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Distinct signaling requirements underlie beige fat recruitment

in development versus adulthood

Yixuan Wu

Abstract

In adult mammals, beige fat is recruited in response to environmental cold in order to
generate heat (thermogenesis) and maintain a constant body temperature. It is also transiently
and physiologically induced in postnatal animals; however, little is known about how this
process is regulated. Here, we use light sheet microscopy, high throughput sequencing, and
metabolic assays to show that although the spatiotemporal kinetics of recruitment are very
similar in young and adult mice, distinct regulatory signals prevail at each time point. Systemic
adrenergic signaling or environmental cold stimulus is required only for beiging in adult, but not
postnatal animals. In contrast, postnatal beiging depends on tissue- and cell-intrinsic pathways
such as type 2 cytokines and adipocyte B-cell ymphoma 6 (BCL6) respectively. In adults, BCL6
is required for neither transdifferentiation of naive adipocytes, nor reactivation of dormant cells.
Together, our findings reveal an unexpected distinction between beige fat regulation in postnatal
and adult animals, thereby introducing a previously-unappreciated temporal dimension to the

study of the beiging process.
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Chapter 1 :

Introduction

The plan is, to fan this spark into a flame.

—Lin-Manuel Miranda, Hamilton: An American Musical



Adaptive thermogenesis: nature's thermostat

Maintenance of a steady internal body temperature is critical for the survival of almost all
organisms, as this is necessary for the proper functioning of the myriad biochemical processes
that sustain life (Cannon and Nedergaard 2004; M. Harms and Seale 2013). Homeothermic
organisms have therefore evolved various mechanisms to defend their optimal body
temperature from fluctuations in environmental conditions. These thermoregulatory strategies
fall into two broad categories: ectothermy, which relies on behavioral adaptations (e.g. basking
in the sun), and endothermy, which utilizes internal metabolic processes (e.g. shivering). One
major endothermic mechanism is 'adaptive thermogenesis'; which, like a thermostat, can be

modulated in proportion to the organism's homeostatic demands.

Adaptive thermogenesis occurs in both brown and beige adipocytes, which are found in
brown adipose tissue (BAT) and white adipose tissue (WAT) respectively (M. Harms and Seale
2013; Y. Lee et al. 2019; Wu et al. 2012). While BAT is a dedicated thermogenic organ, beige
adipocytes are only recruited when necessary to respond to cold stimulus and revert to energy-
storing white adipocytes when the stimulus is removed. At the systemic level, this cold-response
circuit consists of afferent temperature-sensing neurons, the hypothalamus, and efferent
neurons of the sympathetic nervous system (SNS), which directly innervate adipocytes in both
BAT and WAT (Slavin and Ballard 1978; W. Zeng et al. 2015; Zhang and Bi 2015). At the
molecular level, brown and beige adipocytes share various molecular markers, in particular
uncoupling protein 1 (UCP1) which short-circuits the mitochondrial electron transport chain
(ETC), diverting its energy towards heat production instead of adenosine tris-phosphate (ATP)
synthesis. This locally-generated heat is then distributed throughout the organism via the

circulatory system.



Beige fat recruitment: an age-old question, and a question of age

There has been considerable interest in understanding how beige fat is regulated due to
its therapeutic potential for combating metabolic diseases such as obesity and diabetes, which
ultimately stem from excessive energy intake (Nedergaard and Cannon 2014; M. Harms and
Seale 2013). In adult mice, beige adipocytes are derived from two distinct sources: de novo
differentiation from adipogenic precursors, and transdifferentiation from mature white adipocytes
(Contreras et al. 2014; Berry and Rodeheffer 2013; Y. Lee, Petkova, and Granneman 2013; Q.
A. Wang et al. 2013), though their relative contribution is the subject of much debate (Gulyaeva,
Dempersmier, and Sul 2019). In either case, upon rewarming after cold exposure, beige
adipocytes become dormant white adipocytes (Rosenwald et al. 2013), underscoring the

reversibility of the beiging process (Fig. 1.1).

In addition to the cold-sensing circuit which involves systemic coordination between
multiple organs, various local signals have been identified at both the tissue and cellular levels.
For instance, inguinal WAT (iWAT)-resident type 2 myeloid cells secrete cytokines which drive
differentiation of precursors into beige adipocytes, while the drug rosiglitazone can induce UCP1
expression by activating nuclear receptor peroxisome proliferator-activated y (PPARY)
(Nedergaard and Cannon 2014; Odegaard et al. 2016; M.-W. Lee et al. 2014; Qiu et al. 2014).
The vast majority of these studies have been conducted in cold-challenged adult animals;
however, beige fat (as defined by UCP1 expression in iWAT) is also present postnatally from as
early as p14 and decaying by around p42. Besides these UCP1 expression kinetics, little else is
known about how the process is regulated at this early time point (Master et al. 2002; Gouon-

Evans and Pollard 2002; Chabowska-Kita et al. 2015).



Postnatal beige fat: a fateful blindspot

Although iWAT plays similar lipid storage roles at both postnatal and adult time points
(Hong et al. 2015), there are several fundamental differences between the two settings. For
instance under baseline conditions, postnatal iWAT contains adipogenic precursors undergoing
various stages of differentiation, whereas adult iWAT contains either uncommitted precursors or
mature adipocytes (Q. A. Wang et al. 2013). This is because iWAT adipocyte differentiation (as
indicated by adiponectin expression) begins in embryonic development in the third week of
gestation and continues into the postnatal period (Q. A. Wang et al. 2013), i.e. the pool of

available 'recruits' is different at each time point.

Another major difference is dependence on environmental temperature; one study
reported that postnatal beige fat was induced even in mice housed at 30°C (i.e.
thermoneutrality), albeit at weaker levels than in mice housed at 17°C (Chabowska-Kita et al.
2015). Furthermore, they found that postnatal housing temperature had no effect on the
robustness of the adult cold-response. These results implied that the postnatal beiging process
is to some extent temperature-insensitive and therefore driven by some internal impetus, in
stark contrast to adult beiging which is strictly induced by environmental cold or adrenergic
stress (Cannon and Nedergaard 2004). Identifying the intrinsic signals that drive postnatal

beiging will be essential to improving our understanding of this phenomenon.

This is biologically relevant because postnatal beige adipocytes persist into adulthood
and contribute significantly to the cold response at that later stage (Y. Wang et al. 2017). In
other words, modulating beige fat recruitment during the postnatal period may have long-term
consequences for the organism's ability to mount a cold response in the future. Indeed, there is
a precedent for developmental signals playing a 'licensing' role, whereby interleukin-33 (IL-33)

signaling is required during postnatal development for proper splicing of Ucp1 mRNA; in its



absence, brown and beige adipocytes develop normally but are thermogenically non-functional

(Odegaard et al. 2016).

The existence of postnatal beige fat also has several broader implications. Firstly, it
skews the premise of the de novo differentiation versus transdifferentiation debate, because the
latter actually comprises both first-time activation of naive adipocytes and reactivation of
dormant adipocytes that had expressed UCP1 postnatally (Fig. 1.1). Secondly, it complicates
the use of constitutive knockout (KO) mouse models, because any phenotype observed in cold-
challenged adults could be partially or even entirely due to perturbation at the postnatal time
point. Thirdly, it challenges the interpretation of multiple studies that utilized lineage-tracing
mouse models to map beige adipogenesis, especially if they had assumed that iWAT
adipocytes from mice housed at room temperature (RT) or thermoneutrality (30°C) had never
expressed UCP1 or other thermogenic genes before (Rosenwald et al. 2013; Q. A. Wang et al.

2018; Roh et al. 2018).

This dissertation is a deep-dive into how postnatal beige fat compares to its adult
counterpart / future self at the spatial, regulatory, and transcriptional levels. We report that
although beige fat is spatially and functionally similar at both time points, the two are dependent
on distinct signaling pathways, thereby introducing a previously-unappreciated temporal

dimension to the study of beige fat.
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A subset of adipocytes in postnatal iWAT are beige and may be derived either directly from
precursor differentiation or via a mature white adipocyte intermediate. These beige adipocytes
become inactive white adipocytes as the animal matures. Upon cold stimulation of the adult,
new beige adipocytes may be recruited via de novo differentiation, transdifferentiation of white
adipocytes that did not undergo prior beiging, or reactivation of ex-beige adipocytes.



Chapter 2 :
Postnatal and adult beige fat are recruited in a similar spatiotemporal

pattern, but are differentially dependent on adrenergic signaling.

If we lay a strong enough foundation, we'll pass it onto you.

We'll give the world to you, and you'll blow us all away.

—Lin-Manuel Miranda, Hamilton: An American Musical



ABSTRACT

In mice, beige fat is recruited either in response to environmental cold, or physiologically during
postnatal development. However, little is known about how the latter process occurs, and
whether it depends on the same cues as the former. Here we used light sheet microscopy to
show that although the beige marker uncoupling protein 1 (UCP1) is expressed in a consistent
spatiotemporal pattern in both postnatal and adult inguinal white adipose tissue (i\WAT), only
adult beiging requires environmental cold or sympathetic nervous system (SNS) innervation.
Furthermore, RNA and ChIP sequencing revealed that postnatal and adult beige fat have
distinct transcriptional and epigenetic profiles. Together, our findings reveal an unexpected

distinction between regulation of beige fat in postnatal versus adult animals.



