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SUMMARY

For placental mammals, the transition from the in utero maternal environment to postnatal life
requires the activation of thermogenesis to maintain their core temperature. This is primarily
accomplished by induction of uncoupling protein 1 (UCP1) in brown and beige adipocytes, the
principal sites for uncoupled respiration. Despite its importance, how placental mammals license
their thermogenic adipocytes to participate in postnatal uncoupled respiration is not known. Here,
we provide evidence that the “alarmin’ IL-33, a nuclear cytokine that activates type 2 immune
responses, licenses brown and beige adipocytes for uncoupled respiration. We find that, in absence
of 1L-33 or ST2, beige and brown adipocytes develop normally but fail to express an appropriately
spliced form of Ucpl mRNA, resulting in absence of UCP1 protein, and impairment in uncoupled
respiration and thermoregulation. Together, these data suggest that IL-33 and ST2 function as a
developmental switch to license thermogenesis during the perinatal period.
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A signal from the immune system mediates the activation of thermogenesis during the transition
from the in utero maternal environment to postnatal life, allowing animals to maintain their core
temperature in cold environments.

INTRODUCTION

The maintenance of core temperature is essential to ensure that cellular and physiological
functions operate normally in endotherms under conditions of environmental challenge
(Cannon and Nedergaard, 2011; Gordon, 1993). In mammals, two types of programs support
thermal homeostasis in cold environments: heat conservation and heat generation (Cannon
and Nedergaard, 2011; Lowell and Spiegelman, 2000). While vasoconstriction and
piloerection are the major means of conserving heat, shivering and adaptive thermogenesis
are the principal mechanisms by which mammals increase heat production in order to adapt
and acclimatize to colder environments. In support of this, genetic mutations in mice that
disrupt cellular programs of adaptive thermogenesis impair thermoregulation and reduce
organismal fitness in the cold (Bachman et al., 2002; Enerback et al., 1997).

Brown and beige adipocytes are the major cellular sites for heat production in mammals
(Cohen and Spiegelman, 2015; Harms and Seale, 2013; Vosselman et al., 2013). In both of
these thermogenic tissues, uncoupling protein 1 (UCP1), which resides in the inner
mitochondrial membrane, uncouples oxidative phosphorylation (OXPHOS) from ATP
synthesis to stimulate metabolic respiration and heat generation. Although a number of other
uncoupling proteins have been identified in mammals and non-mammalian species (Azzu
and Brand, 2010), only UCP1 has been shown to function as an “uncoupler” by conducting
protons across the inner mitochondrial membrane (Fedorenko et al., 2012; Klingenberg et
al., 1999). In line with this, mice lacking UcpI are unable to increase metabolic respiration
upon cold exposure and rapidly succumb to hypothermia (Enerback et al., 1997). Since
UCP1 also participates in diet-induced thermogenesis to regulate energy balance and body
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weight (Bachman et al., 2002; Feldmann et al., 2009), there is great clinical interest in
identifying pathways that induce or maintain expression of UCP1 in thermogenic adipocytes
for the treatment of human obesity (Harms and Seale, 2013).

Prolonged exposure to environmental cold results in recruitment of beige and brown
adipocytes in mice and humans to increase total thermogenic capacity (Frontini and Cinti,
2010; Harms and Seale, 2013; Sidossis and Kajimura, 2015). Whilst this cold-induced
increase in brown adipose tissue (BAT) mass is driven by its adrenergic activation by the
sympathetic nervous system (Cannon and Nedergaard, 2011; Lowell and Spiegelman, 2000),
recruitment of thermogenic beige adipocytes also relies on signals from the innate immune
system. For example, we and others have found that cold- and myokine-induced biogenesis
of beige fat requires type 2 innate immune cells and signals, including eosinophils,
alternatively activated macrophages, and the type 2 cytokines interleukin—4 and —-13 (IL-4
and —13) (Lee et al., 2015; Nguyen et al., 2013; Qiu et al., 2014; Rao et al., 2014). Since
group 2 innate lymphoid cells (ILC2s) are the major innate source of 1L-13 and IL-5 (the
latter being required for the survival and proliferation of eosinophils) (Moro et al., 2010;
Neill et al., 2010; Nussbaum et al., 2013; Price et al., 2010), gain-of-function approaches
have implicated ILC2s and 1L-33, an activator of ILC2s, in the biogenesis of thermogenic
beige fat (Brestoff et al., 2015; Lee et al., 2015). For instance, we found that administration
of 1L-33 to thermoneutral adult mice resulted in the activation of ILC2s and recruitment of
beige fat in an IL-4Ra-dependent manner (Lee et al., 2015). In a similar manner, Brestoff et.
al. reported that treatment of adult mice, which were housed at the normal vivarium
temperature, with IL-33 stimulated the recruitment of beige adipocytes in an ILC2-
dependent manner (Brestoff et al., 2015). While these gain-of-function studies implicated
IL-33 and ILC2s in biogenesis of beige adipose tissue, it is not known whether ILC2s or
IL-33 are physiologically required for development of functional beige or brown adipocytes
and for adaptation to environmental cold.

IL-33, a member of the IL-1 family, is a type 2 cytokine that is constitutively expressed in
the nucleus of epithelial cells, endothelial cells, and fibroblasts (Pichery et al., 2012). A
number of factors have been identified that trigger the release of 1L-33 from cells, including
infectious agents, allergens, necrotic cell death, and mechanical stretch (Cayrol and Girard,
2014; Molofsky et al., 2015). Based on the observation that IL-33 is stored in the nucleus as
a pre-formed cytokine and released by cellular stress, it has been suggested that IL-33 acts as
an “‘alarmin’ to alert the immune system of potential tissue stress or damage (Cayrol and
Girard, 2014; Molofsky et al., 2015). In this context, the released and cleaved forms of IL-33
activate immune cells expressing ST2, such as ILC2s and regulatory T cells (Tregs), to
initiate downstream effector responses (Bapat et al., 2015; Kolodin et al., 2015; Molofsky et
al., 2013; Vasanthakumar et al., 2015).

