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Pigs lack functional uncoupling protein 1 (UCP1) making them susceptible to cold. Nevertheless, several pig breeds are known to
be cold resistant. The molecular mechanism(s) enabling such adaptation are currently unknown. Here, we show that this resist-
ance is not dependent on shivering, but rather depends on UCP3 and white adipose tissue (WAT) browning. In two cold-resistant
breeds (Tibetan and Min), but not a cold-sensitive breed (Bama), WAT browning was induced after cold exposure. Beige adipo-
cytes from Tibetan pigs exhibited greater oxidative capacity than those from Bama pigs. Notably, UCP3 expression was signifi-
cantly increased only in cold-resistant breeds, and knockdown of UCP3 expression in Tibetan adipocytes phenocopied Bama
adipocytes in culture. Moreover, the eight dominant pig breeds found across China can be classified into cold-sensitive and cold-
resistant breeds based on the UCP3 cDNA sequence. This study indicates that UCP3 has contributed to the evolution of cold

resistance in the pig and overturns the orthodoxy that UCP1 is the only thermogenic uncoupling protein.
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Introduction

In contrast to white adipose tissue (WAT), which is the pri-
mary energy storage organ, brown adipose tissue (BAT) is spe-
cialized to produce heat via the activation of uncoupling protein 1
(UCP1). This protein embedded in the inner mitochondrial mem-
brane converts the mitochondrial proton-motive force into heat
instead of adenosine triphosphate (Klingenspor et al., 2008)
and contributes to the maintenance of core body temperature
(Klingenberg, 2010; Divakaruni and Brand, 2011; Dempersmier
et al., 2015). In addition, the third type of fat cell termed the
brown in white (brite) or beige adipocyte (hereafter referred to
as beige) has been reported, which also expresses UCP1 and
has thermogenic, fat-burning properties (Ishibashi and Seale,
2010; Shabalina et al., 2013; Keipert and Jastroch, 2014). The
contribution of these beige cells to total thermogenic heat
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production is disputed (Schulz et al.,, 2013; Keipert and
Jastroch, 2014). There have been several other UCPs discovered
over the past 20 years, which show different tissue distributions
(Jezek and Garlid, 1998; Sokolova and Sokolov, 2005; Alan
et al., 2009). The functions of these UCPs have been heavily
debated, including whether they actually possess any uncoup-
ling capacity and hence whether they are appropriately named
(Harper et al., 2002; Schrauwen and Hesselink, 2002; Shabalina
et al., 2010). Studies of the UCP1™/~ mice indicate that they can
survive progressive exposure to lowered ambient temperatures
(Ukropec et al., 2006), but this ability is dependent upon exten-
sive and prolonged shivering (Cannon and Nedergaard, 2004).
On this basis, it has been claimed that the other UCPs do not
have any thermogenic capacities (Golozoubova et al., 2001;
Cannon and Nedergaard, 2010).

Pigs (Suidae) have a predominantly tropical distribution and
lost functional UCP1 in a genetic event that eliminated exons 3-5
~20 million years ago (Berg et al.,, 2006). They consequently
have also been suggested to lack functional BAT. This has some
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practical implications in that it results in modern pig breeds
being cold sensitive, which is a major cause of neonatal death
in the swine industry (Berg et al., 2006). However, whether BAT
exists in piglets is the subject of an ongoing debate (Jastroch
and Andersson, 2015). It has been reported that BAT is present
in the piglet based on immunohistochemical (Meister et al.,
1988) and morphological analyses (Attig et al., 2008). Another
study reported that porcine UCP1 is detectable by immunoblot-
ting and gene expression analyses, suggesting its existence in
pigs (Mostyn et al., 2014). In contrast, previous studies demon-
strated that functional BAT was not present in the pig due to
undetectable level of UCP1 protein in any tissue, regardless of
age or ambient temperature (Trayhurn et al., 1989). This led to
the suggestion that body temperature regulation in the piglet
does not rely on BAT-derived non-shivering thermogenesis
(NST) but is primarily dependent on shivering thermogenesis
from the skeletal muscle (Symonds and Lomax, 1992).

Despite these inconsistent findings, some pig breeds, such as
the Tibetan pig found on the Qinghai-Tibetan plateau and the
Min pig living in Northeast China, are well recognized to be cold
resistant (Li et al., 2013). However, the exact metabolic mechan-
isms by which these pigs have adapted to the cold environment
and the underlying genetic basis are currently unknown. These
phenotypical differences among various pig breeds raise the
question whether such cold tolerance is dependent on extensive
shivering, as observed in the UCP~/~ mice, or the BAT/UCP1-
independent non-shivering thermoregulation mechanisms are
involved in the thermoregulation of some pig breeds.