INTRODUCTION

Maintenance of a constant internal body temperature in the face of environmental
fluctuations is crucial for the operation of basic physiological processes (Cannon and
Nedergaard 2011). In mammals and other endotherms, two key mechanisms for heat
generation are shivering and adaptive thermogenesis, the latter of which is driven primarily by
brown adipose tissue (BAT) function (Cannon and Nedergaard 2004). An organism's
thermogenic capacity is also enhanced by the recruitment of beige adipocytes, which are
brown-like adipocytes found in white adipose tissue (WAT). Unlike BAT which remains poised
for activation when not in use (e.g. under warm conditions), beige fat is induced by cold stimuli
in a reversible manner, reverting to energy-storage duty when no longer required (Nedergaard
and Cannon 2014). Said stimuli are recognized by the hypothalamus, which then transmits
activation signals to BAT and WAT via the sympathetic nervous system (SNS) (Chi et al. 2018;

W. Zeng et al. 2015; X. Zeng et al. 2019).

In adult mice, these adrenergic signals induce beiging primarily via two distinct
mechanisms: de novo differentiation from precursors and transdifferentiation from mature white
adipocytes (Y.-H. Lee et al. 2012; Rosenwald et al. 2013). Beiging also occurs in postnatal
animals, including under thermoneutral housing conditions (Chabowska-Kita et al. 2015;
Odegaard et al. 2016), though little is understood about how postnatal beige compares to adult
at the molecular and regulatory levels. Besides their transient thermogenic activity during this
period, postnatal beige adipocytes also persist into adulthood in a dormant (UCP1-negative)
state (Chabowska-Kita and Kozak 2016) and can be reactivated in response to adrenergic
signals (Y. Wang et al. 2017), thereby playing a recurring role in thermogenesis throughout the
organism's lifetime. However, the overwhelming majority of studies in the field are performed on

adult animals while completely ignoring the postnatal time point, even though the developmental



history of the tissue (and indeed the organism itself) may have far-reaching consequences in

adult life (Stearns 1992).

Here we compared beiging in postnatal and adult animals and found that although the
distribution of beige adipocytes and SNS nerves was remarkably similar at both time points,
cold stimulus / adrenergic signaling were only required for beiging in adults. These findings raise
important questions such as what other signals might be required for postnatal beiging, and

whether those signals play distinct roles at each time point.

RESULTS

Beiging follows a fixed spatiotemporal pattern in both young and adult iWAT.

To establish the spatiotemporal characteristics of beiging at the postnatal time point, we
performed UCP1 staining in cleared whole inguinal WAT (iWAT) from BL/6J mice at various
ages. We observed expression of UCP1 protein as early as p7, which increased progressively
from p14 to p28, and started to decrease by p35 (Fig. 2.1A). Upon analyzing tissues from
multiple independent litters, several recurrent patterns began to emerge. Firstly, UCP1 was
always expressed earlier in the inguinal (ING) arm of the iWAT (as demarcated by the lymph
node) than the dorsolumbar (DL). Secondly, expression in DL always decayed more rapidly
than in ING. Together, these observations suggest that the ING half is predisposed towards
beiging, perhaps due to either a spatial bias of the initiating signal(s), or intrinsic differences in
the mature adipocytes and precursors populations. In addition, UCP1 expression did not clearly
radiate from any one point of origin, and discrete UCP1" adipocytes were visible, especially in

the DL arm.

Adrenergic tone (e.g. in response to environmental cold stress) is a key driver of beiging

in adult iWAT (Cannon and Nedergaard 2011); we therefore asked whether such external

10



conditions were necessary for postnatal beige development. As room temperature (RT) already
represents a mild thermal stress to mice, we analyzed iWAT from BL/6J mice that were born
and raised under thermoneutral conditions (30°C) (Fig. 2.1B). We observed that UCP1
expression was still present at reduced levels from p21-p35 as compared to RT (Fig. 2.1C),

implying that postnatal beiging is only partially dependent on environmental cold.

Next, we investigated the spatiotemporal distribution of adult cold-induced beiging by
imaging iWAT from adult mice that had been housed at 8°C for 2-6 days. We observed minimal
baseline UCP1 expression in RT controls, while iWAT from cold-exposed mice showed a
strikingly similar expression pattern to postnatal iWAT (Fig. 2.1D). This raised the intriguing
possibility that some of these UCP1* beige adipocytes in adult iWAT may have been the same
cells that had expressed UCP1 postnatally. Indeed, postnatal depletion of UCP1* cells with
diphtheria toxin impairs cold-induced beiging in later life, which implies that reactivation of
dormant ex-UCP1" adipocytes is a major source of beiging in adults (Y. Wang et al. 2017). To
verify the longevity of the postnatal UCP1* adipocytes, we used a lineage tracing mouse model
(CAG-LSL-tomato Ucp1°) in which all cells with a history of UCP1 expression were
permanently labeled with TdTomato. Imaging of IWAT from 20-wk-old reporter mice housed at
RT showed that a considerable proportion of adipocytes were TdTomato-positive, even though
the mice had never been exposed to cold (sub-RT) temperatures before (Fig. 2.1E).
Furthermore, the distribution of ex-UCP1 adipocytes was identical to what had been previously
observed in postnatal and adult cold-activated iWAT, strongly implying that postnatal beige
adipocytes enter a dormant UCP1" state as the animal matures and can be reactivated by cold

exposure in adult life.

Finally, as an orthogonal approach to the imaging data, we performed a Western blot for
UCP1 protein in iWAT from BL/6J mice housed at RT and observed a similar temporal pattern

of weak expression at 1 week, which increased at 4 weeks, before decaying with maturity (Fig.

11



2.1F). Hematoxylin and eosin (H&E) staining of iWAT sections from p28 animals showed
increased histological beiging in samples from mice housed at RT compared to 30C (Fig. 2.1G),
providing additional evidence that postnatal beiging was indeed occurring (as opposed to

merely expression of UCP1 protein).

p28 and adult beige fat are transcriptionally and epigenetically distinct.

We next wanted to compare the transcriptional profiles of postnatal and adult beige
adipocytes. To address this question, we performed RNA sequencing of iWAT from p28 BL/6J
mice that were born and housed at either RT or 30°C, as well as iWAT from 9-wk-old BL/6J
mice that had been either housed at RT or at 4°C for 2 days. We found that only 34% of young
and 12% of adult cold-induced genes were upregulated at both time points (Fig. 2.2A), which
suggested that transcription in cold-activated iWAT is largely distinct between postnatal and
adult animals. Gene ontology (GO) analysis of these subsets revealed that beta oxidation and
tricarboxylic acid (TCA) cycle genes were upregulated at both time points (Fig. 2.2B), which was
not surprising given their role in generating acetyl-CoA for the mitochondrial uncoupled
respiration. Of note, cholesterol biosynthesis genes were selectively upregulated in p28-RT

versus p28-30°C iWAT, though their relevance to beiging is unclear.

Next, we identified the set of all genes that were differentially expressed in p28-RT
versus 30°C and plotted their expression across all four sets of samples. The resulting heatmap
(Fig. 2.2C) showed that young cold- and warm-induced genes were in general not correlated
with the corresponding conditions in adults. We observed a similar result when plotting
expression of differentially expressed genes from the adult time point (Fig. 2.2D), reiterating that

beige fat is transcriptionally distinct in young versus adult time points.

We next asked whether postnatal iWAT was epigenetically more similar to beige or to
white fat in adults. To do this, we performed for ChIP-seq for H3K27ac, a marker of active

chromatin, in iWAT from p28 and 9-wk-old mice housed at RT and identified two sets of peaks:

12



those that were enriched at p28 versus 9wks, and vice versa. When compared to preexisting
lists of beige- or white-specific enhancers (Roh et al. 2018), we observed that young-associated
peaks overlapped more strongly with the beige subset than the white (17.3% versus 2.2%
respectively) (Fig. 2.2E). Conversely, adult-associated peaks overlapped more with the white
subset than the beige (25.4% versus 0.7% respectively) (Fig. 2.2F). Thus, we concluded that
young RT iWAT is epigenetically more similar to adult cold-induced beige fat, whereas adult RT

iIWAT resembles adult white fat.

SNS innervation of iWAT is dispensable for postnatal beiging.

To confirm that adrenergic signals were indeed dispensable for postnatal beiging, we
used an orthogonal genetic approach of impairing sympathetic nervous system (SNS)
innervation in iIWAT, which activates the cold response in adults via the neurotransmitter
norepinephrine (NE) (Cannon and Nedergaard 2011). We generated mice in which the
neutrophin receptor TrkA (X. Chen et al. 2005) was deleted in cells expressing the SNS marker
tyrosine hydroxylase (TH) (Jiang et al. 2017). We began by characterizing the extent of the
deletion in iWAT. TH staining from p28 TrkA™*Th®™ control mice housed at RT showed that
SNS innervation was uniformly distributed throughout the tissue, with no obvious correlation
with the ING-DL asymmetry observed with UCP1 expression (Fig. 2.3A). Furthermore,
homozygous-flox (TrkA™) mice exhibited a significant reduction in SNS innervation even in the
absence of Cre recombinase, which reflected the hypomorphic nature of this allele (X. Chen et
al. 2005). The extant major nerve bundles were asymmetrically distributed towards the DL arm
of the tissue, and the phenotype was even more severe in TrkA™F'Th®™ tissue. This suggested
that the SNS nerves normally originate from the dorsal root ganglion to which the DL arm is
connected (W. Zeng et al. 2015; N. L. T. Nguyen et al. 2014). Furthermore, higher magnification

images showed that whereas adipocytes in control iWAT were densely innervated by neurites,
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these smaller branches were almost completely absent in homozygous TrkA™ and

TrkA"FThe (henceforth collectively referred to as 'TrkA-KO") tissues (Fig. 2.3B).

