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Abstract

Background and objective: Retinol Saturase (RetSat) is an oxidoreductase that was
named after its initially identified enzymatic reaction, and is expressed in multiple
metabolic organs, especially liver and adipose tissue. In the past decade, brown
adipose tissue (BAT) activation and white adipose tissue (WAT) browning have been
considered promising approaches to combat metabolic syndrome. In this project, the

function of RetSat in thermogenetic fat was investigated.

Method: Since RETSAT protein is strongly induced in the BAT of cold-exposed mice,
firstly, the regulation of RetSat in adipose tissue and adipocyte by B-adrenergic
receptor stimulation was studied. The RetSat gain and loss of function studies in
preadipocytes were conducted to explore its effect on brown adipocyte differentiation.
Furthermore, RetSat was depleted in adipocytes to study its effect on thermogenetic
gene expression, and mitochondria function was monitored by Seahorse assay.
Subsequently, the BAT-specific RetSat deletion mouse model was established by the
Cre/LoxP system, and subjected to diet (normal chow and high-fat diet) challenges,
and tolerance (glucose, insulin, and cold exposure) tests to study its effect on
metabolic profile. Finally, RNA sequencing was employed to explore the potential

mechanism.

Results: RetSat expression in adipose tissue and adipocytes was induced by [3-
adrenergic receptor stimulation. Moreover, RetSat slightly enhanced brown adipocyte
differentiation, and was required for thermogenic gene expression in adipocytes, UCP1
induction, and mitochondrial respiration. RetSat deletion in BAT did not alter adiposity,
but slightly weakened glucose disposal capacity in mice fed high-fat diet, and impaired
cold tolerance upon acute cold exposure. The transcriptome data indicated RetSat

down-regulated mitochondrially encoded and protein-folding genes in murine BAT.

Conclusion: RetSat modulates thermogenic capacity of adipocytes and might provide

a therapeutic intervention for metabolic disease.



Kurzzusammenfassung

Hintergrund und Ziel: Retinol-Saturase (RetSat) ist eine oxidoreduktase, die nach ihrer
ursprunglich identifizierten enzymatischen reaktion benannt wurde und in mehreren
stoffwechselorganen, insbesondere in der leber und im fettgewebe, vorkommt. In den
vergangenen jahrzehnten galten die aktivierung des braunen Fettgewebes (BAT) und
die brdunung des weillen fettgewebes (WAT) als vielversprechende ansatze zur
bekdmpfung des metabolischen syndroms. In diesem projekt wurde die funktion von

RetSat im thermogenetischem fett untersucht.

Methode: Da das RETSAT protein im BAT von kalteexponierten mausen stark induziert
wird, wurde zunachst die regulation von RetSat im fettgewebe und in adipozyten durch
stimulation des B-adrenergen rezeptors untersucht. Die studien Uber den gewinn und
verlust der funktion von RetSat in praadipozyten wurden durchgefihrt, um seine
wirkung auf die differenzierung der braunen adipozyten zu untersuchen. Dartber
hinaus wurde RetSat in adipozyten dezimiert, um seine wirkung auf die
thermogenetische genexpression zu untersuchen, und die mitochondrienfunktion
wurde mittels Seahorse assay berwacht. AnschlieRend wurde das BAT spezifische
RetSat deletions mausmodell durch das Cre/LoxP-System erstellt und einer diat-
herausforderungen (normales futter und fettreiche ernahrung) sowie toleranztests
(glukose, insulin und kalteexposition) unterzogen, um die auswirkungen auf das
metabolische profil zu untersuchen. Schliel3lich wurde eine RNA-sequenzierung

eingesetzt, um den moglichen mechanismus zu untersuchen.

Ergebnisse: Die expression von RetSat in fettgewebe und adipozyten wurde durch
stimulation des -adrenergen rezeptors induziert. Darlber hinaus verstarkte RetSat
leicht die differenzierung der braunen adipozyten und war fur die thermogene
genexpression in adipozyten, die UCP1 induktion und die mitochondriale atmung
erforderlich. Die RetSat deletion in BAT veranderte die adipositas nicht, schwachte
jedoch die glukoseverwertungskapazitat von mausen, die fettreiche nahrung erhielten,
leicht und beeintrachtigte die kaltetoleranz bei akuter kalteexposition. Die
transkriptomdaten zeigten, dass RetSat mitochondrial kodierte und proteinfaltende

gene in der BAT der maus herunterreguliert.

Schlussfolgerung: RetSat moduliert die thermogene kapazitat von adipozyten und

kénnte eine therapeutische intervention bei stoffwechselerkrankungen darstellen.



1 Introduction

1.1 The discovery of RetSat and its catalytic function

Retinol Saturase (RetSat) was initially discovered in carotenoid and retinoid
metabolism of vertebrates (1). The protein RETSAT was named after its catalytic
activity that converts all-trans retinol into all-trans-13, 14-dihydro retinol by double bond
saturation (Figure 1) (1, 2).