Here, we show that cold-tolerant pigs can thermoregulate
when the ability to shiver and skeletal muscle NST are blocked,
and that WAT browning (the emergence of beige adipocytes)
and elevated UCP3 expression are responsible for body tem-
perature regulation in cold-adapted pigs, such as Tibetan and
Min pigs. This thermogenic mechanism has allowed them to sur-
vive in cold environments independent of BAT or UCP1 and chal-
lenges the suggestion based on studies of small rodents that

m
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UCP1 can be the only source of significant non-shivering
thermogenic heat production.

Results
Tibetan pigs lack functional BAT

To explore whether classical BAT exists in the Tibetan pig,
subcutaneous WAT (sWAT), perirenal adipose tissue, and neck
adipose tissue from 1-week-old newborn Tibetan piglets were
collected and subjected to histological analysis. Mouse classical
interscapular BAT was used as a positive control. No BAT-like
adipocytes could be found in the adipose tissues of these
Tibetan piglets (Figure 1A). To examine whether UCP1 is
expressed in the adipose tissue of Tibetan pigs, we designed pri-
mers around exons 1-2 and 6 of the UCP1 gene in the pig genome
(Supplementary Table S1) and performed reverse transcriptase-
polymerase chain reaction (RT-PCR) amplification. Our results
showed that no positive PCR production was detected in adi-
pose tissues of Tibetan pigs (data not shown). Taken together,
neither classical BAT nor UCP1 expression was observed in neo-
natal Tibetan piglets.

Tibetan pigs have an alternative mechanism to maintain body
temperature different from skeletal muscle-mediated shivering
thermogenesis

To further investigate the potential mechanisms underpinning
the thermoregulatory ability of Tibetan pigs in cold environ-
ments, cold challenge experiments were performed, involving
the administration of muscle-specific thermogenic inhibitors cur-
are and dantrolene. The Bama miniature pig, a well-known cold-
sensitive pig breed that has a similar body size to the Tibetan
pig, was used as a control. Curare is a muscle-shivering inhibitor
that can competitively block the binding of the neurotransmitter
acetylcholine to its receptors (Bowman, 2006). We showed that
without drug treatment, both Bama and Tibetan pigs showed
normal shivering and maintained an average core body tempera-
ture of ~38°C during a cold challenge (Figure 1B and Q).
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Figure 1 Tibetan pigs lack classic BAT but have a compensatory pathway in the absence of muscle thermogenesis. (A) H&E staining of tis-
sue sections of BAT from mice and sWAT, perirenal WAT (pWAT), and neck WAT (nWAT) fat from Tibetan pigs. Note that morphologically,
there is no classic BAT in these porcine fat tissues. (B and C) Core body temperature during acute cold exposure after the administration of
curare or dantrolene in Bama pigs (B) and Tibetan pigs (C). Values are shown as mean + SEM (n = 5). **P < 0.01, *P < 0.05; data were ana-
lyzed with a two-sample t-test.
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Interestingly, a rapid and striking decline in core body tempera-
ture caused by curare administration was only observed in
Bama pigs during the cold challenge (Figure 1B). These Bama
piglets all developed severe hypothermia by 45 min after cold
exposure (Figure 1B). In contrast, curare-treated Tibetan pigs
showed a small, non-significant reduction in core body tempera-
ture during the cold challenge (Figure 10), indicating that, despite
lacking BAT and functional UCP1, they were able to generate heat
through non-shivering mechanisms.

Previous studies have suggested that sarcolipin (Sln)-
mediated NST in skeletal muscle is a potentially important
mechanism for thermoregulation in mammals (Bal et al., 2012).
To evaluate the contribution of muscle NST in pig thermoregula-
tion, dantrolene, a drug that inhibits the ryanodine receptor
(Ryr1)-mediated Ca®* leak, which is essential for stimulating
NST through the SERCA pump (Wang et al., 2011), was adminis-
tered to Bama and Tibetan pigs prior to the cold challenge.
Dantrolene-treated Bama pigs showed a significant decrease in
their core body temperature 30-180 min after cold challenge
(Figure 1B). In contrast, dantrolene injection had no significant
effect on core body temperature in Tibetan pigs (Figure 1C).
These results suggest that, in contrast to Bama pigs, Tibetan
pigs might have an alternative pathway to maintain body tem-
perature in cold environments in the absence of both muscle-
derived shivering and NST.

Beige adipocytes are found in Tibetan pigs after cold exposure

BAT exhibits a high rate of *®F-fluorodeoxyglucose (* F-FDG)
uptake (Cypess et al., 2009; Virtanen et al., 2009), which could
be identified by positron-emission tomography (PET). To investi-
gate whether Bama and Tibetan piglets had significant differ-
ences in '8F-FDG uptake during cold exposure, 'F-FDG was
injected into the ear vein of piglets both at room temperature
and during cold exposure, followed by a PET scan of the pigs.
Our data showed that no positive PET signals were observed in
either pig breed at room temperature. Notably, high '8F-FDG
uptake was detected in the perirenal fat, axillary sWAT, and
inguinal sWAT of Tibetan pigs, but not Bama pigs, after 4 h cold
exposure (Figure 2A). Histological analysis revealed that the PET-
positive SWAT (Figure 2B) and perirenal fat tissue (Supplementary
Figure S1A) from cold-treated Tibetan pigs clearly showed the charac-
teristic multi-locular lipid droplets of beige cells, in contrast to the tis-
sues from cold-treated Bama pigs (Figure 2B and Supplementary
Figure S1A).