We then proceeded to assess postnatal UCP1 expression in TrkA-KO tissues, and found
that impairing SNS innervation had no effect on UCP1 expression (Fig. 2.3C-D). Furthermore,
TrkA-KO mice that were born and housed at 30°C also expressed similar levels of UCP1
compared to thermoneutral controls (Fig. 2.3E). Overall, we did not see any defect in either
magnitude (Fig. 2.3F) or distribution of UCP1 expression in TrkA-KO iWAT. In addition, the
observation that beiging is reduced with thermoneutral housing but not SNS-deficiency implies

that the cold-response in postnatal iWAT is mediated by non-SNS signal(s).

Postnatal iWAT develops differently under thermoneutral versus SNS-deficient
conditions.

We next sought to understand how TrkA-KO iWAT compares to normally-innervated
tissue from mice housed at thermoneutrality at the transcriptional level, as both of these
conditions resulted in loss of adrenergic signaling during development but had different effects
on UCP1 expression. We performed RNA-seq on iWAT from p28 TrkAFF'Th ™ mice housed at
RT and compared this to the data sets previously analyzed in Fig. 2.2. Significantly more genes
were downregulated in TrkA-KO iWAT than at thermoneutrality (404 and 210 respectively), but
only 9.7% of these SNS-dependent genes were also upregulated at RT versus 30°C (Fig. 2.4A),
suggesting that the SNS's role in mediating the postnatal cold-response is part of a much
broader portfolio. Indeed, GO analysis showed that the same pathways that fuel uncoupled
respiration were downregulated in 30°C but not TrkA-KO (Fig. 2.4B-C). In addition, steroid and
cholesterol biosynthesis were selectively downregulated in TrkA-KO (Fig. 2.4D), though the
30°C samples exhibited some (non-statistically-significant) downregulation as well. Cholesterol
biosynthesis was upregulated by cold in young, but not adult, iWAT (Fig. 2.2B), though it is

unclear if this is directly relevant to beige recruitment.
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To achieve a better understanding of the interaction between the SNS innervation and
ambient temperature, we performed the analysis for the complementary gene sets, i.e. genes
that were upregulated at 30°C versus those upregulated in TrkA-KO, finding that only 14.7% of
the latter were sensitive to warming (Fig. 2.4E). GO analysis did not find any significantly
enriched pathways within the 'up-in-TrkA-only' set, implying that the SNS does not repress any
specific pathway (Fig. 2.4E). It did however reveal that muscle contraction genes were
specifically elevated by warming, with a similar trend in TrkA-KO (Fig. 2.4G). It was recently
shown that when subjected to cold stress, adipocytes in SNS-impaired iWAT can acquire
glycolytic beige function via a myogenic intermediate state (Y. Chen et al. 2019). Hence this
result suggests that SNS-independent beiging of postnatal iWAT may rely on such non-

canonical pathways to achieve thermogenic capability.

Adrenergic signaling is absolutely required for adult cold-induced recruitment.

Given the unexpected results that postnatal beiging can occur in the absence of
environmental cold and/or adrenergic signaling, we followed up on the role of the SNS in cold-
challenged adult mice. We first verified the extent of SNS innervation impairment in adult TrkA-
KO mice via TH staining and observed that the defect seen postnatally (Fig. 2.3A) persisted into
adulthood. Next, we subjected adult TrkA-KO mice to cold challenge by housing them at 10°C
for 11 days. UCP1 staining in cleared iWAT from these mice showed a severe reduction in
UCP1 expression in TrkA-KO iWAT, with TrkA™"' tissues exhibiting an intermediate defect
between controls and TrkAFF'ThC™ (Fig. 2.5B-C). This was in line with previous findings that the
SNS was indeed a critical mediator of cold-induced beiging in adult iWAT (Cannon and
Nedergaard 2011; Nedergaard and Cannon 2014). Furthermore, the imaging also revealed that
the UCP1+ adipocytes were located almost exclusively on the DL half of the iWAT, violating the

ING > DL asymmetry seen under all other conditions. Given that the surviving SNS nerves are
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also largely in the DL arm, this suggests that direct SNS signaling is required or cold-induced

beiging in adult iWAT.

Finally, since SNS innervation is required for proper development of some tissue types
(Borden et al. 2013), we asked whether constitutive impairment of innervation impaired the
ability of TrkA-KO iWAT to respond to adrenergic signals. We used a pharmacological approach
to address this question by injecting TrkA-KO adult mice with either the adrenergic agonist CL-
316,243 or vehicle control for 7 consecutive days, and then harvested iWAT for UCP1 staining.
We observed robust induction of UCP1 expression in both control and TrkA-KO iWAT, which
confirmed that despite developing in the absence of proper SNS innervation, the ability of the

adipocytes to respond to adrenergic signals remained intact in the adult time point (Fig. 2.5D-E).

DISCUSSION

Previous studies have described the temporal kinetics of postnatal beige fat induction
(Odegaard et al. 2016; Y. Wang et al. 2017) while suggesting that this process is not entirely
dependent on environmental cold (Chabowska-Kita et al. 2015; Chabowska-Kita and Kozak
2016). However, a thorough spatiotemporal characterization was not possible prior to the
advent of techniques for 3D imaging of cleared adipose tissue (Chi et al. 2018). In this chapter
we showed that beige fat induction follows a consistent spatial progression at both postnatal
and adult time points. Given that reactivated postnatal beige adipocytes are a significant source
of thermogenesis in adulthood (Y. Wang et al. 2017), one might assume that the beiging
process is governed by the same set of principles at both time points. Contrary to this
expectation, we found that postnatal beiging occurs even in the absence of environmental cold
or adrenergic signaling, both of which are essential in the adult response. One possible

explanation is that since the beiging process takes time, having a constitutive basal level of
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thermogenic capacity would allow young animals to tolerate sudden fluctuations in ambient
temperature. Ultimately, environmental cold was associated with distinct transcriptional profiles
in postnatal versus adult iWAT, thereby reiterating that the tissue is fundamentally different at

these two time points.

We also showed that although the SNS is not required for expression of UCP1 and
thermogenic pathways such as beta oxidation, it positively regulates genes involved in synthesis
of sterol metabolites such as cholesterol and mevalonate. Notably, the latter is involved in lipid
homeostasis in WAT (Yeh et al. 2018), as well as beiging in adult mice and humans (Balaz et al.
2019), suggesting that the SNS might contribute to beiging in other indirect ways besides
activating UCP1 expression itself. Crucially, adult SNS-deficient iWAT could induce UCP1 in
response to the adrenergic agonist CL-316,243, and thus the SNS is not required for licensing

of thermogenic capability during development.

The amplitude of the postnatal beiging response is increased under colder housing
conditions, implying that it is regulated by both temperature-sensitive and -insensitive signals.
This model immediately suggests two lines of inquiry. Firstly, as SNS-deficiency does not
phenocopy thermoneutral housing conditions, what are the non-adrenergic mediators of the
temperature-sensitive response? Secondly, what are the tissue- or cell-intrinsic signals that
drive postnatal beiging independently of environmental conditions? The identification of these
two sets of signals will improve our understanding of the postnatal beiging process and its
implications for the adult cold response. One potential approach for future studies could be to
follow up on strain-intrinsic differences, e.g. 129/SvEv having increased postnatal beiging

capacity compared to C57BL/6J (Gouon-Evans and Pollard 2002; Lasar et al. 2013).
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Figure 2.1: Beiging follows a fixed spatiotemporal pattern in both young and adult iWAT.

(A) Representative whole tissue uncoupled protein 1 (UCP1) staining of cleared inguinal white
adipose tissue (i\WAT) from young BL/6J mice housed at room temperature (RT) (scale bar = 1
mm). (B) UCP1 staining of iWAT from young BL/6J mice housed at 30°C (scale bar = 1 mm).
(C) Quantification of UCP1 staining in (A) and (B) using Imaris software. (D) UCP1 staining of
iWAT from 14-15 wk old BL/6J mice housed at RT or 8°C for 2-6 days (scale bar =1 mm). (E)
RFP staining of iWAT from 20-wk-old CAG-LSL-tomato Ucp1“® mice housed at RT (scale bar =
1 mm). (F) Western blot of iWAT UCP1 from BL/6J mice housed at RT. (G) Representative H&E
stain of iIWAT from p28 BL/6J mice housed at RT (scale bar = 50 pm).
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Figure 2.2: Young and adult beige fat are transcriptionally and epigenetically distinct.

1979

White-specific

(A) Comparison of young- and adult-cold-dependent genes (RNA-seq; n=4 per group). (B) Gene
ontology (GO) analysis of enriched pathways (FDR < 0.05) and top 10 genes (fold change =1.5

and p-adj <0.05) per set in (A). (C) Expression of all young-cold-dependent genes compared
across young and adult time points. (D) Same as (C), but for adult-cold-dependent genes. (E)

Venn diagram comparing H3K27ac peaks enriched in young RT over adult RT iWAT with beige-

and white-specific enhancers (ChlP-seq; n=3 per group). (F) Same as (E) but with peaks

enriched in adult RT over young RT iWAT.
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Figure 2.3: SNS innervation of iWAT is dispensable for postnatal beiging.

(A) Representative whole tissue tyrosine hydroxylase (TH) staining of iWAT from p28 control
and TrkA-KO mice housed at RT (scale bar = 1 mm). (B) High magnification zooms of iWAT
from p28 control and TrkA-KO mice housed at RT (scale bar = 200 uym). (C) UCP1 staining of
iIWAT from TrkA™ mice housed at RT (scale bar = 1 mm). (D) Same as (C) but with
TrkAPF'ThC™ mice. (E) UCP1 staining of iWAT from p28 TrkA-KO mice housed at 30°C (scale
bar = 1 mm). (F) Quantification of UCP1 staining in (C)-(E), inc. data from Fig. 2.1 (A)-(C).
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Figure 2.4: Postnatal iWAT develops differently under thermoneutral versus SNS-
deficient conditions.