Here, we address the requirement of 1L-33:ST2 axis on the physiologic development of
beige and brown adipocytes. We report that, unlike the type 2 cytokines IL-4 and —13,
IL-33:ST2 and ILC2s are not required for the commitment or differentiation of beige
adipocytes. Rather, we find that IL-33:ST2 act in a non-canonical manner to perinatally
license uncoupled respiration in thermogenic adipocytes. The term “license’ is used here to
denote a switch from a previous default state to a new permissive state. For example, in
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brown adipocytes, this represents a permanent switch from ‘coupled’ respiration in the
embryo to ‘uncoupled’ respiration in the neonate. Our findings thus uncover an unexpected
mechanism by which IL-33:ST2 function as a developmental switch to license BAT for its
postnatal functions in thermogenesis.

IL-33is required for uncoupled respiration in beige adipocytes

To investigate the requirement of IL-33 in cold-induced beige fat development, we
challenged 8-week-old C57BL/6J (WT) and congenic /337~ mice with exposure to
environmental cold (5°C) for 48 hours. As assessed by expression of UCP1 protein, WT
mice exhibited robust browning of their inguinal WAT (iWAT), a metabolic adaptation that
was absent in /237~ mice (Figure 1A). Ex vivoanalysis of oxygen consumption verified
that exposure to environmental cold increased thermogenic capacity of iWAT in an 1L-33-
dependent manner (Figure 1B). Although immunoreactive UCP1 protein was absent in
representative tissue sections of //337~ mice (Figure 1C), hematoxylin and eosin staining
revealed the presence of more beige and fewer white adipocytes in iWAT of /337~ mice
(Figure 1D). In aggregate, these findings suggest that 1L-33 is not required for the
commitment to the beige adipocyte lineage but rather for licensing its functions in
uncoupled respiration.

In mice, physiologic recruitment of beige fat occurs at time of weaning (Lee et al., 2015;
Xue et al., 2007), prompting us to ask whether IL-33 is also required for this metabolic
remodeling of iWAT. Immunoblotting for UCP1 revealed that its expression peaked at
postnatal day 21 (P21) in iWAT of WT mice followed by a gradual decline as mice aged
(Figure 1E). This physiological uncoupling of metabolic respiration was absent in iWAT of
/1337~ mice (Figure 1E). Moreover, hematoxylin and eosin staining revealed the presence of
multilocular beige adipocytes in /237~ mice as early as P7 that persisted through adulthood
(Figure S1A). While this recruited beige adipose tissue in /237~ mice did not express UCP1
protein (Figure 1E), it had higher expression of thermogenic genes and mitochondrial
content (Figure S1B-E), potentially pointing to a compensatory response for thermogenic
defects in other fat depots. In line with this, similar histological changes and an increase in
oxidative metabolism were observed in iWAT of UcpZ ™~ mice, which were housed at 20°C
or gradually acclimated to 4°C (Liu et al., 2003; Ukropec et al., 2006).

To understand the underlying mechanisms for these observations, we performed whole-
genome gene expression analysis (RNA-seq) on iWAT isolated from WT and //337~ mice at
P24, a time point corresponding to physiologic browning of iWAT. After normalization of
datasets, we used FuncAssociate to identify pathways that were induced or repressed
(FDR<5% and >2-fold expression) in iWAT of /337~ mice (Berriz et al., 2003). Consistent
with histological presence of multilocular beige adipocytes in /237~ mice (Figure S1A), we
found that the expression of beige fat markers was not significantly different amongst the
genotypes (Figure 1F). While gene ontologies associated with skeletal muscle contraction,
antiviral immunity, and angiogenesis were repressed in iWAT of //237~ mice (Figure 1G and
Table S1, S3), gene ontologies associated with catabolism of fatty acids, glucose, and
branched chain amino acids were all induced in //337~ mice (Figure 1H and Table S2, S3).
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These data suggest that /237~ mice compensate for defects in uncoupled respiration by
increasing flux through various catabolic pathways. Since Spiegelman and colleagues
recently identified creatine-driven substrate cycle as a potential means of generating heat in
the absence of UCP1 (Kazak et al., 2015), we examined the expression of genes involved in
the creatine-driven substrate cycle in our RNA-seq datasets. While expression of Ckmit1 and
Slc6a8was unchanged, expression of Ckmt2, Gatm, and Gamtwas reduced by ~2-4-fold in
iIWAT of /337~ mice (Tables S3), suggesting that the creatine-driven substrate cycle is
unlikely to compensate for thermogenic defects in iWAT of /337~ mice.

Defective cold-induced thermogenesis in 11337~ mice

During the course of these studies, we noticed that a subset of /237~ mice were not able to
maintain their core temperature after exposure to environmental cold (Figure S1F). This
impairment in thermoregulation compromised the survival of 8.5-week-old /337~ mice
when they were housed at 4°C (Figure 2A). Upon exposure to environmental cold, mice
activate preformed thermoeffectors, such as shivering and brown adipose tissue (BAT), to
generate heat (Cannon and Nedergaard, 2011; Gordon, 1993; Lowell and Spiegelman,
2000). To address whether 1L-33 deficiency affects shivering or nonshivering thermogenesis,
we challenged young mice, which have smaller muscle mass and lower capacity to generate
heat by shivering, with environmental cold. We found that 4.5- and 5.5-week-old /337~
mice exhibited a more profound decrease in their rate of survival during a cold challenge at
4°C (Figure 2B and S1G). These observations are in line with what has been previously
reported for UcpZ™~ mice, which lack non-shivering thermogenesis. In this case, the
penetrance of cold sensitivity was found to be dependent on the genetic background of
UcpI™" mice and the life history of acclimation to environmental cold (Golozoubova et al.,
2001; Hofmann et al., 2001).

To investigate a potential defect in nonshivering thermogenesis in /237~ mice, we measured
oxygen consumption in WT and /337~ mice after administration of norepinephrine, which
activates thermogenic and metabolic programs without inducing shivering (Cannon and
Nedergaard, 2011). We found that oxygen consumption rate was reduced by ~25% in /337~
mice (Figure 2C, D), pointing to a primary defect in brown fat thermogenesis. Congruent
with these data, gross and microscopic histology revealed that the interscapular brown
adipose tissue (BAT) of /337~ mice was paler, larger (~2-fold), and contained more lipid
droplets (Figure 2E, F and Figure S1H). Taken together, these data suggest that a defect in
brown fat thermogenesis in //337~ mice compromises their survival in the cold, thereby
providing an explanation for increased recruitment of beige-like adipocytes in iWAT.