Next, SWAT from Bama and Tibetan piglets before and after cold
treatment was subjected to scanning electron microscopy. The
results confirmed that beige cells showing multi-locular droplet
structures were only found in cold-treated Tibetan pigs (Figure 2C).
It has been demonstrated that, similar to classic brown adipocytes,
beige cells are enriched in mitochondria (Cannon and Nedergaard,
2004; Oelkrug et al., 2015). Consistently, transmission electron
microscope (TEM) analysis revealed an increased mitochondrial
copy number in the sWAT (Figure 2D) and perirenal fat tissue
(Supplementary Figure S1B) of Tibetan pigs after cold exposure,
which was further confirmed by quantitative real-time PCR

(Figure 2E). In addition, mitochondrial OXPHOS protein, CD137, a
beige cell surface marker (Wu et al., 2012), and PPARy co-activator
1 o (PGC-1a), a marker of mitochondrial biogenesis (Puigserver
et al., 1998), appear to be increased largely in the SWAT of Tibetan
pigs, but not Bama pigs, after cold exposure (Figure 2F). Taken
together, these results provided strong evidence supporting that
cold stimulation induces beige fat formation in the sWAT of
Tibetan pigs.

Beige adipocytes from Tibetan pigs exhibit an elevated
oxidative capacity

To further investigate the function of beige adipocytes from
Tibetan pigs in vitro, we isolated primary pre-adipocytes from the
SWAT of Tibetan pigs and induced WAT and beige adipocyte differ-
entiation (browning effect) (Supplementary Figure S2A). BAT mar-
kers (Dio2, Pgcla, and Cidea) were significantly upregulated, while
WAT markers (Rb1 and Tcf21) were markedly downregulated in dif-
ferentiated beige adipocytes, compared with fully differentiated
white adipocytes (Supplementary Figure S2B). Furthermore, mito-
chondrial OXPHOS protein and two transcriptional factors, Pgcla
and Prdm16, which are required for the switch from WAT to beige
cells (Cohen et al., 2014), were found to be abundant in differen-
tiated beige cells (Supplementary Figure S2C). Moreover, in vitro
cellular metabolic results revealed a significantly higher oxidative
capacity in beige adipocytes than that in white adipocytes
(Supplementary Figure S2D and E). These findings indicate that
porcine primary pre-adipocytes from Tibetan pigs could be differen-
tiated into either white or beige adipocytes.

We then isolated primary pre-adipocytes from Tibetan and Bama
pigs and differentiated them into beige cells. Despite similar differ-
entiation efficiencies in both pig lineages (Figure 3A), the expres-
sion of BAT markers (Dio2 and Cidea) and beige adipocyte markers
(Slc27a1 and Tmem26) was significantly higher in beige adipocytes
from Tibetan pigs than those from Bama pigs. Conversely, the
expression of the WAT marker (T¢f21) was higher in Bama pigs
(Figure 3B). Consistently, the expression of mitochondrial OXPHOS
protein, PGC-1a, Dio2, and Prdm16 appears to be higher in Tibetan
pigs than Bama pigs (Figure 3C). The calculated basal respiration,
maximal respiration, and proton leakage were all higher in beige
cells from Tibetan pigs than those from Bama pigs (Figure 3D and
E). These results indicate that beige adipocytes from Tibetan pigs
exhibit higher thermogenic capacity than those from Bama pigs.

Transcriptome analysis of the PET-positive fat

To determine the molecular signature of the response of
sWAT upon acute cold exposure in both Tibetan and Bama
pigs, genome-wide RNA-seq analysis was performed to identify
the transcriptional profiles. The differentially expressed genes
(DEGs) upon cold stimulation in Tibetan and Bama pigs were
screened based on the criteria of false discovery rate (FDR)
<0.05. The volcano plots, which were built based on FDR
values and fold changes, showed a broad overview of the
changes in gene expression of Tibetan pigs (Figure 4A) and
Bama pigs (Figure 4B) during cold exposure. Clearly, a strong
transcriptional response was observed in the sSWAT of cold-treated
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Figure 2 Tibetan pigs exhibit cold-induced beige-like adipocytes. (A) PET-positive signals were found in Tibetan pigs during cold exposure
(red arrows). RT, room temperature; Cold, cold exposure for 4 h. (B—F) Representative H&E staining (B), scanning electron micrographs (C),
transmission electron micrographs (D), copy number of mitochondria (E), and protein expression of mitochondrial OXPHOS and CD137 (F) for
the PET-positive subcutaneous fat from Bama pigs and Tibetan pigs under RT and cold conditions. Data are presented as mean + SEM (n = 5).

