week HFD
at RT and 30°C. AUC values of glucose levels shown. Sample size: CON/RT (n = 11),
TfamBKXO/RT (n = 16), CON/30°C (n = 4), and TfamBK©O/30°C (n = 8).

(C) Serum insulin levels in male CON and TfamBKO mice after 12-week HFD at RT and
30°C. Sample size: CON/RT (n = 4), TfamBKO/RT (n = 7), CON/30°C (n = 3), and
TfamBK0/30°C (n = 5).

(D) Immunablots showing amounts of pS473-Akt, total Akt, and Hsp90 in muscle in male
CON and TfamBKO mice after 12-week HFD at RT and 30°C. Insulin stimulation indicated
in the bottom panel.

(E) Quantitative analysis of pAkt immunaoblots in (D).

(F) Quantitative analysis of CLS numbers in eWAT of male CON and TfamBKO mice after
12-week HFD at RT and 30°C.

(G) gPCR analysis of mMRNA levels of macrophage markers Cd68, F4/80, and Cd1icin
eWAT of male CON and TfamBXO mice after 12-week HFD at RT and 30°C. Sample size:
CON/RT (n = 4), TfamBKO/RT (n = 6), CON/30°C (n = 4), and TfamBKX0/30°C (n = 4).
(H) Serum leptin levels in male CON and TfamBKO mice after 12-week HFD at RT and
30°C. Sample size: CON/RT (n = 4), TfamBKO/RT (n = 7), CON/30°C (n = 3), and
TfamBK0/30°C (n = 5).

(1) Heatmap showing log2 fold change of mRNA levels of pro-inflammatory cytokines in
eWAT between male CON and TfamBKO mice after 12-week HFD.
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(J) Representative H&E staining of liver from male CON and TfamBKXO mice after 12-week
HFD housed at RT and 30°C. Scale bar, 50 pm. Insert; hepatocyte circled with a dashed
yellow line. Red arrowheads, lipid droplets.

(K) Liver triglyceride contents of male CON and TfamBXO mice after 12-week HFD housed
at RT and 30°C. Sample size: CON/RT (n = 4), TfamBXO/RT (n = 8), CON/30°C (n = 3),
and TfamBK9/30°C (n = 5).

(L) Serum triglyceride contents of male CON and TfamBKO mice after 12-week HFD
housed at RT and 30°C. Sample size: CON/RT (n = 4), TfamBKO/RT (n = 8), CON/30°C (n
=7), and TfamBKO/30°C (n = 13).

Data are means and error bars are +SEM. Student’s t test, **p < 0.05 and ***p < 0.01.
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Figure 7. Proposed Model

As a major thermoregulatory organ, BAT can generate heat (through Ucpl-mediated
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adaptive thermogenesis) by sympathetic nervous system-mediated B-AR signaling. Lkb1
and Tfam regulate mtDNA-encoded ETC subunit gene expression, and their deficiencies in
BAT lead to ETC proteome imbalance, a mismatch between proportional ETC complexes.
This ETC proteome imbalance locally in BAT can cause systemic adaptive responses, which
ultimately result in metabolic fitness.
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