To gain molecular insights into how I1L-33 deficiency affects BAT thermogenic programs,
we performed RNA-seq analysis on BAT isolated from WT and /337~ mice at P0.5. We
chose this early time point to limit the secondary effects of prolonged cold stress that results
from housing mice at 22°C, a temperature that is well below their thermoneutral zone
(Cannon and Nedergaard, 2011; Gordon, 1993), and has dramatic effects on their immune
and metabolic programs (Karp, 2012; Tian et al., 2016). Congruent with the histological
presence of BAT in /337~ mice, genetic deficiency of 1L-33 did not significantly alter
expression of brown fat identity genes, such as Ucp1, Dio2, Prdm16, and Ppargcla (Figure
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2G, Table S5). Gene term enrichment analyses revealed that no specific gene ontologies
were suppressed in BAT of /337~ mice, whereas an immediate early-gene stress signature
(including Fos, Jun, Atf3, Cebpd, Fosl2, Junb, Nfkbia, and Phdla3) heavily dominated the
gene ontologies that were induced in /337~ mice (Figure 2H and Table S4, S5), potentially
suggesting that impairment in thermogenic function results in metabolic and oxidative stress
in BAT of //337~ mice.

IL-33 is required for splicing of Ucpl mRNA and expression of functional UCP1

Brown adipose tissue is the primary site of uncoupled respiration in mice. To investigate the
mechanisms by which IL-33 regulates BAT functionality, we first quantified oxygen
consumption by BAT ex vivo. Compared to WT mice, the rate of oxygen consumption was
reduced by ~75% in BAT of //337~ mice (Figure 3A and Figure S2A). As assessed by
immunoblotting and immunohistochemistry, this decrease in oxygen consumption likely
resulted from the absence of UCP1 protein in BAT of /337~ mice that were housed at 22°C
or 5°C (Figure 3B, C). Of note, the analyses at 5°C were performed with tissues obtained
from //337~ mice that survived the acute cold challenge (Figure 2A and Figure S1B). This
defect in UCP1 protein expression likely reflects a developmental failure in licensing of
uncoupled respiration in BAT, because it was present in //337~ BAT at P0.5 and persisted
through adulthood (Figure S2B-G). Congruent with this, administration of IL-33 or the B3-
adrenergic agonist CL 316,243 failed to restore UCP1 protein expression in adult (8-10
week-old) //237~mice (Figure S2H). Furthermore, cohousing of /337~ with WT neonatal
pups did not rescue UCP1 protein expression in BAT, suggesting that changes in the
microbiome are unlikely to account for these differences in uncoupled respiration between
the two genotypes (Figure S2I).

Although UCP1 protein was absent in the BAT of /337~ mice, we found that UcpZ mRNA
was expressed in IL-33-deficient BAT, albeit its expression was reduced by ~2-fold (Figure
2G). These observations suggested that impaired translation or alternative splicing might
interfere with the detection of UCP1 protein by immunablotting. To distinguish between
these two possibilities, we assessed the translation of UcpZ mRNA by isolating polysomes
from BAT. We found that similar amounts of UcpZ mRNA were present in the polysome
fractions isolated from BAT of WT and //237~ mice (Figure 3D), indicating that impairment
in translation is less likely to account for the absence of UCP1 protein in /337~ mice.

We next asked whether alternative splicing of UcpZ mRNA might account for the absence of
UCP1 protein in BAT of /237~ mice. Analysis of RNA-seq datasets revealed the activation
of alternative splice sites in exon 5 of UcpI gene in BAT of //337~ mice. For example, while
majority of the UcpZ mRNAs in BAT of WT mice utilized the normal splice junctions
between exon 4 and 5 (splice variant A), UcpI mRNAs present in /337~ BAT had an
alternative splicing pattern (Figure 3E, F). In BAT of /337~ mice, we found activation of
cryptic acceptor splice sites in exon 5 that resulted in generation of two alternatively spliced
variants (B and C) of UcpZ mRNA (Figure 3E). Quantification of splice junction reads
revealed that ~85% of UcpI mRNAs encoded for splice variants B (~15%) and C (~70%) in
11337~ mice, whereas ~98% of the junction reads encoded for the normal splice variant A in
BAT of WT mice (Figure 3F). Furthermore, we found a similar distribution of UcpZ mRNA
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splice variants in iWAT of /337~ mice (Figure S3A). Since ~9% of the junction reads
encoded for splice variant C in one of WT BAT samples (Figure 3F), we wondered whether
it was normally present in BAT of WT mice. To address this question, we designed primers
that specifically amplified splice variants A and C, and used them to quantify its abundance
in BAT. Quantitative RT-PCR analysis revealed that mMRNAs encoding for splice variant C
were readily detectable and had a similar temporal pattern of expression as the normal splice
variant A in embryonic and adult BAT of WT mice (Figure S3B, C). Together, these findings
suggest that at least two splice variants of UcpZ mRNA (A and C) are normally expressed in
BAT of WT mice, and IL-33 functions as a developmental switch to suppress the expression
of variant C and increase expression of variant A in thermogenic adipocytes.

Since these alternative spliced forms resulted in in-frame deletions in UCP1 protein (variant
B has a 9 amino acid deletion, whereas variant C has a 36 amino acid deletion), they are
likely to escape nonsense-mediated mMRNA decay and be translated, as suggested by the
presence of UcpI mRNAs in the polysomes of /337~ BAT (Figure 3D). However, it is
unclear whether proteins translated from these alternatively spliced UcpZ mRNAs will be
stable, because both predicted proteins will lack part of or the entire region encompassing
the 5 transmembrane segment of UCP1, which is required for its insertion into the inner
mitochondrial membrane (Klingenberg et al., 1999). We thus asked whether protein products
encoded from these alternatively spliced variants were present in P0.5 BAT. By
immunoblotting for UCP1, we detected a faint band that was ~1kDa smaller than the full
length UCP1 in BAT of //337~ mice. Since this band was absent in BAT of WT or UcpI™~
mice, it suggests that it is likely encoded from Ucp1 splice variant B, which is only present
in BAT of /337~ mice (Figure 3F, G). The predicted size of protein encoded by splice
variant C is ~4kDa smaller, which would be expected to migrate around the non-specific
~25kDa band that is found in all three genotypes (Figure 3G). Thus, we employed an
orthogonal approach to determine whether these alternative splice variants can encode for a
functional UCP1 protein. For this, we measured UCP1-mediated proton conductance in
mitoplasts isolated from BAT of WT and of /237~ mice. While the characteristic guanosine
diphosphate (GDP)-inhibitable UCP1 proton current was detected in WT mitoplasts
(Fedorenko et al., 2012), it was absent in mitoplasts prepared from BAT of /337~ mice
(Figure 3H, 1), indicating that UCP1 mRNAs expressed in BAT of //337~ mice do not
encode for a functional UCP1 protein.