*P < 0.05; data were analyzed with a two-sample t-test.

Tibetan pigs, which was muted in Bama pig, as 230 genes exhib-
ited significantly altered expression levels (Supplementary
Table S3). In contrast, only 165 genes were differentially
expressed in the sWAT of Bama pigs during cold exposure
(Supplementary Table S4). Interestingly, only 28 of the DEGs
overlapped between the two breeds (Supplementary Figure S3
and Table S5), suggesting that different molecular networks
were involved in the responses of sWAT to cold exposure in
these two pig lineages. Heat maps of gene expression revealed
that the DEGs could be classified into the room temperature and
cold exposure groups in both Tibetan pigs (Supplementary
Figure S4A) and Bama pigs (Supplementary Figure S4B). Gene
ontology (GO) analysis was performed with the DEGs in the

repressed and induced subgroups for both Tibetan and Bama
pigs. Notably, the genes that were significantly induced upon
cold stimulation in Tibetan pigs were enriched in GO annotations
of lipid metabolic process, cellular lipid metabolic process,
response to lipid and fatty acid metabolic processes, etc.
(Supplementary Figure S4A). In contrast, the upregulated genes
in Bama pigs were annotated as being involved in the immune
response and response to external stimuli (Supplementary
Figure S4B).

Importantly, UCP3, a protein that belongs to the UCP family,
was dramatically increased in Tibetan pigs, but not in Bama
pigs, after cold exposure. This was further confirmed by quanti-
tative real-time PCR analysis (Figure 4C) and immunoblotting
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Figure 3 Differentiated beige cells derived from the subcutaneous fat of Tibetan pigs exhibit profound oxidative capacity. (A) Porcine pre-
adipocytes can be efficiently differentiated into mature beige cells in vitro. Representative Oil-Red-O staining of differentiated beige adipo-
cytes from Bama pigs and Tibetan pigs. (B-D) mRNA expression levels of BAT, beige, and WAT markers (B), protein expression levels of

mitochondrial OXPHOS and BAT/beige markers (C), and the oxygen

consumption rate (OCR) (D) in differentiated beige adipocytes from

Bama pigs and Tibetan pigs. (E) Basal cellular respiration, maximal respiration, and proton leakage were calculated. Values are shown as

mean + SEM (n = 10). ***P < 0.001, **P < 0.01, *P < 0.05; data were

analysis (Figure 4D). Consistently, UCP3 was also observed to
be significantly upregulated in beige cells derived from Tibetan
pigs at both mRNA level (Figure 4E) and protein level
(Figure 4F).

A previous report has shown that alterations in residues
Gly77, Gly175, Glu261, Phe266, Lys268, and Gly269 of UCP1
can lead to a significant impairment in the regulation of the pro-
ton translocating activity of UCP1 (Gonzalez-Barroso et al.,
1999). As shown in Supplementary Figure S5A, these residues
were identified to be highly conserved between rodent UCP1
and porcine UCP3, suggesting that UCP3 in cold-tolerant pigs
might have uncoupling activity similar to UCP1. To explore

analyzed with a two-sample t-test.

whether the upregulation of UCP3 was involved in the thermo-
genesis of beige adipocytes from Tibetan pigs, we overex-
pressed (Supplementary Figure S5B) or knocked down
(Supplementary Figure S5C) UCP3 in primary adipocytes derived
from Tibetan pigs, and the fully differentiated cells were sub-
jected to in vitro metabolic analysis on the Seahorse XF
Analyzers. As expected, UCP3 overexpression led to a significant
augmentation of cellular oxidative capacity, whereas UCP3
knockdown had the opposite effect (Figure 4G and H). These
results made us speculate that UCP3 might be an important
mediator of thermogenesis in cold-tolerant pigs when UCP1 is
absent. Taken together, these observations indicate that the
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distinct transcriptional responses of sWAT to cold stimulation
underpin the different thermoregulatory mechanisms in Tibetan
and Bama pigs.

UCP3-dependent thermogenesis in beige adipocytes is a key
evolutionary response in cold-adapted pig lineages