(A) Venn diagram of RNA-seq data comparing cold-dependent and SNS-dependent genes in
iIWAT from p28 mice (n=4 per group). (B) GO analysis of enriched pathways (FDR < 0.05) and
top 10 genes (fold change 21.5 and p-adj <0.05) per set in (A). (C) Expressions of pathways
downregulated in 30°C but not TrkA™FTh®"jWAT. (D) Expression of 'cholesterol biosynthetic
process' pathway downregulated in TrkA™FTh®® jWAT but not 30°C. (E) Venn diagram
comparing warm-induced genes and genes upregulated in TrkA™FThC® i\WAT. (F) GO analysis
of enriched pathways (FDR < 0.05) and top 10 genes (fold change =1.5 and p-adj <0.05) per set
in (E). (G). Expression of 'muscle contraction' pathway upregulated in 30°C iWAT.
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Figure 2.5: Adrenergic signaling is absolutely required for adult cold-induced
recruitment.

(A) Representative whole tissue TH staining of iWAT from 8-10 wk old TrkA-KO mice housed at
RT (scale bar = 1 mm). (B) UCP1 staining of iWAT from 14-15 wk old TrkA-KO mice housed at
10°C for 11 days (scale bar = 1 mm). (C) Quantification of UCP1 staining in (B). (D) UCP1
staining of iIWAT from 10-11 wk old TrkA-KO mice treated daily with either vehicle or 1 mg/kg
CL-316,243 |.P. for 7 days at RT (scale bar = 1 mm). (E) Quantification of UCP1 staining in (D).
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METHODS
Mice

All animal studies were conducted under an approved Institutional Animal Care and Use
Committee (IACUC) protocol at University of California, San Francisco (UCSF). All mice were
congenic to the C57BL6/J background and housed in the mouse vivarium at ambient
temperatures ranging between 4°C or 30°C as indicated. A 12-hour light:dark cycle was used,
and food and water were available ad libitum. For room temperature (RT) housing, mouse
cages were placed on racks exposed to the room atmosphere (~22°C). For housing at other
temperatures, cages were placed in temperature-controlled chambers (Darwin Chambers or
Power Scientific) set to the desired value. Unless otherwise indicated, mice were housed at a

constant temperature from birth.

Cold tolerance tests were performed as described previously (Lee et al., 2015). Briefly, two mice
were housed in each pre-chilled cage with food and water available ad libitum. Rectal
temperature was measured hourly using a BAT-12 microprobe thermometer with RET-3
thermocouple (PhysiTemp). Per IACUC guidelines, survival was defined as a core

temperature > 28°C. Similar housing conditions were used for 48-hour cold exposure studies.

Mice were fed normal chow diet (5053, Pico labs). Both male and female mice were used for all
experiments (see figure legends for exact ages). C57BL/6J, Th®®, and CAG-LSL-tomato mice

FIFl mice were

were purchased from Jackson Laboratories and bred in our vivarium. Trka
graciously shared with us by Rejji Kuruvilla at Johns Hopkins University. For all in vivo studies,
cohorts of at least three mice per genotype or treatment group were used, and experiments

were repeated two or three times independently.
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Methods Details:

Tissue Clearing:

Inguinal white adipose tissue (i\WAT) samples were processed using the recently published
Adipo-Clear protocol (Chi et al., 2018). Briefly, samples were fixed overnight in 4% PFA,
washed in PBS, and dehydrated via methanol gradient. They were then delipidated using
dichloromethane (DCM), bleached in a hydrogen peroxide-DMSO solution overnight, and
rehydrated via methanol gradient. Samples were incubated with primary followed by secondary
antibodies (37°C for 3 days each), with wash steps after each stain (see STAR Methods for full
list of antibodies). Finally, they were dehydrated via methanol series, delipidated with DCM, then
cleared in dibenzyl ether (DBE). All steps apart from antibody staining were carried out at RT

with shaking.

3D Imaging:

Cleared samples were imaged on a Nikon AZ100 microscope that had been modified for light
sheet imaging (UCSF Nikon Imaging Center), in conjunction with Micro-Manager software

(https://micro-manager.org). Acquisition settings for whole-tissue and high-magnification

zoomed shots were 1x objective / 10um step-size and 5x objective / 3um step-size respectively.

Image Processing and Quantification:

All 3D images were processed using Imaris x64 software (version 9.3.1, Bitplane), 2D
snapshots taken using the snapshot function. For UCP1 volume quantification, the Surface tool
was used to generate a mask of the UCP1-positive region, followed by automated calculation of

the volume by the software.

Histology:

Freshly isolated iIWAT was fixed in 10% formalin, and then submitted for embedding, sectioning,
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and H&E staining at the UCSF Liver Center Pathology and Imaging Core in partnership with the

Peninsular Histopathology Laboratory. H&E slides were scanned using an Axio Scan.Z1 (Zeiss).

RNA lIsolation:

Snap-frozen iIWAT samples were homogenized in Trisure (Bioline) using a TissueLyser I
(Qiagen) for 2 minutes at 30 Hz. Phase separation was induced with 1-Bromo-3-chloropropane,
followed by precipitation in isopropanol and two 70% ethanol washes. RNA concentration was

measured with a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific).

Chromatin Immunoprecipitation:

Anti-H3K27ac chromatin immunoprecipitation was performed in isolated iWAT samples as
described previously (Kutyavin and Chawla 2019). Briefly, frozen samples were minced and
fixed in 1% formaldehyde in PBS for 20 min at room temperature, followed by addition of 125
mM glycine. Next, chromatin was extracted via nuclear isolation, lysis, and sonication.
Chromatin samples were incubated with 2 ug of anti-H3K27ac antibody (Abcam #ab4729)
overnight at 4°C, then with 50 ul of Protein G Dynabeads for 4 hours at 4°C. Following multiple
wash steps, the beads were resuspended in elution buffer (50 mm Tris-Cl, pH 8.0, 10 mm
EDTA, 1% SDS) and incubated at 65°C for 10 mins. The supernatant was collected and
incubated at 65°C overnight to reverse crosslinks. Samples were treated with RNAse cocktail
(Invitrogen #AM2286, 1 hour at 37°C), Proteinase K (Promega #V302B, 2 hours at 65°C), and
DNA was isolated with a Qiaquick PCR Purification Kit (Qiagen) according to the manufacturer's
instructions. DNA concentrations were measured with a Qubit dsDNA High Sensitivity Assay Kit

and a Qubit 2.0 fluorimeter (Thermo Fisher Scientific).

Sequencing Library Preparation:

RNA-Seq libraries were constructed as described previously (Kutyavin and Chawla 2019).
Briefly, the TruSeq Stranded mRNA Library Prep Kit (lllumina) was used according to the

manufacturer's instructions with 2 pg of total RNA was used as the starting material. PolyA-
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containing RNA was purified and fragmented, followed by first and second strand cDNA
synthesis, adapter ligation, and PCR amplification (15 cycles). A library size of 200-300 bp was
verified by agarose gel electrophoresis and library concentration was measured with a Qubit
dsDNA High Sensitivity Assay Kit and a Qubit 2.0 fluorimeter (Thermo Fisher Scientific). For
construction of ChlP-Seq libraries, the same kit was used with several modifications. 10 ng of
ChIP DNA was used as input and treated with end repair enzymes (Thermo Fisher Scientific
#K0771) before proceeding to the 3' adenylation and adapter ligation steps. Subsequently,
samples were resolved on a 2% agarose gel containing SYBR Gold Stain (Life Technologies #
S11494), visualized by ultraviolet illumination, and gel sections containing 250-500 bp
fragments were excised and DNA extracted with a Gel DNA Recovery Kit (Zymo Research #

D4007). Libraries were then amplified by PCR and quantified as described above.

Next Generation Sequencing:

Pooled library samples were diluted to 10 nM concentration and submitted to the UCSF CAT

Core for sequencing on a HiSeq 4000 (single-read mode).

RNA-seq Analysis:

Analysis was performed as described previously (Kutyavin and Chawla 2019). Briefly, raw

sequence data were pseudo-aligned to the mouse transcriptome (mm10, UCSC annotation)
using Kallisto. Differential expression was defined as a fold change =1.5 and an adjusted p-
value <0.05 and calculated using DESeq2. Heat maps were generated in R. Venn Diagrams

were generated using BioVenn (https://www.biovenn.nl) and Venn Diagram Generator

(https://academo.org/demos/venn-diagram-generator/). Gene ontology enrichment analysis was

performed using DAVID Bioinformatics Resources 6.8.

ChlP-seq Analysis:

Analysis was performed as described previously (Kutyavin and Chawla 2019). Briefly, raw
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sequence data were aligned to the mouse genome (mm10) using Bowtie2. Homer was used to
identify and annotate H3K27ac peaks in 3 biological replicates per condition. Differential
H3K27ac abundance was defined as a fold change =2 and an adjusted p-value <0.05. Homer
was also used for sequence motif enrichment analysis. DeepTools was used to generate heat
maps of differentially abundant peaks. BigWig files were generated with the bedGraphToBigWig

program and visualized with the UCSC Genome Browser.

For analysis of brown and white adipocyte-specific enhancers, the coordinates of previously
characterized adipocyte H3K27ac and H3K4me1 peaks were obtained from the laboratory of Dr.
Evan Rosen (Roh et al. 2018), and H3K27ac ChlIP-seq data for beige and white adipocytes (in
warmth-adapted mice) were downloaded from Sequence Read Archive (SRA) (#SRP126748).
We defined active enhancers as H3K27ac peaks that overlap at least one H3K4me1 peak, as
determined by BEDtools. Active enhancers were classified as beige or white adipocyte-specific
if they had 4-fold or greater enrichment of H3K27ac in the corresponding cell type (relative to

the other), as determined by DESeq2 (adjusted p-value <0.05).