ST2is required for uncoupled respiration in thermogenic adipocytes

IL-33 binds to and signals via the ST2 receptor (encoded by //1r/1) (Schmitz et al., 2005),
prompting us to ask whether //1r/1 is similarly required for uncoupled respiration in beige
and brown adipocytes. Immunoblotting revealed robust expression of UCP1 protein in iWAT
of 4-week-old WT mice, which corresponded to the physiologic browning of this tissue
(Figure 4A). In contrast, iWAT of congenic //1r/177~ mice failed to express UCP1 protein
(Figure 4A). A similar requirement for ST2 was observed in BAT, which grossly and
histologically resembled BAT of //237~ mice, as it was paler, larger, and contained more
cytoplasmic lipid droplets (Figure 4B, C, Figure 2E, and Figure S1D). Furthermore, BAT of
111r/77~ mice lacked UCP1 protein and UCP1-mediated proton current (Figure 4D-F), and
expressed the alternative (C) but not the normal (A) variant for UcpZ mRNA (Figure S3D,
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E). As a consequence, 4.5-week-old //2r/17~ mice failed to survive an acute cold challenge
(Figure 4G), because they were unable to maintain their core temperature (Figure 4H).
Together, these results establish epistasis between IL-33 and ST2, and suggest that
IL-33:ST2 function as a developmental switch to regulate uncoupling capacity of beige and
brown adipocytes.

Previous gain-of-function studies demonstrated that 1L-33 activates ILC2s, a ST2 expressing
cell that is the major cellular source of type 2 cytokines, to recruit beige adipose tissue
(Brestoff et al., 2015; Lee et al., 2015). However, our current studies with IL-33 and ST2
null mice suggest that IL-33:ST2 and 1L4/13:1L-4Ra have distinct requirements in
recruitment of thermogenic adipocytes. First, while 1L-4/13:IL-4Ra signaling is required for
the commitment and maturation of beige adipocytes (Lee et al., 2015; Qiu et al., 2014),
IL-33 and ST2 are only required for the expression of UCP1 protein in beige adipocytes.
Second, unlike the specific requirement for IL-4/13 signaling in beige adipogenesis, 1L-33
and ST2 are required for uncoupling of metabolic respiration in both beige and brown
adipocytes. These differences between the requirements of IL-33 and IL4/13 in
thermogenesis led us to ask whether ILC2s are the critical target by which I1L-33 and ST2
license uncoupled respiration. To test this hypothesis, we utilized RRDD mice in which all
IL-5-expressing cells, such as ILC2s and Th2 cells, are deleted by Cre recombinase-
mediated expression of diphtheria toxin A (Van Dyken et al., 2014). As expected, ILC2s and
IL-5-expressing cells were absent in BAT, iWAT, and epididymal WAT of RRDD mice
(Figure S4A-C). However, unlike I1L-33 or ST2 deficiency, loss of ILC2s did not affect
uncoupled respiration in brown or beige adipocytes. For example, we found no differences
in BAT UCP1 protein expression, oxygen consumption, or cellular histology between WT
and congenic RRDD mice (Figure S4D-F). In a similar manner, we observed that cold-
induced and physiologic browning of iWAT was intact in RRDD mice (Figure S4G, H).
Analysis of Rag2~/~/yc™/~ mice revealed a similar lack of requirement for adaptive immune
cells, including Tregs and ILCs, in uncoupling of metabolic respiration in brown adipocytes
(Figure S4l).

In immune cells, the adaptor protein MyD88 confers responsiveness to IL-33 (Molofsky et
al., 2015), leading us to ask whether MyD88 was also required for uncoupled respiration. In
contrast to our results with mice deficient in //33or //1r/1, we found that MyD88 was
dispensable for UCP1 protein expression in brown and beige adipocytes (Figure 41 and
Figure S4J). These findings together suggest that IL-33:ST2 likely utilize a non-canonical
pathway to developmentally license uncoupled respiration in thermogenic adipocytes.

Reduced oxidative respiration and complex activity in mitochondria of IL-33 deficient BAT

Since BAT of //337~and //1r/17~ mice lacked the mitochondrial protein UCP1, we asked
whether loss of IL-33 or ST2 also affected mitochondrial respiration and complex activity.
To this end, we purified mitochondria from BAT WT and /337~ mice, and used western
blotting to assess their purity. Although total mitochondrial content and protein were
increased in /337~ mice (Figure S5A, B), this largely reflected an increase in their BAT
mass (Figure 2F and S5C). Immunoblotting with the purified mitochondria revealed
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enrichment of mitochondrial proteins along with efficient removal of contaminating
cytosolic proteins (Figure S5D).

Using purified mitochondrial preparations from ~6-week-old mice, we quantified
mitochondrial respiration via a Clarke-type electrode in the presence of substrates and
mitochondrial inhibitors (Figure 5A, B). As expected, oxygen consumption rate increased in
WT mitochondria after the addition of the substrate palmitoyl-coenzyme A. This substrate-
induced increase in oxidative respiration, which was inhibited by the addition of GDP, was
lower in mitochondria isolated from /337~ BAT, findings that are consistent with the lack of
functional UCP1 in BAT of these animals. In contrast to WT mitochondria, ADP-stimulated
coupled respiration was higher in mitochondria of /337~ BAT (Figure 5A, B). However,
despite this increase in coupled respiration, the maximal oxidative capacity, which was
measured in the presence of the uncoupler carbonyl cyanide- p-
trifluoromethoxyphenylhydrazone (FCCP), was reduced in mitochondria purified from
/1337~ BAT (Figure 5A, B).