Several pig breeds are cold tolerant. A question, therefore, is
whether UCP3-dependent thermogenesis in beige cells plays a
role in the evolution of cold-adapted pig breeds. To answer this
question, we extended our investigations to more pig breeds,
including those from the extremely cold areas of north and
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northeast China and from southern tropical mainland China
(Figure 5A). A neighbor joining phylogenetic tree was generated
based on the multiple coding sequence alignments of the UCP3
gene in nine different pig breeds using MEGA4 software with the
default settings (Figure 5B). The three pig breeds that are distrib-
uted in cold environments, including the Min pig (MP), Tibetan
pig (TP), and Hetao pig (HTP), were grouped together, whereas
the other cold-sensitive pig breeds were allocated to different
clusters (Figure 5B). Then, the cold-resistant Min pig and the
cold-sensitive Wuzhishan (WZS) pig were selected to further
investigate their responses to cold stress. As expected, the cold
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Figure 5 UCP3 might be a key element in the evolution of cold adaption in pig lineages. (A) Geographic locations of pig breeds on a climate
map. The map was drawn using annual temperature data from www.worldclim.org. TP, Tibetan pig; BP, Bama pig; MP, Min pig; WP, WZS
pig; HTP, Hetao pig; EHL, Erhualian pig; LWH, Laiwu pig; LUC, Luchuan pig. (B) Neighbor joining tree of pig breeds based on the UCP3 gene
(CDS sequences). Different colors represent clusters of subpopulations. In addition to the breeds listed in A, the Large White (LW) pig, a
western breed, was also included. (C) Representative H&E staining of subcutaneous fat tissue sections from Min pigs and WZS pigs under
RT and cold conditions. (D) Scanning electron micrographs of subcutaneous fat from Min pigs under RT and cold conditions. (E and F) mRNA
expression levels of ADRB3, PGC-1a, and UCP3 (E) and protein levels of UCP3 (F) in subcutaneous fat from Bama pigs and Tibetan pigs
under RT and cold conditions. Data are presented as mean + SEM (n = 4). *P < 0.05; data were analyzed with an unpaired t-test.
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stimulation-induced formation of beige adipocytes (Figure 5C and
D) and induction of ADRB3, PGC-1a, and UCP3 (Figure 5E and F)
were observed only in Min pigs.

Furthermore, the phylogenetic tree constructed using the
UCP3 genomic sequences from different pig breeds could clas-
sify the cold-tolerant (groups 1 and 3, 83.3% and 71.4% are
cold-tolerant breeds) and cold-sensitive (groups 2 and 4, 85%
and 100% are cold-sensitive breeds) pigs. This result further
implied that the UCP3 gene represents a genetic link to cold tol-
erance in pigs (Supplementary Figure S6).

Discussion

Many studies have established the well-recognized link
between the presence of active BAT and NST in mammals
(Cannon and Nedergaard, 2004) and the critical role of UCP1 in
energy homeostasis (Oelkrug et al., 2015). However, the thermo-
regulatory ability of pigs has been reported as ‘very poor’ (Berg
et al., 2006), because pigs lost exons 3-5 of UCP1 in a genetic
event ~20 million years ago and appear to lack functional BAT
(Trayhurn et al., 1989; Berg et al., 2006). Pigs can maintain their
body temperature relatively independently of the ambient tem-
perature, thus allowing them to adapt to various environments.
The acquisition of novel physiological mechanisms for body tem-
perature regulation would be important for pig breeds exposed to
environments that they were not primarily adapted.

Tibetan pigs are geographically located in cold regions of
China and are one of the well-recognized cold-tolerant pig
breeds (Li et al., 2013). Consistent with previous reports for
cold-sensitive pigs (Trayhurn et al.,, 1989; Berg et al., 2006;
Jastroch and Andersson, 2015), we found that neither classical
BAT nor gene expression for the (predicted) deleted UCP1 locus
was observed in neonatal Tibetan pigs. Here, we provide novel
evidence showing that muscle-independent thermoregulatory
ability exists in cold-resistant Tibetan pigs but not in cold-
sensitive Bama pigs. Furthermore, in agreement with the emer-
gence of beige adipocytes in cold-challenged mice (Shabalina
et al., 2013), beige cells were observed in cold-treated Tibetan
pigs, as evidenced by the positive PET signals, morphological
characteristics, and upregulated expression of beige adipocyte-
related genes. Moreover, beige cells from Tibetan pigs showed
profound oxidative capacity compared with those from Bama pigs.
Recent studies revealed that enhancing the browning of WAT
alone is sufficient to reduce obesity in mice (Cohen et al., 2014).
We believe that the activation of beige cells in Tibetan pigs upon
acute cold stress plays a critical role in heat balance allowing
them to tolerate cold conditions without extensive shivering.

Furthermore, consistent with previous Tibetan wild boar gen-
omic analysis (Li et al., 2013), our deep sequencing data
revealed the enrichment of ‘lipid metabolism’-related genes
(DHRS4, LIPE, NR4A3, SDR16C5, PCK1, ABHD5, PLIN5, PDK4,
etc.) and pathways in Tibetan pigs, which reflects the requirement
of evolving energy metabolic genes to protect them against the
cold environment. In contrast, ‘immune response’-related genes
(PVR, THBS1, IL1A, RSAD2, NFIL3, DDX60, etc.) and pathways
were enriched in Bama pigs upon cold exposure, which
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indicates that the acute response to the external cold stimula-
tion is not primarily concerned with heat generating mechan-
isms in this tropical pig breed.