B3-adrenergic Signaling:

For in vivo activation of f3-adrenergic signaling, mice housed at RT were given an
intraperitoneal injection of CL-316243 (1 mg/kg in saline) for seven consecutive days, followed

by iWAT isolation for clearing and imaging.

Tissue Oxygen Consumption:

Oxygen consumption measurement was performed as described previously (Kutyavin and
Chawla 2019). Briefly, freshly isolated iWAT and BAT were finely minced, and the fragments
resuspended in respiration buffer (PBS containing 20 mg/ml BSA, 25 mM glucose, and 1 mM
pyruvate). The rate of oxygen consumption was recorded with a Mitocell S200 respirometry
system (Strathkelvin Instruments). Data were analyzed with Strathkelvin 782 Oxygen System

software (version 4.1).
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Immunoblotting:

Western blotting for UCP1 and BCL6 was performed as described previously (Kutyavin and
Chawla 2019). To prepare whole cell extracts, frozen tissue samples were placed into 2 mL
tubes containing 0.5 mL of modified RIPA buffer (50 mM Tris-Cl, pH 7.5, 150 mM NacCl, 1%
Nonidet P-40 substitute (Fluka), 0.1% SDS, 0.5% sodium deoxycholate, 1 mM EDTA, with
1:200 protease inhibitor cocktail (Sigma-Aldrich #P8340) and a metal bead, and homogenized in
a TissueLyser Il (Qiagen) for 120 seconds at 30 Hz. Nuclear extracts were prepared using NE-
PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific #78833)
according to the manufacturer's instructions. Protein concentration was measured with a Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific #23225) according to the manufacturer's
instructions. Protein (5-30 ug) was diluted in sample buffer (62.5 mM Tris-Cl, pH 6.8, 10%
glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.008% bromophenol blue), incubated at 90° C for 5
minutes, separated by SDS-PAGE, and transferred to a 0.45 um nitrocellulose membrane (Bio-
Rad #1620115). The membrane was blocked with 5% nonfat dry milk in PBS containing 0.1%
Tween-20 for 30 mins and probed with the primary and HRP-conjugated secondary antibodies
diluted in PBS containing 0.1% Tween-20 and 2% BSA (see STAR Methods for full list of
antibodies). HSP90a/b and Lamin B1 were used as loading controls for whole cell extracts and
nuclear extracts, respectively. Immunoblotted proteins were detected on HyBlot CL
autoradiography film (Denville Scientific #1159M39) using ProSignal Pico chemiluminescent
substrate (Prometheus Protein Biology Products #20-300) and Mini-Medical 90 X-ray Film 27

Processor (AFP Imaging #9992305300).
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Chapter 3 :

BCL6 and type 2 cytokines play complex roles in beiging

No one really knows how the game is played.

The art of the trade, how the sausage gets made.

—Lin-Manuel Miranda, Hamilton: An American Musical

29



ABSTRACT

Postnatal beige fat in inguinal white adipose tissue (i\WAT) develops even in the absence of
environmental cold or adrenergic signaling, which implies the existence of tissue- or cell-intrinsic
signals that encode the beiging process. However, the identity of these signals remains unclear.
Here we used light sheet microscopy and RNA sequencing to show that postnatal beiging was
significantly abrogated in mice lacking either B-cell ymphoma 6 (BCL6) in adipocytes or the
cytokines interleukin (IL)-4 and -13; these signaling pathways also contributed to cold-induced
beiging in adult animals to varying degrees. Together these findings identify BCL6 and type 2

cytokines as cell- and tissue-intrinsic drivers of beiging in postnatal and adult iWAT respectively.
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INTRODUCTION

Endothermic organisms such as mammals rely on internal physiological processes to
regulate their body temperature in the face of fluctuations in environmental conditions.
Uncoupled respiration in brown and beige adipocytes is a major source of thermogenesis; in
particular, the latter is inducible by cold stress in adult animals (Cannon and Nedergaard 2004).
Previous work has shown that postnatal beiging occurs even under thermoneutral or SNS-
impaired conditions (Chabowska-Kita et al. 2015; Odegaard et al. 2016, Chapter 2 of this
dissertation), which is counter-intuitive given that this process presumably evolved to protect
young animals from thermal stress (Chabowska-Kita and Kozak 2016). This raises the question

of what signals are actually required for beiging in postnatal animals.

Two potential candidates are the transcriptional repressor B-cell lymphoma 6 (BCLG)
and type 2 immune cytokine signaling. The former was originally identified as a regulator of T
follicular helper (TrH) and germinal center (GC) B cells (Johnston et al. 2009; Bélanger and
Crotty 2016), and was been recently implicated in the maintenance of both brown and white
adipose tissue homeostasis (Senagolage et al. 2018; Kutyavin and Chawla 2019). The latter
consists of the cytokines interleukin-4 (IL-4), IL-5, and IL-13, which are secreted by type 2
innate lymphoid cells (ILC2s) and eosinophils as part of an immune signaling cascade, and play
varied roles in postnatal licensing of thermogenic function (Odegaard et al. 2016) and cold-
induced beiging (K. D. Nguyen et al. 2011; Qiu et al. 2014; M.-W. Lee et al. 2014; Brestoff et al.

2014) in inguinal white adipose tissue (IWAT).

Here, we investigated the role of BCL6 and immune cytokine signaling in beige fat
recruitment in both postnatal and adult settings. We found that deletion of BCL6 with a pan-
adipocyte Cre recombinase completely abrogated UCP1 expression in both postnatal and adult
time points, whereas deletion with Ucp1-cre (i.e. after UCP1 had been expressed) did not show

a significant defect. These results suggest that BCL6 is required for de novo differentiation of
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precursors into beige adipocytes but is required for neither transdifferentiation of naive white
adipocytes, nor reactivation of ex-UCP1" adipocytes in adult iWAT. In addition, cytokine-
knockout mice exhibited defective beiging in both postnatal and adult iWAT, suggesting that
these immune signals are important throughout the animal's lifetime. In conclusion, this chapter
identifies roles for cell-intrinsic (BCL6) and tissue-intrinsic (type 2 cytokines) signals that drive

temperature-independent beige fat recruitment in postnatal iWAT.

RESULTS

Adipocyte BCL6 is required for postnatal beiging but regulates distinct transcriptional
pathways from cold-induced beige.

As our previous findings showed that postnatal beige fat development occurs even in the
absence of environmental cold and adrenergic signaling (Chapter 2 of this dissertation), we
sought to identify other signaling pathways that contributed to this process. One candidate was
B-cell lymphoma 6 (BCL6), a transcriptional repressor that was recently shown to play a role in
brown and white adipose tissue metabolism (Senagolage et al. 2018; Kutyavin and Chawla
2019). We began by quantifying expression of BCL6 protein in inguinal white adipose tissue
(IWAT) of BL/6J mice housed at room temperature (RT), and found that it was strongly
expressed throughout the postnatal period and decayed as the animals matured into adulthood

(Fig. 3.1A), i.e. BCL6 and UCP1 expression have similar kinetics in postnatal iWAT (Fig. 2.1F).

To selectively delete Bcl6 expression in iWAT adipocytes, we generated 'Prx-cre' mice
by crossing Bcl6™" (Kaiji et al. 2012; Hollister et al. 2013) to paired related homeobox
transcription factor 1 (Prx1)-Cre, which exhibits recombinase activity in adipocyte precursors in
subcutaneous WAT (Sanchez-Gurmaches, Hsiao, and Guertin 2015). Hematoxylin and eosin

(H&E) staining of iWAT from p28 Prx-cre mice housed at RT showed a significant reduction in
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beige adipocyte morphology compared to littermate controls (Fig. 3.1B). We then stained for
uncoupled protein 1 (UCP1) in whole cleared iWAT from p28 Prx-cre mice, and observed a near
complete loss of UCP1 expression in these postnatal tissues (Fig. 3.1C-D). To confirm this
result independently, we crossed Bcl6™' and adiponectin (AdipoQ)-Cre lines to generate
AdipoQ-cre mice, which excise Bcl6 during adipocyte differentiation (Berry and Rodeheffer
2013). We observed a similar defect in p28 AdipoQ-cre iWAT (Fig. 3.1E-F), thus confirming that

BCLG6 plays a critical role in postnatal beiging.

We next asked whether loss of BCL6 (and by extension UCP1) in adipocytes in iWAT
resulted in defective thermogenic function by measuring the oxygen consumption rate of iWAT
adipocytes from p28-KO mice housed at RT. We observed a moderate defect in respiratory
activity in iWAT (Fig. 3.1G), but not in interscapular BAT (iBAT) from the same animals (Fig.
3.1H) which does not exhibit Prx1¢® recombinase activity (Sanchez-Gurmaches, Hsiao, and
Guertin 2015). Furthermore, when we subjected p28 Prx-cre mice to acute 4°C cold challenge,
they showed significantly impaired cold tolerance relative to controls as measured by body
temperature and survival rate (Fig. 3.11-J). This result also suggests that subcutaneous beige fat
(which encompasses iWAT) contributes significantly to the organism's cold tolerance, despite

having a lower weight-normalized respiratory rate than iBAT.