Based on these findings, we asked whether changes in the mitochondrial complexes
contribute to the decrease in mitochondrial oxidative capacity observed in /337~ BAT. To
address this question, we quantified the expression and activity of respiratory chain
components in purified mitochondria. Immunoblotting revealed reduction in expression of
complex | (NDUFBS8) and IV (MTCO1) components in mitochondria of /337~ BAT (Figure
5C). This was accompanied by increased expression of complex V protein ATP5A,
cytochrome C, and VDAC1 in mitochondria of /237~ BAT (Figure 5C). Quantification of
respiratory complex activities affirmed that activities of complex I and 1V were reduced by
~68% and ~46%, respectively (Figure 5D, G), whereas those of complex Il and Il were not
significantly different between the genotypes (Figure 5E, F). These changes in OXPHOS
protein expression were specific for BAT because we failed to detect similar changes in the
expression of mitochondrial respiratory components in hearts of /337~ mice (Figure S5E), a
tissue that is highly oxidative and previously shown to be responsive to IL-33 (Chen et al.,
2015).

The observed alterations in OXPHOS and respiratory activity prompted us to ask whether
loss of 1L-33 resulted in ultrastructural changes in the mitochondria of /237~ BAT.
Compared to WT mitochondria, transmission electron microscopy demonstrated that
mitochondria of //337~ BAT were smaller and irregularly shaped, and their cristae were
malformed and present at a lower density (Figure 5H, 1). Exposure to environmental cold
exacerbated these ultrastructural defects in BAT of //337~ mice, as evidenced by the paucity
of normal cristae, reduced mitochondrial size, and presence of mitochondrial inclusions
(Figure 5J, K). In aggregate, these findings potentially suggest a much broader role for 1L-33
in the regulation of mitochondrial assembly and respiration.

Mitochondria of Ucp1™~ BAT have defects in respiratory complexes

Although mitochondria from BAT of adult //337~ mice exhibit profound structural and
respiratory defects, our RNA-seq experiments using P0.5 BAT failed to detect significant
changes in the expression of mitochondrial genes (Figure 2 and Tables S4, S5). A potential
answer to this paradox might be that the failure to express a functional UCP1 protein is the
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primary defect in BAT of /337~ mice, which later translates into the observed
mitochondrial dysfunction as animals age. We thus reasoned that quantitative analysis of
mitochondrial complex activity in UcpZ™~ mice, which only harbor mutation in the Ucp1
gene, might provide an unequivocal test of this hypothesis. Similar to /237~ mice, we found
that BAT mitochondria of ~6-week-old UcpZ™~ mice had reduced expression of complex |
(NDUFBS8) and IV (MTCO1) components, whereas expression of components of complex
I1, 111, and V was unaltered (Figure 6A). Unlike /237~ mice, however, we failed to detect
compensatory increase in cytochrome C (CytC), which is necessary for electron transfer
between respiratory complexes 111 and V. These changes were specific to BAT because
expression of respiratory chain components was unaltered in hearts of these animals (Figure
6B).

We next asked whether BAT of UcpZ™~ mice had similar respiratory and structural defects
as those observed in /337~ mice. We found that the respiratory activities of complex I and
IV were reduced by ~75% and ~85%, respectively (Figure 6C, D). Ultrastructural analysis of
BAT of Ucp1™~ mice showed similar defects in their mitochondria as were observed in BAT
of /337~ mice. For example, we observed that UcpZ ™~ mitochondria were smaller, varied

in size and shape, and had lower cristae density that were irregular and malformed (Figure
6E, F). These functional and structural similarities in mitochondria of UcpZ™~and /337~
mice suggest that deficiency of UCP1 likely contributes to the mitochondrial dysfunction
observed in BAT of /337~ mice.

Perinatal requirement of IL-33 and ST2 in licensing of uncoupled respiration

Our cumulative data suggest that a primary defect in UCP1 protein expression, such as in
11337~ or UcpI™" mice, alters mitochondrial respiration, which later manifests as
mitochondrial dysfunction in older animals. If this is correct, then the mitochondrial defects
observed in BAT of //337~or Ucp1™~ mice should be absent in younger animals. To test
this hypothesis, we analyzed expression of UCP1 protein in BAT during embryonic
development and the perinatal period. We found that BAT of WT mice gains competence for
uncoupled respiration at embryonic day (E18.5), one day prior to birth, which occurred at
P0.5 in this series of timed matings (Figure 7A). In /337~ mice, this failed to occur at E18.5
and their postnatal BAT could only sustain coupled respiration, indicating a perinatal
requirement for IL-33 in licensing of thermogenesis. A similar defect in UCP1 protein
expression was observed in P0.5 BAT of //Zr/1~~ mice (Figure 7B), indicating perinatal
requirement for ST2 in licensing of uncoupled respiration.

Using P0.5 BAT, we next examined the relationship between UCP1 protein deficiency and
the onset of mitochondrial dysfunction. We found that although P0.5 BAT of /337",
11r/17~, and Ucp1™~ mice lacked UCP1 protein (Figure 7A, B and data not shown), the
expression of respiratory chain components was unaffected (Figure 7C). In agreement with
this, the activity of complex 1V was not significantly different amongst the genotypes,
whereas complex | activity was modestly reduced (~7%) in P0.5 BAT of UcpZ™~ mice
(Figure 7D, E). Transmission electron microscopy confirmed that the ultrastructural changes
observed in mitochondria of ~5-week-old //237~ and ~4-week-old Ucpl™~ mice were
absent in P0.5 BAT (Figure 7F-H). In aggregate, these data suggest that UCP1 deficiency
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precedes the onset of mitochondrial dysfunction observed in older /237~ or Ucp1™~ mice,
and Ucpl is likely the primary target of 1L-33 for perinatal licensing of uncoupled
respiration in thermogenic adipocytes.