Strikingly, upregulation of UCP3 was observed in beige adipo-
cytes from cold-treated Tibetan pigs, which was consistent with
previous reports in rodent (Larkin et al., 1997; Nau et al., 2008).
Early studies suggested that UCP3 may play a central role in NST,
alongside UCP1 (Krauss et al., 2005). UCP3 has been reported
to be a possible candidate as an uncoupling protein involved
in thermogenesis (Ljubicic et al., 2004; Nabben et al., 2008;
Lombardi et al.,, 2010) and has exhibited uncoupling activity
(Gong et al., 1997; Krauss et al., 2002). Loss of UCP3 function
specifically in the BAT of hamsters (Phodopus) caused impaired
NST (Nau et al., 2008). However, the response of the global
UCP1~/~ mice to cold exposure, which depends exclusively on ele-
vated long-term shivering, strongly supported that in the absence
of UCP1, the heat generated from these alternative sources of
uncoupling, including UCP3, was unable to substitute heat pro-
duction at any meaningful level. Therefore, the most recent opin-
ion is that the only significant source of non-shivering
thermogenic heat is the uncoupled respiration mediated via UCP1
(Cannon and Nedergaard, 2004; Shabalina et al., 2010).

Our data for pigs challenge this mouse-based orthodoxy by
demonstrating that cold-tolerant pigs can thermoregulate and
maintain their body temperature even in the absence of UCP1
and blocking shivering or NST. This is linked to significantly
enhanced WAT browning and upregulation of UCP3. Moreover,
overexpression of UCP3 enhanced the oxidative capacity of
beige cells from Tibetan pigs, suggesting the potential thermo-
genic ability of porcine UCP3. Excitingly, the cold-sensitive and
cold-resistant pig breeds could be clearly separated based on
the ¢cDNA and genomic sequence of UCP3, suggesting that
UCP3-mediated thermogenesis in cold-resistant pig lineages is
an adaptation to cold environments. This genetic event would
have been the result of interactions between natural and artifi-
cial selection during the evolutionary history of the pig. Taken
together, we demonstrate here that cold-resistant pig breeds,
such as Tibetan pigs and Min pigs, use a novel mechanism that
relies on recruited beige cells and UCP3-mediated heat produc-
tion when they confront cold conditions. The evolution of these
mechanisms was probably key in allowing these pig breeds to
survive when exposed to unfamiliar cold environments.

This work also has important practical implications. Neonatal
mortality of piglets caused by the cold stress at birth is a major
concern for the swine industry in cold regions worldwide,
because reduced piglet survival rates in such areas cause huge
economic losses in pig production (Fainberg et al., 2012). Fully
understanding the molecular mechanisms of thermoregulation
in cold-resistant pigs might provide a strategy for small mole-
cules and/or genome-editing techniques to reduce cold stress-
mediated neonatal mortality, which would improve production
efficiency in the pig industry.

In conclusion, our study revealed that cold-resistant pig
breeds have evolved a novel mechanism involving UCP3 in
beige adipocytes as the primary thermogenic mechanism,
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challenging the orthodoxy based on studies of mice that only
UCP1 may act as a significant source of thermogenic heat.

Materials and methods
Animals

The pigs used in this study had ad libitum access to a com-
mercial pig diet (nutrient levels according to the NRC) and water
throughout the experimental period. All experiments involving
animals were performed according to the procedures approved
by the Institutional Animal Care and Use Committee of the
Institute of Zoology, Chinese Academy of Sciences (CAS). Bama
miniatures were provided by the pig farm affiliated with the
Institute of Animal Science, Chinese Academy of Agricultural
Sciences. Tibetan pigs were provided by Beijing Farm Animal
Research Center affiliated with the Institute of Zoology, CAS.
WZS pigs were purchased from Beijing Grand Life Science &
Technology Co., Ltd. Min pigs were purchased from Lanxi Pig Farm
in Harbin, China. C57BL/6 mice at 8 weeks of age were purchased
from Vital River Laboratory Animal Technology Co., Ltd.

Cold challenge experiment

A cold tolerance test was performed with 5-week-old piglets.
Prior to cold exposure, piglets were administered curare (Sigma-
Aldrich) at 0.16 mg/kg body weight (Kashimura et al., 1992) or
dantrolene (Sigma-Aldrich) at 4 mg/kg body weight (Bal et al.,
2012), as previously reported. Saline solution was used as the
control. Pigs were visually monitored for 15 min and then placed
in a cold chamber (4°C) for up to 4 h with free access to food and
water. The status of shivering was monitored during the first half
hour of cold treatment. Body temperature was measured using a
rectal probe connected to digital thermometer (Yellow Spring
Instruments) every 30 min for up to 3 h.