Next, we sought to understand BCL6's role in iWAT at the transcriptional level via RNA-
seq of p25 Prx-cre mice housed at RT and found that lipid and carbohydrate metabolic
pathways were downregulated in Prx-cre compared to controls, whereas no one pathway was
significantly upregulated (Figs. 3.1K-L). We then compared the set of genes downregulated in
Prx-cre to the set of cold-dependent genes (Fig. 2.2) and found that only 19.8% of BCL6-
dependent genes were induced by cold (Fig. 3.1M). Gene ontology (GO) analysis of these

subsets showed that BCL6 was specifically required for fatty acid, but not carbohydrate,
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metabolic pathways (Fig. 3.1N). Together, these results suggest that BCL6 is required for the

expression of both UCP1 and the metabolic pathways that fuel its thermogenic activity.

BCL6 is required for cold-induced beiging in adults, but not reactivation of dormant
adipocytes.

Given the severe defect in beiging in Prx-cre mice at the postnatal time point, we wanted
to ask whether BCL6 continued to play a role in adult iWAT. UCP1 staining of iWAT from Prx-
cre mice housed at 4°C for 2 days showed a near complete absence of UCP1 expression (Fig.
3.2A-B), whereas cold-challenged AdipoQ-cre mice only exhibited a partial defect (Fig. 3.2C-D).
This difference could be explained by AdipoQ-cre only targeting mature (i.e. differentiated)
adipocytes in adult mice, whereas Prx1-cre acts earlier at the precursor stage (Sanchez-
Gurmaches, Hsiao, and Guertin 2015). By extension, this implies that in adults BCL6 is
important for early differentiation of adipocyte precursors, but may play a smaller role in the

transdifferentiation of mature white adipocytes.

As the sympathetic nervous system (SNS) plays a key role in adult beiging (Cannon and
Nedergaard 2011), we asked whether innervation was impaired in iWAT from adult Prx-cre
mice. TH staining did not reveal any noticeable differences in SNS innervation between Prx-cre
and controls (Fig. 3.2E), thus ruling this out as an explanation for the defect seen in Figs. 3.2A-
B. We then asked whether the defect in cold-induced UCP1 expression resulted in defective
respiratory capacity. Indeed, the oxygen consumption rate of iWAT from adult Prx-cre mice
housed at 4°C was significantly reduced compared to controls, whereas iBAT was unimpaired

(Figs. 3.2F-G).
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We then sought to characterize BCL6's role in the adult cold response at the
transcriptional level by performing RNA-seq on iWAT from adult Prx-cre mice housed at 4°C for
2 days. GO analysis showed that, as in postnatal iWAT (Fig. 3.1K), loss of BCL6 in adult iWAT
resulted in defective transcription of lipid metabolism and beta oxidation genes (Fig. 3.2H).
However, whereas no specific pathways were significantly upregulated in postnatal Prx-cre
iIWAT, expression of various pathways such as cell adhesion were increased in the absence of

BCL6 at the adult time point (Fig. 3.2H).

Since both Prx1-Cre and AdipoQ-Cre recombinases are active throughout the animals'
lifetime, and that ex-UCP1-expressing adipocytes remained dormant into adulthood (Fig. 2.1E),
it is not possible to discriminate between BCL6's contribution to thermogenesis at either time
point using these models. Thus, we generated Bcl6™Ucp1°™ (Ucp1-cre) mice which excise
Bcl6 only in cells with prior history of UCP1 expression (i.e. postnatally). We began by
evaluating UCP1 expression in iWAT from p28 Ucp1-cre mice housed at RT and found that
there was no defect at this time point (Fig. 3.2I-J), which was expected given the timing of the
deletion. We then assessed UCP1 expression in iWAT from adult Ucp1-cre mice housed at 4°C
for 2 days and did not observe a statistically significant difference in Ucp1-cre compared to
controls (Fig. 3.2K-L). This implies that BCL6 is not required for maintenance of beige potential
in adipocytes that had expressed UCP1 postnatally and by extension, that it is primarily required

for de novo differentiation of beige adipocytes in adult iWAT.

To verify this result, we performed RNA-seq on adult Ucp1-cre mice that had been
housed at 4°C for 2 days and compared it to the previously analyzed cold-induced Prx-cre data
sets (young and adult). We identified the set of genes that were differentially expressed in
young Prx-cre, plotted their expression across all three groups, and found that while cold-
induced transcription was broadly similar in young and adult Prx-cre iWAT, there was no

difference between Ucp1-cre and controls (Fig. 3.2M). In fact, a total of only 5 genes were
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differentially expressed between Ucp1-cre and control iWAT (data not shown), which supported
the conclusion that adipocytes require BCL6 before, but not after, they have expressed UCP1.
Finally, to check that Bcl6 excision had indeed occurred in these sequenced samples, we
analyzed the Bcl6 locus in the UCSC Genome Browser and observed moderate reduction in
peaks corresponding to the targeted exons 7-9 (Hollister et al. 2013) (Fig. 3.2N). This confirmed
that Bcl6 had been excised in a large proportion of adipocytes without having a significant

impact on the overall transcriptional profile of the iWAT upon cold challenge.

Immune signals play complicated roles in postnatal and adult beiging.

Previous studies have established the role of type 2 immune cytokine signaling in driving
the adult cold response (Qiu et al. 2014; M.-W. Lee et al. 2014), as well as a distinct role for
interleukin (IL)-33 in thermogenic licensing of beige adipocytes during development (Odegaard
et al. 2016). As the type 2 cytokines IL-4 and -13 lie downstream of the IL-33 signaling cascade
(McCormick and Heller 2015), we sought to investigate whether these signals contribute to
postnatal beiging. UCP1 staining in iWAT from postnatal IL13-KO and IL4/13-double knockout
("IL4/13-DKQO") mice showed reductions in peak (p28) UCP1 expression at RT, relative to
congenic wild-type (WT) controls (Figs. 3.3A-B). However, no defect was observed in IL4Ra-KO
mice from both BL/6J and BALB/cJ backgrounds, even though both IL-4 and IL-13 canonically

signal through this receptor subunit (McCormick and Heller 2015).

To verify this contradictory result, we analyzed iWAT from mice lacking signal transducer
and activator of transcription 6 (STAT6), a key downstream signaling protein from IL-4R
(McCormick and Heller 2015), and found no defect in iWAT UCP1 from p28 mice of either
background at RT (data not shown). Finally, we also observed stronger peak UCP1 expression
in BALB/cJ versus BL/6J mice (Fig. 3.3B), which is congruent with the paradigm of mice from
these strains skewing towards Type 2 and Type 1 immune responses respectively (Spellberg

and Edwards 2001).
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Given that postnatal UCP1 expression was partially reduced in I1L4/13-DKO mice housed
at RT and in WT mice housed at thermoneutrality (Fig. 1.1C), we asked if combining the two
conditions would result in a cumulative defect. Indeed, UCP1 expression in iWAT from 1L4/13-
DKO mice housed at 30°C failed to increase between p21 and p28 (Figs. 3.3C-D), suggesting

that type 2 cytokines contribute to the temperature-independent component of postnatal beiging.

We next analyzed UCP1 expression in iWAT from adult KO mice housed at 4°C for 2
days and observed similar results to the postnatal time point, i.e. beiging in IL4/13-DKO was
impaired, but not in IL4Ra-KO (Figs. 3.3E-F). In addition, no defect was observed in IL4Ra-KO
on BL/6J background compared to BL/6J WT tissues (Fig. 3.3G). This was especially perplexing
given that previous studies (Qiu et al. 2014) had reported defects in both cold-induced UCP1
expression and thermogenic function in IL4Ra-KO (BALB/cJ) mice. Nonetheless, our data
showed that type 2 signaling is necessary for cold-induced beiging in adults, though the exact
mechanism remains unclear. Given that all these immune mouse models are constitutive KO's,
we attempted to parse the contribution of IL-4 at different time points with a rescue experiment.
Briefly, IL4/13-DKO mice were treated with either saline or IL-4 complexed with anti-IL4
antibody (Odegaard et al. 2016) from p17-p31, housed at RT until 8 wks old, and then moved to
4°C for 2 days. No difference was observed between IL4c- and saline-treated groups (Fig.
3.3H), which implied that type 2 signaling in the postnatal period alone was insufficient to

license the adipocytes for future reactivation.

Finally, colonization by gut commensals modulates immune system development in
postnatal mice (Gensollen et al. 2016; El Aidy et al. 2013) and plays a role in the adult cold-
response (Chevalier et al. 2015; Zietak et al. 2016), thus we asked whether absence of the
microbiome had any effect on beiging. We analyzed iWAT from 4- and 9-wk-old Specific-

Pathogen-Free (SPF) and Germ-Free (GF) mice housed at RT and observed no differences
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between the groups (Fig. 3.3I). This suggests that microbiome colonization is not required for

postnatal beiging, nor does it cause aberrant activation at RT in adults.

DISCUSSION

In this chapter, our goal was to identify temperature-independent drivers of beige fat
recruitment; to that end, we established distinct roles for BCL6 and type 2 cytokine signaling in
this process. Firstly, early deletion of BCL6 specifically in adipocyte precursors completely
abrogated beiging in both postnatal and adult iWAT, confirming that it is required for beiging in a
cell-intrinsic manner. Furthermore, later deletion with AdipoQ- and Ucp1-cre resulted in much
less severe defects, strongly suggesting that BCLG is primarily required for de novo beige
differentiation. This was an unexpected result because BCL6 maintains BAT dormancy when
that tissue is inactive under warm housing conditions (Kutyavin and Chawla 2019); thus we had
hypothesized that it might perform a similar function in dormant ex-beige adipocytes. Having
said that, brown and beige fat are ultimately derived from distinct progenitor lineages (M. Harms

and Seale 2013; M. J. Harms et al. 2014); and thus ought to differ in some regulatory aspects.