DISCUSSION

It is well-appreciated that UCP1-mediated uncoupled respiration is critical for
thermogenesis and the maintenance of core temperature in adult animals (Bachman et al.,
2002; Enerback et al., 1997). While the regulation of UCP1 is well-studied in adult animals,
it is not known how UCP1 expression and activity are controlled during the perinatal period
when developing embryos undergo their one-way transition to postnatal life. Here, we
provide evidence for a surprising requirement for IL-33 and its receptor ST2 in perinatal
licensing of uncoupled respiration in thermogenic adipocytes. Our data indicate that the
IL-33:ST2 axis regulates the splicing of UcpZI mRNA during the perinatal period to ensure
UCP1-mediated uncoupled respiration is activated in BAT just prior to birth. In the absence
of IL-33 or ST2, beige and brown adipocytes develop normally, but can only support
coupled respiration. While this is sufficient for adaptation of mutant mice to mild thermal
stress (such as at 22°C, a temperature below their thermoneutral zone), they rapidly become
hypothermic during a severe cold challenge (at 4-5°C), traits that phenocopy UcpI ™" mice.

Multiple lines of evidence suggest that UcpZ is likely the primary target of IL-33 in licensing
of uncoupled respiration in thermogenic adipocytes. For example, we find that deficiency of
IL-33 or ST2 does not affect the development and differentiation of beige or brown
adipocytes. This was confirmed by genome-wide analysis of beige and brown adipose tissue
from //337~ mice animals, showing that expression of tissue-specific and thermogenic
programs was unaffected. Furthermore, even the respiratory and ultrastructural defects
observed in mitochondria of /337~ BAT are likely to be secondary to UCP1 deficiency,
because they were absent in neonatal (P0.5) BAT of /337~ mice, which lack UCP1. Genetic
support for this hypothesis was obtained from BAT of UcpZ ™~ mice, which exhibit a similar
temporal pattern of respiratory and ultrastructural defects in their mitochondria, indicating
that deficiency of UCP1 is sufficient to promote mitochondrial dysfunction as animals age.

Our findings suggest that 1L-33:ST2 function as a developmental switch to control the
splicing of functional UcpZ mRNAs in beige and brown adipocytes. Although we initially
uncovered the presence of alternatively spliced forms of UcpZ mRNA in //33-deficient BAT,
additional analyses of embryonic and postnatal BAT revealed that they were also present in
WT mice. Moreover, since the presence or absence of 1L-33 or ST2 altered the ratio between
normal (A) and alternatively spliced variant (C) of Ucp1 in an almost all-or-none manner, it
suggests that 1L.-33:ST2 axis functions as a binary switch to control the amount of functional
UCP1 that is expressed in thermogenic adipocytes. Our inability to detect splice variant B,
which utilizes a more proximal splice acceptor site and lacks only 9 amino acids, in beige or
brown adipocytes of WT mice, potentially points to its generation as a compensatory
response to the absence of functional UCP1 protein in /337~ mice.

A key question that emerges from our work is how does IL-33 regulate splicing and
expression of UCP1 in thermogenic adipocytes. Although elucidation of the precise
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mechanism awaits further study, our data suggest that it is unlikely to be the canonical
pathway by which 1L-33 signals in immune cells. First, unlike in immune cells where there
is epistasis between IL-33, ST2, and MyD88, we find that the downstream adaptor protein
MyD88 is dispensable for licensing of uncoupled respiration in brown and beige adipocytes.
Second, Tregs and ILC2s, two cell types responsive to IL-33 in adipose depots (Bapat et al.,
2015; Kolodin et al., 2015; Molofsky et al., 2013; Vasanthakumar et al., 2015), are not
required for licensing of BAT, because RRDD (lacking I1LC2s) and Rag2~/~yc™~ mice
(lacking all adaptive immune cells and ILCs) have normal expression of UCP1 protein.
Third, we observe that 1L-33 is required for normal splicing of UcpZ mRNA in BAT, a
function that is distinct from the gene expression programs it regulates in ILC2s and Tregs.
Fourth, administration of recombinant cleaved IL-33, which signals via ST2 and MyD88 in
immune cells, fails to rescue the respiratory defects in BAT of adult /237~ mice. While
these results potentially point to a nuclear function of this atypical cytokine, a better
understanding of its developmental pattern of expression, cleavage, release, and signaling
will be necessary to elucidate the underlying mechanisms by which IL-33 regulates splicing
of UcpI mRNA.

While our data have uncovered an unexpected role for IL-33 in perinatal licensing of
uncoupled respiration in brown adipocytes, its timing, sources and targets remain unclear for
now. For example, we found that /237~ BAT fails to express UCP1 protein at E18.5,
suggesting that IL-33 is likely to be required at some point prior to E18.5. During this
developmental period, there are two potential sources of 1L-33: the embryo and the mother,
and two cellular targets for its action: in brown adipocyte precursors and differentiated
brown adipocytes. Thus, in the future, it will be important to identify the cell types that
express 1L-33 during the perinatal period and examine whether its release is constitutive,
timed for delivery, or induced by environmental cold. In addition, generation of cell- and
tissue-specific knockouts of 1L-33 and ST2 will be necessary to pinpoint the critical cell
types that release IL-33 and the targets on which it acts to perinatally license thermogenesis,
respectively.

In addition to regulation of thermogenesis, our findings have broader implications for how
organogenesis is regulated in placental mammals. Unlike other metazoans, placental
mammals face an additional hurdle during their development: the rapid transition from the
intrauterine environment of the mother to the extrauterine environment in which they will
spend the remainder of their lives. This brief perinatal period (from late embryogenesis to
early postnatal life) is the critical time window during which many mammalian organs, such
as liver, lungs, and brown adipose tissue, undergo essential maturation necessary for
adaptation to postnatal life. For example, preterm infants are susceptible to hypoglycemia,
hypoxia, and hypothermia due to impairment in liver (glucose production), lung (air
exchange), and brown adipose tissue (heat production) function (Raju, 2012). Moreover, if
the timing of this transition is not precisely correct, organs become susceptible to end organ
damage, as demonstrated by the development of necrotizing colitis and respiratory distress
syndrome in preterm infants (Raju, 2012). Despite its importance, how placental mammals
regulate the perinatal maturation of their organs to prepare for the challenges of postnatal
life has remained poorly understood.
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Using BAT as model system, our work suggests that licensing of postnatal functions in
placental organs is signal-dependent and independent of tissue differentiation programs.
These findings lead us to propose a model in which three distinct classes of signals regulate
organogenesis in placental mammals. While developmental signals (BMPs, Whnts,
Hedgehogs, FGFs, and Notch ligands) and their downstream transcription factors regulate
cellular programs of patterning, differentiation, and tissue growth during early
embryogenesis, the neuroendocrine and immune systems regulate the physiological
responsiveness of these tissues to maintain homeostasis in the adult. Our studies suggest that
IL-33 is an example of and belongs to a previously unappreciated group of perinatal signals,
which function as a developmental switch to license and prepare tissues for postnatal life. In
this context, it is intriguing to note //Zr/1 (encoding ST2) and MyD&88 are evolutionarily
ancient (found in fish, reptiles, birds, and all infraclasses of mammals) (Sattler et al., 2013),
whereas //33is only present in the placental mammals but not in monotremes and
marsupials, the two infraclasses of mammals that do not have a need for perinatal licensing
of thermogenesis because they are egg-laying or complete their development in a warm
external pouch.