Positron-emission tomography

For all studies in this work, data were acquired using a whole-
body PET scanner (Judicious PET L900), which was developed by
the Institute of High Energy Physics, CAS. The scanner uses LYSO-
based detector blocks with a 70-cm transaxial field-of-view (FOV)
and a 21.6-cm axial FOV. According to the National Electrical
Manufacturers Association (NEMA) NU 2-2007 procedures, the
transverse (axial) spatial resolution FWHMs were measured to be
4.4 (3.9 mm and 5.1 (4.0) mm at 1 and 10 cm off axis, respect-
ively, and the sensitivity average at 0 and 10 cm was 13.2 cps/
kBg. The emission projection data were acquired in listmode format
and were Fourier re-binned into two-dimensional (2D) sinograms.
Images were then reconstructed using the 2D OSEM algorithm (4
iterations and 16 subsets), resulting in 2.0 x 2.0 x 1.8 mm’> voxel
size for a 320 x 320 x 119 image volume. The PET images were
corrected for detector efficiency, dead-time, decay, photon scatter,
and attenuation.

Microscopy

For histological analysis, adipose tissues were fixed in 4%
paraformaldehyde, dehydrated overnight in 70% ethanol, and
embedded in paraffin. Multiple sections were prepared and

stained with hematoxylin and eosin (H&E). Images were taken
with a microscope (DS-RI1; Nikon). For scanning electron micros-
copy, adipose tissues were fixed in 2% (v/v) glutaraldehyde in
100 mM phosphate buffer, pH 7.2, for 12 h at 4°C. The sections
were then post-fixed in 1% osmium tetroxide and dehydrated in
ascending gradations of ethanol. Samples were critical point dried
by using an Automated Critical Point Dryer (Leica EM CPD300) and
coated with gold using a Super Cool Sputter Coater (Leica EM
SCDO050). Sections were then visualized using an Environmental
Scanning Electron Microscope (FEI Quanta 450). For TEM, adipose
tissues were fixed in 2% (v/v) glutaraldehyde in 100 mM phos-
phate buffer, pH 7.2, for 12 h at 4°C. The samples were then
post-fixed in 1% osmium tetroxide, dehydrated in ascending gra-
dations of ethanol, and embedded in fresh epoxy resin 618. Ultra-
thin sections (60-80 nm) were cut and stained with lead citrate
before being examined on a Phillip CM-120 TEM.

RNA preparation and real-time PCR

Tissues were lysed and homogenized in a TissuelLyser
(Qiagen), and total RNA was extracted using Trizol reagent
(Invitrogen). The quality and the purity of total RNA were tested
using a NanoDrop ND-1000 spectrophotometer (Nano Drop) and
an Agilent 2100 Bioanalyzer (Agilent). Reverse transcription of
2 pg total RNA was performed with a high-capacity cDNA reverse
transcription kit (Promega). Real-time PCR was performed in tripli-
cates with SYBR Green Master Mix (Promega). The PCR reactions
were run in triplicates for each sample and were quantified using
an ABI Prism ViiA7 real-time PCR instrument (Applied Biosystems).
The relative expression level of genes was calculated using the
2722CT method. The primer sequences are listed in Supplementary
Table S2.

Deep sequencing

Sequencing library preparation and RNA-seq were conducted
at Berry Genomics. Paired-end (PE) libraries for sequencing
were prepared according to the Illumina PE library preparation
protocol (Illumina). The qualified libraries were sequenced on
an llluminaHiseq 2000 sequencing platform to generate 2 X
100 PE reads. To map the reads, reads in fastq format were
split based on the index, and the adapters were trimmed out.
A Trimmomatic program was used to detect adapter contamin-
ation and remove sequencing reads with low-quality bases
with the following command ‘illumina_adapters.fa:2:30:10
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:50’. The
remaining qualified reads (regarded as clean reads) were then
aligned to the pig built 10.2 reference sequence using TopHat
software with default parameters. The BAM files (generated
from TopHat) that contained the read alignments were then
used to evaluate gene expression levels by fragments per kilo-
base of exon per million fragments mapped (FPKM) values
using Cufflinks software. Our RNA-seq data are deposited in
the GenBank BioProject section, with the accession number
PRJNA339666. The raw sequencing reads have been submitted
to the short read archive (SRA) database, with the assigned
accession number SRP082487.
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DEG identification

To measure the expression level changes, the number of
uniquely mapped reads assigned to each gene in the pig gen-
ome was first counted using the featureCounts package accord-
ing to the gene annotation file for pigs (Sus_scrofa.
Sscrofa10.2.83.gtf), which was downloaded from the Ensembl
genome browser. edgeR software that uses the raw read counts
as input, and then used to identify the differentially expressed
transcripts in different groups using a threshold value of FDR <
0.05 and an absolute fold change >2.

Clustering analysis and GO analysis

The heatmap.2 function in gplots was used to perform hier-
archical clustering of DEGs with a Euclidean distance metric and
to generate heat maps to represent the gene clusters showing
similar expression patterns. GO enrichment analysis of upregu-
lated and downregulated genes was performed using the ‘g:
Profiler’ enrichment analysis tool (http://biit.cs.ut.ee/gprofiler/). The
GO terms with P-values (enrichment score) <0.05 were regarded as
‘statistically significant’ and were highlighted in the heat maps.