Secondly, mice with global KO of the type 2 cytokines IL-4 and IL-13 exhibited
significantly impaired beiging at both postnatal and adult time points. In addition, the postnatal
defect was exacerbated when these mice were housed at thermoneutrality, which suggested
that these cytokines are required for the temperature-independent component of beiging.
Unfortunately, we lacked the genetic tools to distinguish between contributions at each time
point; this matters in the context of constitutive deletions, as any phenotype observed at the
adult time point could potentially be due solely to a prior developmental defect. In addition, we
did not see any phenotype with mice lacking IL-4R or its downstream mediator STAT6 on both

BL/6 and BALB/c backgrounds. One improbably explanation for these conflicting results could
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be the presence of an as-yet-unknown non-canonical pathway, but a more likely one is that the
observed phenotype in 1L4/13-DKO is due to polymorphism of linked gene(s) near the IL-4/IL-13
genomic locus. These may have been carried over despite multiple generations of
backcrossing, resulting in a phenotype that is unique to this KO line and absent in the IL4Ra-KO
and STAT6-KO lines which were independently derived. Following up on these possibilities is
beyond the scope of this work. In conclusion, we have identified cell-intrinsic (BCL6) and tissue-

intrinsic (type 2 cytokines) signals that drive beiging in postnatal and adult iWAT.
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Figure 3.1: Adipocyte BCLS6 is required for postnatal beiging but regulates distinct
transcriptional pathways from cold-induced beige.

(A) Western blot for BCL6 in iWAT from male mice housed at RT. (B) Representative H&E stain

of IWAT from p28 Bcl6™F'Prx1™ mice housed at RT (scale bar = 50 ym). (C) Representative

whole tissue UCP1 staining of iWAT from p28 Bcl6™™'Prx1°™ mice housed at RT (scale bar = 1

mm). (D) Quantification of UCP1 staining in (C). (E) UCP1 staining of iWAT from p28

Bcl6™"'AdipoQ®™ mice housed at RT (scale bar = 1 mm). (F) Quantification of UCP1 staining in

(E). (G) Oxygen consumption rate of iWAT from p28 Bcl6™™'Prx1°™ mice housed at RT. (H)
Oxygen consumption rate of BAT from p28 Bcl6™™'Prx1°™ mice housed at RT. (I) Rectal
temperature of p28 Bcl6™™'Prx1°™ mice cold-challenged at 4°C. (J) Survival curve of p28
Bcl6™F'Prx1°® mice cold-challenged at 4°C for up to 6 hrs. (K) GO analysis of pathways
downregulated in iIWAT from p25 Bcl6™ 'Prx1°™ mice housed at RT (RNA-seq; n=7-8 per
group). (L) Expression of metabolic genes downregulated in (K). (M) Comparison of cold-
induced and BCL6-dependent genes from iWAT in young mice. (M) GO analysis of enriched
pathways (FDR < 0.05) and top 10 genes (fold change =1.5 and p-adj <0.05) per set in (N).
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Figure 3.2: BCL6 is required for cold-induced beiging in adults, but not reactivation of
dormant adipocytes.

(A) Representative whole tissue UCP1 staining of iWAT from 14 wk old Bcl6™"Prx1¢™ mice
housed at 4°C for 2 days (scale bar = 1 mm). (B) Quantification of UCP1 staining in (A). (C)
UCP1 staining of iWAT from 10 wk old Bcl6™F'AdipoQ®™ mice housed at 4°C for 2 days (scale
bar = 1 mm). (D) Quantification of UCP1 volume in (C). (E) TH staining of iWAT from 8 wk old
Bcl6™ 'Prx1°® mice housed at RT (scale bar = 1 mm). (F) Oxygen consumption of iWAT from 9-
10 wk old Bcl6™ 'Prx1°™ mice housed at 4°C for 2 days. (G) Same as (F) but for BAT. (H) GO
analysis of pathways that were differentially expressed in iWAT from 9 wk old Bcl6™ 'Prx1¢r
mice housed at 4°C for 2 days. (1) UCP1 staining of iWAT from p28 Bcl6™ Ucp1°™ mice housed
at RT (scale bar = 1 mm). (J) Quantification of UCP1 staining in (G). (K) UCP1 staining of iWAT
from 9 wk old Bcl6™F'Ucp1°™ mice housed at 4°C for 2 days (scale bar = 1 mm). (L)
Quantification of UCP1 staining in (I). (M) Expression of young-BCL6-dependent genes in iWAT
from p25 Bcl6™FPrx1° RT, 9 wk old Bcl6™ 'Prx 1™ 4°C, and 9wk old Bcl6™F'Ucp1°™ 4°C mice
(RNA-seq; n=4-8 per group). (N) Genome browser tracks at Bcl6 locus showing partial excision
of exons 7-9 (red bar) in iWAT from 9 wk old Bcl6™™Ucp1°™ mice housed at 4°C for 2 days.
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Figure 3.3: Immune signals play complicated roles in postnatal and adult beiging.

(A) Representative whole tissue UCP1 staining of iWAT from various p28 immune-KO mice
housed at RT (scale bar = 1 mm). (B) Quantification of UCP1 staining in (A). (C) UCP1 staining
of IWAT from young BALB/cJ and IL4/13-DKO mice born and housed at 30C (scale bar = 1
mm). (D) Quantification of UCP1 staining in (C). (E) UCP1 staining of iWAT from 12-15 wk old
BALB/cJ, IL4Ra-KO, and IL4/13-DKO mice housed at 4°C for 2 days (scale bar = 1 mm). (F)
Quantification of UCP1 staining in (E). (G) Quantification of UCP1 staining in iWAT from 12 wk
old BL/6J and IL4Ra-KO mice housed at 4°C for 2 days. (H) Quantification of UCP1 staining in
iWAT from 8 wk old 1L4/13-DKO mice housed at 4°C for 2 days following treatment with IL4c (or
saline) during the postnatal period. (I) Quantification of UCP1 staining of iWAT from 4 and 9 wk
old Specific-Pathogen-Free (SPF) and Germ-Free (GF) BL/6J mice housed at RT.
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METHODS
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice

All animal studies were conducted under an approved Institutional Animal Care and Use
Committee (IACUC) protocol at University of California, San Francisco (UCSF). All mice were
congenic to the C57BL6/J background and housed in the mouse vivarium at ambient
temperatures ranging between 4°C or 30°C as indicated. A 12-hour light:dark cycle was used,
and food and water were available ad libitum. For room temperature (RT) housing, mouse
cages were placed on racks exposed to the room atmosphere (~22°C). For housing at other
temperatures, cages were placed in temperature-controlled chambers (Darwin Chambers or
Power Scientific) set to the desired value. Unless otherwise indicated, mice were housed at a

constant temperature from birth.

Cold tolerance tests were performed as previously described (Lee et al., 2015). Briefly, two mice
were housed in each pre-chilled cage with food and water available ad libitum. Rectal
temperature was measured hourly using a BAT-12 microprobe thermometer with RET-3
thermocouple (PhysiTemp). Per IACUC guidelines, survival was defined as a core

temperature > 28°C. Similar housing conditions were used for 48-hour cold exposure studies.

Mice were fed normal chow diet (5053, Pico labs). Both male and female mice were used for all
experiments (see figures for exact ages). C57BL/6J, Bcl6™F Prx1°, AdipoQC"™, Ucp1°"e,
BALB/cJ, IL13-KO, IL4/13-DKO, and IL4Ra-KO mice were purchased from Jackson
Laboratories and bred in our vivarium. Germ-Free mice and Specific-Pathogen-Free controls
were purchased from the UCSF Gnotobiotic Core. For all in vivo studies, cohorts of at least
three mice per genotype or treatment group were used, and experiments were repeated two or

three times independently.
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Methods Details:

Tissue Clearing:

Inguinal white adipose tissue (i\WAT) samples were processed using the recently published
Adipo-Clear protocol (Chi et al., 2018). Briefly, samples were fixed overnight in 4% PFA,
washed in PBS, and dehydrated via methanol gradient. They were then delipidated using
dichloromethane (DCM), bleached in a hydrogen peroxide-DMSO solution overnight, and
rehydrated via methanol gradient. Samples were incubated with primary followed by secondary
antibodies (37°C for 3 days each), with wash steps after each stain (see STAR Methods for full
list of antibodies). Finally, they were dehydrated via methanol series, delipidated with DCM, then
cleared in dibenzyl ether (DBE). All steps apart from antibody staining were carried out at RT

with shaking.

3D Imaging:

Cleared samples were imaged on a Nikon AZ100 microscope that had been modified for light
sheet imaging (UCSF Nikon Imaging Center), in conjunction with Micro-Manager software

(https://micro-manager.org). Acquisition settings for whole-tissue and high-magnification

zoomed shots were 1x objective / 10um step-size and 5x objective / 3um step-size respectively.

Image Processing and Quantification:

All 3D images were processed using Imaris x64 software (version 9.3.1, Bitplane), 2D
snapshots taken using the snapshot function. For UCP1 volume quantification, the Surface tool
was used to generate a mask of the UCP1-positive region, followed by automated calculation of

the volume by the software.

Histology:

Freshly isolated iWAT was fixed in 10% formalin, and then submitted for embedding, sectioning,
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and H&E staining at the UCSF Liver Center Pathology and Imaging Core in partnership with the

Peninsular Histopathology Laboratory. H&E slides were scanned using an Axio Scan.Z1 (Zeiss).

RNA lIsolation:

Snap-frozen iIWAT samples were homogenized in Trisure (Bioline) using a TissueLyser I
(Qiagen) for 2 minutes at 30 Hz. Phase separation was induced with 1-Bromo-3-chloropropane,
followed by precipitation in isopropanol and two 70% ethanol washes. RNA concentration was

measured with a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific).