EXPERIMENTAL PROCEDURES

Animal studies

All animal studies were conducted under an approved IACUC protocol at UCSF. All animals
were congenic to the C57BL6/J background and housed at 22°C (unless otherwise indicated)
in the vivarium under a 12 hour light:dark cycle. Both male and female mice of various ages
were used in these studies. C57BL/6J mice were purchased from Jackson Laboratories and
bred in our vivarium; //337~ were kindly provided by Jean-Philippe Girard via Richard
Locksley (Pichery et al., 2012), //1r/1~/~ were kindly provided by Shizuo Akira via Richard
Locksley (Hoshino et al., 1999), RR and RRDD mice were kindly provided by Richard
Locksley, and Ucp1™~ were kindly provided by Lesley Kozak via Yuriy Kirichok (Enerback
etal., 1997). The cold exposure experiments were performed as described previously (Lee et
al., 2015). Mouse core (rectal) temperature was measured hourly using a BAT-12
microprobe thermometer with RET-3 thermocouple (PhysiTemp). As per IACUC guidelines,
“survival” was defined as a core temperature >28°C. For cohousing experiments, WT and
11337/~ litters were swapped between dams at P0.5. For rescue experiments, 6 week-old mice
were injected intraperitoneally with vehicle, 1L-33 (0.5 g, Biolegend), CL-316,243 (1 mg/kg,
Sigma) or both daily for 1 week. For all /n vivo studies, cohorts of = 4 mice per genotype or
treatment were assembled, and experiments were repeated 2-3 independent times.

Statistical analysis

Data were analyzed using Prism (Graphpad) and are presented as mean + s.e.m. Statistical
significance was determined using the unpaired two-tailed Student's t-test for single
variables and two-way ANOVA followed by Bonferroni post-tests for multiple variables. For
survival experiments, statistical significance was determined using the Mantel-Cox log-rank
test. A p-value of < 0.05 was considered to be statistically significant and is presented as * (p
<0.05), ** (p < 0.01), or *** (p < 0.001).
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HIGHLIGHTS

IL-33 and ST2 license uncoupled respiration in beige and brown
adipocytes

Genetic absence of 1L-33 or ST2 impairs adaptation to environmental
cold

IL-33 and ST2 regulate splicing of Ucpl mRNA in thermogenic
adipocytes

Perinatal licensing of brown adipocytes for uncoupled respiration
requires 1L-33
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Figure 1. IL-33 is required for uncoupled respiration in beige adipocytes
(A) Immunoblotting for UCP1 in iWAT of WT and /237~ male and female mice housed at

22°C or 5°C for 48 hours (n=2-3 per temperature and gender). (B) Ex vivo oxygen
consumption rate in iWAT of WT and /33~ mice housed at 22°C or 5°C for 48 hours
(n=4-6 per genotype and temperature). (C, D) Representative sections of iWAT from WT
and //337~ mice housed at 5°C for 48 hours were stained for UCP1 (C) or with hematoxylin
and eosin, 400x magnification. (E) Immunoblotting for UCP1 in iWAT of WT and /337~
mice housed at 22°C (n=2 per gender and age). (F) RNA-seq analysis of iWAT at P24 from
WT and //337~ mice housed at 22°C. Volcano plot displaying fold change (log2) of mRNA
expression is shown. Beige fat markers are highlighted in salmon, whereas differentially
expressed mMRNAs (FDR<5% and >2-fold expression) are shown in teal (n=3-4 per
genotype). (G, H) Pathway analysis of a subset of mMRNAs suppressed (G) or induced (H)
>2-fold in P24 iWAT of WT and //237~ mice housed at 22°C (n=3-4 per genotype). Data are
represented as mean £ SEM. See also Figure S1 and Tables S1-S3.
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Figure 2. Defective cold-induced thermogenesis in 11337/~ mice
(A, B) Survival curves of WT and /337~ mice challenged with environmental cold (4-5°C).

Mice were euthanized when their core temperature was <28°C. (A) Survival curves for 8-10-
week-old male and female mice (n=9-10 per genotype). (B) Survival curves for 4.5- and 5.5-
week-old male and female WT and //33~ mice (n=5-10 per genotype). (C, D)
Norepinephrine stimulated changes in oxygen consumption (VO ) in conscious WT and
11337~ mice housed at 22°C (n=5 per genotype). (E, F) Representative gross histology (E)
and mass (F) of BAT from ~6-week-old-female WT and /237~ mice housed 22°C (n=4 per
genotype). (G) RNA-seq analysis of BAT at P0.5 from WT and /337~ mice housed at 22°C.
Volcano plot displaying fold change (log2) of mMRNA expression is shown. Brown fat
markers are highlighted in salmon, whereas differentially expressed mRNAs (FDR<5% and
>2-fold expression) are shown in teal (n=4 per genotype). (H) Pathway analysis of a subset
of mMRNAs induced >2-fold in P0.5 BAT of WT and //337~ mice housed at 22°C (n=4 per
genotype). Data are represented as mean + SEM. See also Figure S1 and Tables S4, S5.
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Figure 3. IL-33 is required for splicing of Ucpl mRNA and expression of functional UCP1
(A) Oxygen consumption rate in BAT of WT and /33~ mice housed at 22°C (n=8 per