Porcine primary pre-adipocyte isolation and in vitro
differentiation

Adipose tissues were harvested from 1-week-old piglets,
minced, and digested with 2 mg/ml collagenase type | (Sigma)
in Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Gibco)
plus 1% fatty acid-free bovine serum albumin (BSA) (Sigma) for
60 min at 37°C. SVF cells were collected with a cell strainer
(70 pm diameter) and then plated and grown in DMEM/F12 sup-
plemented with 10% fetal bovine serum (FBS) (Sigma) and 1%
penicillin—streptomycin. For browning differentiation, cells were
grown to confluence and then treated with human BAT induction
medium (DMEM/H medium containing 0.5 mM isobutylmethyl-
xanthine, 0.1 pM dexamethasone, 0.5 pM human insulin
(Sigma), 2 nM T3, 30 pM indomethacin, 17 pM pantothenate,
33 uM biotin, 1 pM rosiglitazone, and 2% FBS) for 8 days. The
induction medium was changed every 2 days. For white adipo-
cyte differentiation, cells were grown until confluence and then
treated with human WAT induction medium (DMEM/H medium
containing 0.25 mM isobutylmethylxanthine, 0.1 pM dexametha-
sone, 66 nM human insulin, 17 pM pantothenate, 33 pM biotin,
20 mM HEPES, pH 7.4, and 0.5% FBS) for 5 days. On Day 5, half
of the induction medium was removed, and the same volume of
human WAT mature medium (DMEM/H medium containing
0.1 pM dexamethasone, 66 nM human insulin, 17 pM panto-
thenate, 33 uM biotin, 20 mM HEPES, pH 7.4, and 10% FBS)
was added. On Day 6, the cells were switched to pure human
WAT maturation medium and cultured for 2 days. On Day 8, the
fully differentiated adipocytes were used for all the following
experiments.

Western blotting

Equal amounts of protein from tissues or cell lysates were frac-
tionated using 12% SDS-PAGE gels and transferred onto polyviny-
lidenedifluoride membranes. The membranes were blocked with
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blocking buffer (5% fat-free milk) for 1 h at room temperature
and incubated in blocking buffer at 4°C overnight with the follow-
ing antibodies: anti-UCP3 (Abcam, ab3477), anti-OXPHOS
(Abcam), anti-PGCla (Abcam), anti-CD137 (Bioss), anti-DIO2
(Santa Cruz Biotech), anti-PRDM16 (R&D), and anti-tubulin (Santa
Cruz Biotech). The membranes were incubated with HRP-
conjugated secondary antibodies for 1 h at room temperature, and
all signals were visualized and analyzed with densitometric scan-
ning (Image Quant TL7.0, GE Healthcare Bio-Sciences AB).

Bioenergetic profiling

Pig primary subcutaneous adipocytes were seeded into
gelatin-coated XF24 culture microplates (Seahorse Bioscience)
and cultured in DMEM/F12 with 10% FBS and antibiotics
(100 units/ml of penicillin and 100 pg/ml of streptomycin) over-
night at 37°C in an atmosphere of 5% CO,. Next day, the cells
were cultured in differentiation medium. On Day 8, the O, con-
sumption was measured with a Seahorse Bioscience XF24-3
extracellular flux analyzer. To measure OCR independent of oxi-
dative phosphorylation, 1 pM oligomycin was added to cells.
Subsequently, 0.5 pM carbonyl cyanide-p-trifluoromethoxyphe-
nylhydrazone and 2 pM respiratory chain inhibitor rotenone
were added to measure the maximal respiration and basal non-
mitochondrial respiration rates. The means and standard error
of the mean (SEM) from three independent experiments are
shown. Statistical comparisons were made using Student’s
t-test.

Mitochondrial copy number determination

Total DNA (genomic and mtDNA) was isolated from adipose
tissues and adipocytes using the QIAamp DNA Mini kit (Qiagen)
according to the manufacturer’s instructions. The DNA concen-
tration was assessed using a Nanodrop 2000 (Thermo
Scientific). The mtDNA copy number relative to the genomic
DNA content was quantitatively analyzed using an ABI Prism
ViiA7 real-time PCR instrument (Applied Biosystems). The COX-II
and p-globin primers were as follows: COX-ll: forward GGC
TTACCCTTTCCAACTAGG, reverse AGGTGTGATCGTGAAAGTGTAG;
B-globin: forward GGGGTGAAAAGAGCGCAAG, reverse CAGGTTGG
TATCCAGGGCTTCA.

Nucleofection

Primary cells derived from the subcutaneous fat of Tibetan
pigs were transfected with vectors expressing UCP3 or shRNA
for UCP3 with the nucleofection method.

Statistical analysis

Comparisons between groups were made with one-way
ANOVA with Tukey’s post hoc test or Student’s two-sample
t-test. A between-group difference of P < 0.05 was considered
significant.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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