Sequencing Library Preparation:

RNA-Seq libraries were constructed as described previously (Kutyavin and Chawla 2019).
Briefly, the TruSeq Stranded mRNA Library Prep Kit (lllumina) was used according to the
manufacturer's instructions with 2 pg of total RNA was used as the starting material. PolyA-
containing RNA was purified and fragmented, followed by first and second strand cDNA
synthesis, adapter ligation, and PCR amplification (15 cycles). A library size of 200-300 bp was
verified by agarose gel electrophoresis and library concentration was measured with a Qubit

dsDNA High Sensitivity Assay Kit and a Qubit 2.0 fluorimeter (Thermo Fisher Scientific).

Next Generation Sequencing:

Pooled library samples were diluted to 10 nM concentration and submitted to the UCSF CAT

Core for sequencing on a HiSeq 4000 (single-read mode).

RNA-seq Analysis:

Analysis was performed as described previously (Kutyavin and Chawla 2019). Briefly, raw

sequence data were pseudo-aligned to the mouse transcriptome (mm10, UCSC annotation)
using Kallisto. Differential expression was defined as a fold change =1.5 and an adjusted p-
value <0.05 and calculated using DESeq2. Heat maps were generated in R. Venn Diagrams

were generated using BioVenn (https://www.biovenn.nl) and Venn Diagram Generator
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(https://academo.org/demos/venn-diagram-generator/). Gene ontology enrichment analysis was

performed using DAVID Bioinformatics Resources 6.8.

Tissue Oxygen Consumption:

Oxygen consumption measurement was performed as described previously (Kutyavin and
Chawla 2019). Briefly, freshly isolated iWAT and BAT were finely minced, and the fragments
resuspended in respiration buffer (PBS containing 20 mg/ml BSA, 25 mM glucose, and 1 mM
pyruvate). The rate of oxygen consumption was recorded with a Mitocell S200 respirometry
system (Strathkelvin Instruments). Data were analyzed with Strathkelvin 782 Oxygen System

software (version 4.1).

Immunoblotting:

Western blotting for UCP1 and BCL6 was performed as described previously (Kutyavin and
Chawla 2019). To prepare whole cell extracts, frozen tissue samples were placed into 2 mL
tubes containing 0.5 mL of modified RIPA buffer (50 mM Tris-Cl, pH 7.5, 150 mM NacCl, 1%
Nonidet P-40 substitute (Fluka), 0.1% SDS, 0.5% sodium deoxycholate, 1 mM EDTA, with
1:200 protease inhibitor cocktail (Sigma-Aldrich #P8340) and a metal bead, and homogenized in
a TissueLyser Il (Qiagen) for 120 seconds at 30 Hz. Nuclear extracts were prepared using NE-
PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific #78833)
according to the manufacturer's instructions. Protein concentration was measured with a Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific #23225) according to the manufacturer's
instructions. Protein (5-30 pg) was diluted in sample buffer (62.5 mM Tris-Cl, pH 6.8, 10%
glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.008% bromophenol blue), incubated at 90° C for 5
minutes, separated by SDS—-PAGE, and transferred to a 0.45 ym nitrocellulose membrane (Bio-
Rad #1620115). The membrane was blocked with 5% nonfat dry milk in PBS containing 0.1%
Tween-20 for 30 mins and probed with the primary and HRP-conjugated secondary antibodies

diluted in PBS containing 0.1% Tween-20 and 2% BSA (see STAR Methods for full list of
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antibodies). HSP90a/b and Lamin B1 were used as loading controls for whole cell extracts and
nuclear extracts, respectively. Immunoblotted proteins were detected on HyBlot CL
autoradiography film (Denville Scientific #1159M39) using ProSignal Pico chemiluminescent
substrate (Prometheus Protein Biology Products #20-300) and Mini-Medical 90 X-ray Film 27

Processor (AFP Imaging #9992305300).
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Chapter 4 :

Concluding Remarks and Future Directions

What is a legacy? It's planting seeds in a garden you never get to see.

—Lin-Manuel Miranda, Hamilton: An American Musical
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The work presented here shows that beige fat recruitment in inguinal white adipose
tissue (iWAT) follows a consistent spatial pattern in both postnatal and adult time points, and
that despite this superficial similarity, different regulatory pathways predominate at each stage
of life. Postnatal beiging is absolutely dependent on B-cell ymphoma 6 (BCL6) but not
adrenergic signaling, whereas adult beiging is only partially dependent on the former and
requires the latter. Furthermore, environmental cold induced distinct transcriptional profiles in
postnatal versus adult iWAT, underscoring how the tissue is fundamentally different at these two

time points despite performing a similar thermogenic function in both.

Why is postnatal beige fat so different from its future self? It may have evolved because
neonates are intrinsically vulnerable to heat loss compared to adults, due to having reduced
insulation from fur and subcutaneous fat coupled with a higher surface-area-to-volume ratio
(Nedergaard and Cannon 2014). In addition, they have limited behavioral options to mitigate
environmental cold apart from huddling with their parents and littermates (Smith and Horwitz
1969; Chabowska-Kita and Kozak 2016). Hence the need for a constitutive minimum level of
thermogenic potential regardless of environmental conditions to supplement brown adipose
tissue (BAT) function. Furthermore, weaning (~p21 in mice) is a significant transition for young
animals as they enter a new independent phase of life and may be associated with added
environmental cold stress, as evinced by a transient increase in BAT UCP1 expression at that

time point (Odegaard et al. 2016).

Although the sympathetic nervous system (SNS) was not required for transcription of
UCP1 or associated metabolic pathways (e.g. beta oxidation), ablation of SNS nerves did
specifically result in downregulation of cholesterol / steroid synthesis pathways. These pathways
have been implicated in both lipid (Yeh et al. 2018) and glucose (Okin and Medzhitov 2016)
metabolism, which suggests that the SNS may influence thermogenic function indirectly by

modulating the availability of fuel sources in adipocytes. In addition, our pilot experiments
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revealed a potential defect in cold-tolerance in both postnatal and adult TrkA-KO mice (data not
shown), suggesting that the nerves might be required to 'switch on' the thermogenic machinery
after it has been properly expressed. Nonetheless, we were unable to parse the role of beige fat
versus BAT due to the systemic nature of the Th®™ deletion. Ultimately, iWAT from adult TrkA-
KO mice responded normally to adrenergic agonist (CL-316,243) treatment, which implied that
SNS nerves are not required to license thermogenic function during development. One
intriguing question is why thermoneutral housing reduces the amplitude of postnatal beiging, but
SNS deficiency does not. This result implies that the temperature-sensitive component of
beiging is not mediated by the SNS, and it would be interesting if future studies were to identify

this unknown actor.

We also identified a critical role for BCL6 in postnatal beige recruitment, though it was
not required in adults for either reactivation of ex-beige adipocytes (Ucp1-KO mice), or
transdifferentiation of mature white adipocytes (AdipoQ-KO mice). Therefore, by process of
elimination, its influence at the adult time point is restricted to the de novo differentiation of
adipocyte precursors. That BCL6 was not required for reactivation was unexpected given that
BCLG6 is required to maintain BAT dormancy under warm housing conditions (Kutyavin and
Chawla 2019). One possible explanation for this discrepancy is that dormant BAT consists of
brown adipocytes with thermogenic character (e.g. UCP1 expression), whereas dormant iWAT
consists almost exclusively of UCP1-negative white adipocytes, i.e. BCL6 maintains
thermogenic identity (brown and beige adipocytes) but not potential (ex-beige white adipocytes).
This is supported by the transcriptional data showing that in addition to UCP1 expression, BCL6
also drives expression of fatty acid beta oxidation genes in iWAT of both postnatal and adult

mice (our data), as well as in adult BAT (Kutyavin and Chawla 2019).

Finally, we found that type 2 cytokine signaling (IL-4 and to a lesser extent, IL-13) were

involved in both postnatal and adult cold-induced beige recruitment. Furthermore, postnatal
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IL4/13-DKO mice housed at thermoneutrality exhibited an even more severe beiging defect than
at room temperature, suggesting that cytokine signaling is involved in the temperature-
independent part of this process. As for the phenotype in adults, this had been shown previously
(Qiu et al. 2014; M.-W. Lee et al. 2014), though there was some conflicting data which
suggested the existence of an unknown non-canonical signaling route for these cytokines that
bypasses the IL4-receptor. This could explain why a beiging defect was observed in cytokine-
but not receptor-knockout mice. On a separate note, BCL6 and IL-4 are both heavily involved in
the lineage commitment of T follicular helper (Tr+) and germinal center (GC) B cells (Johnston
et al. 2009; Bélanger and Crotty 2016). This raises the tantalizing possibility that a parallel
interaction may exist in adipocytes since both signals are involved in de novo beige

differentiation (M.-W. Lee et al. 2014); this hypothesis may warrant further investigation.

Prior studies have either described postnatal beige fat kinetics in passing (Gouon-Evans
and Pollard 2002; Master et al. 2002; Odegaard et al. 2016), or focused on specific aspects
such as the temperature-dependence of postnatal beiging (Chabowska-Kita et al. 2015) and the
signaling requirements for beige adipocyte dormancy (Y. Wang et al. 2017). To our knowledge
this dissertation is the first attempt at an in-depth, multi-dimensional characterization of the
spatiotemporal and regulatory aspects of postnatal versus adult beige fat recruitment. We
propose that postnatal beiging has long-term implications for cold-induced recruitment in later

life, and that there is much to be learned in this relatively uncharted space in beige fat biology.
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