genotype). (B) Immunoblotting for UCP1 protein in BAT of WT and /337~ male and
female mice housed at 22°C or 5°C (n=2-3 per temperature and gender). (C)
Immunostaining for UCP1 in representative sections of BAT from WT and /337~ mice
housed at 22°C or 5°C. (D) Polysome analysis. (E) Schematic diagram showing alternative
splice variants generated from activation of cryptic splice acceptor sites in exon 5 of Ucpl.
Variant A utilizes the normal splice junctions between exons 4 and 5, whereas variants B and
C use cryptic splice sites in exon 5. (F) Quantification of UcpI splice variants present in
BAT of P0.5 WT and /337~ mice. Analysis of UcpZ mRNA splicing was performed using
the RNA-seq datasets. (G) Immunoblotting for UCP1 in BAT of WT, //337~ and
Ucp1™~0.5 day-old mice (n=3 per genotype): NS-non-specific, A-variant A, B-variant B.
(H) Representative currents recorded in whole-mitoplasts prepared from WT and /337~
BAT. Whole-mitoplast UCP1 current before (black) and after (red) addition of 1 mM GDP to
the bath solution. The voltage protocol is indicated at the top. The pipette-mitoplast diagram
indicates the recording conditions. (1) Quantification of UCP1 current in whole-mitoplasts
prepared from WT and //337~ BAT (n=7-8 per genotype). See also Figures S2 and S3.

Cell. Author manuscript; available in PMC 2017 August 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Odegaard et al.

& 01+ B WT lir1-/- C
P.- UCP1 -
> -— =
s & 5
22°C 22°C
+80 mV
E Loy 850ms 1 F
\7.0/ e AT o
} [ e T 100-
D 4 s —
pHo 3
wT 1+ WT S 80{e
1mM GDP = .
D e == UCP1 3
=2 < 401
3 2
o e e e e e @) | S PO () s  20]
i1+ =
1mM GDP -_ <
| Hiwe 04
/ T f"’ WT i1
! control
G H
- WT = I1r1-/-
100 40- |
/-
80 - WT — wT MyD88"
3 ]
y - 11 g 30 22°C 50C 22°C 5°C
= 60 g
© =
2 © 201
< - a» co GPED EY ap = - a» a» e
g 40 p<0.0001 o - o= UCP1
@ § 10 <
20 [ o " »
pu --.-.“”“T,.r'“oolno’-‘ HSP90
0 v r \ 0 T v v " INENNRRES 2 Thee et T o TeW 00
2 4 6 0 1 2 3
Time at4°C (hrs) Time at 4°C (hrs)

Figure 4. ST2 is required for uncoupled respiration in thermogenic adipocytes
(A) Immunoblotting for UCP1 in iWAT of WT and //1r/17~ 3-week-old mice housed at

22°C (n=4 per genotype). (B, C) Representative gross histology (B), and hematoxylin and
eosin (C) staining of representative sections of BAT of ~3-week-old WT and //2r/17~ mice
housed 22°C (n=4 per genotype). (D) Immunoblotting for UCP1 protein in BAT of 3-week-
old WT and //1r/177~ mice housed at 22°C (n=4 per genotype). (E) Representative currents
recorded in whole-mitoplasts isolated from WT and //1r/17/~ BAT. Whole-mitoplast UCP1
current before (black) and after (red) addition of 1 mM GDP to the bath solution. The
voltage protocol is indicated at the top. The pipette-mitoplast diagram indicates the
recording conditions. (F) Quantification of UCP1 current in whole-mitoplasts isolated from
WT and //1r/17/~ BAT. (G, H) Survival curve (G) and core temperature (H) of 4.5-week-old
WT and //1r/17~ mice challenged with environmental cold (4-5°C). Mice were euthanized
when their core temperature was <28°C (n=10 per genotype). (I) Immunoblotting for UCP1
protein in BAT of 12-week-old WT and Myd88~~ mice housed at 22°C or 5°C (n=3-4 per
temperature and gender). Data are represented as mean + SEM. See also Figure S4.
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Figure 5. Reduced oxidative respiration and complex activity in mitochondria of 1L-33 deficient
BAT

(A, B) Representative recording of oxygen consumption by mitochondria purified from BAT
of ~6-week-old WT and //237~ mice housed at 22°C (n=3-4 per genotype). (C)
Immunoblotting for components of mitochondrial respiratory chain, VDACL1 and
Cytochrome C in purified mitochondria from BAT of WT and /337~ mice housed at 22°C
(n=3 per genotype). (D-G) Quantification of mitochondrial respiratory chain activities using
mitochondria purified from BAT of ~6-week-old WT and /337~ mice housed at 22°C (n=3
per genotype). Complex I (D), complex Il (E), complex 111 (F) and complex IV (G). (H-K)
Representative transmission electron micrographs of BAT from ~5-week-old WT and /337~
mice housed at 22°C and 5°C, magnification 4000x. Data are represented as mean + SEM.
See also Figure S5.
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Figure 6. Mitochondria of Ucpl'/' BAT have defects in respiratory complexes

(A, B) Immunoblotting for components of mitochondrial respiratory chain, VDAC1 and

Cytochrome C in purified mitochondria from BAT (A) and heart (B) of ~6-week-old WT
and UcpI™~ mice housed at 22°C (n=3 per genotype). (C, D) Quantification of complex |
(C) and complex IV (D) activity in purified mitochondria from BAT of ~6-week-old WT and

Ucp1™~ mice housed at 22°C (n=3 per genotype). (E, F). Representative transmission
electron micrographs of BAT from ~5-week-old WT and UcpZ™~ mice housed at 22°C,

magnification 4000x. Data are represented as mean + SEM.
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Figure 7. Perinatal requirement of 1L-33 in licensing of uncoupled respiration
(A) Immunoblotting for UCP1 protein in BAT during the perinatal period in WT and /337~

mice housed at 22°C (n=2 per genotype and time point). (B) Immunoblotting for UCP1
protein in P0.5 BAT of WT and //1r/17~ mice housed at 22°C (n=3 per genotype). (C)
Immunoblotting for components of mitochondrial respiratory chain and Cytochrome C in
purified mitochondria from BAT of P0.5 WT, /337", and UcpI™~ mice (n=2 per genotype).
(D, E) Quantification of activities of complex | (D) and complex IV (E) in purified
mitochondria from P0.5 BAT of WT, //337~, and UcpI™~ mice (n=3 per genotype). (F-H)
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Representative transmission electron micrographs of P0.5 BAT of WT, //337~, and Ucp1™~
mice, magnification 4000x. Data are represented as mean + SEM.
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