\\\\OH

all-trans-retinol
(M.W. 286)

RetSat 2H

X OH

all-trans-13,14-dihydroretinol
(M.W. 288)

Figure 1. RetSat catalyzed saturation reaction of 13, 14 double bond of all-trans

retinol. Figure is from (1).
1.2 Prior findings of RetSat in adipose tissue

Given the online mRNA expression profile database BioGPS (3), RetSat has the
strongest expression in human adipose tissue, and in mice, it takes the second highest
expression just behind the liver. Moreover, RetSat is gradually up-regulated during the
murine 3T3-L1 white adipocyte differentiation, similarly, strongly expressed in human
adipocytes compared to preadipocytes (4). RetSat in white adipocytes is regulated by
peroxisome proliferator-activated receptor y (PPARY), that is, its expression is induced
by PPARy agonist and suppressed by antagonist (4). Furthermore, PPARy depletion

results in decreased RetSat expression in adipocytes (4).

As shown in the top panel of Figure 2, apart from dynamical expression, RetSat
depletion in 3T3-L1 preadipocytes severely impaired the differentiation, and the supply
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of PPARy agonist but not all-trans-13,14-dihydro retinol can rescue this defect (4).
Moreover, over-expressed RetSat in preadipocytes enhanced the differentiation and
PPARYy transcriptional level, however, all-trans-13, 14-dihydroretinol was undetectable
in these adipocytes (4), implying the function of RetSat in 3T3-L1 adipocyte
differentiation is independent of 13, 14 dihydro retinol formation. Additionally, RetSat
knockdown in 3T3-L1 mature adipocytes did not convert the morphology of cells and

even did not effect gene expression of major metabolic pathways (4).

In vivo, RetSat expression is down-regulated in the epididymal white adipose tissue
(eWAT) of diet-induced and genetically obese mice, and it is also decreased in the
subcutaneous white adipose tissue (scWAT) from obese humans relative to leans. The
adipose tissue dysfunction and reduced PPARYy activity resulting from the infiltration of

inflammatory cells may account for this downregulation (4).

-
y RetSat Loss of function
Adipogenesis ¢ » Chronic
PPARYy activation adiposityt

(whole-body KO mouse)
White adipocyte > Acute

In vitro adipogenesis

(depletion in preadipocytes)

Chronic cold stress
o’ RETSAT protein induction
o

Brown adipocyte

Figure 2. Regulation of RetSat expression and effect of RetSat in adipocytes. In
white adipocytes, PPARy activation induced RetSat expression. The whole-body
RetSat knockout mice had slightly increased adiposity, however, RetSat depletion in
white preadipocytes caused impaired adipogenesis, as depicted on the top panel.

RETSAT protein was induced in brown adipose tissue (BAT) of chronic cold-exposed
9



mice, as depicted on the bottom panel. Figure is adapted from (5).

RetSat whole-body knockout mice showed similar food intakes but significantly higher
body weight gain upon either normal chow or high-fat diet (HFD) compared to wildtype
(WT) mice (6, 7). Furthermore, RetSat-deficiency mice had intact adipose tissue but
increased adiposity upon HFD (Figure 2, top panel), especially the volume of visceral
and inguinal adipose tissue, which can account for increased body weight gain and
enhanced PPARy and Adipocyte protein 2 (aP2) expression (8). Histological analysis
revealed RetSat whole-body knockout mice have unaltered adipocyte morphology
which is in line with the unvaried adipose tissue, verifying the no effect of RetSat on
adipocyte differentiation in vivo (8). Upon feeding normal chow, RetSat whole-body
knockout mice also displayed comparable glucose disposal capacity and insulin
sensitivity (8), implicating the role of RetSat in systemic metabolism. However, the
more specific tissue or cell-type RetSat knockout mouse model is required to verify the

regulation of RetSat in white adipose tissue (WAT).

RETSAT protein in the brown adipose tissue (BAT) of mice was profoundly inducible
by cold exposure in the recent mass spectrometry work (Figure 2, bottom panel) (9).
More importantly, its timely induction was comparable to some thermogenic regulators,

especially uncoupling protein 1 (UCP1).
1.3 Brown, beige, and white adipocytes

Adipose tissue is a multifaceted organ and characterized by heterogeneity and
plasticity (10). Typically, adipose tissues are classified by white, brown, and beige (also
called brite) adipose tissue, and are named by their colors (11). The characteristics of
three types of adipocytes are listed in Table 1. WAT is the most predominant type of
fat in mammals, which is mainly located in subcutaneous and visceral depots with
cushioning ability (12). Classical BAT is contained in the interscapular fat depot of mice.
While, in humans, BAT scatters the back and neck in newborns and the neck and
supraclavicular area in adults (13). Beige adipose tissue is appreciated as an atypical
type of thermogenic fat, derived from WAT that received prolongedly external stimulus
(14). Metabolically, WAT primarily acts as a site of energy storage in the form of
triglycerides. BAT dominantly specializes in energy consumption via non-shivering
thermogenesis. Beige adipose tissue dynamically appears and contributes to adaptive
thermogenesis. As shown in Figure 3, morphologically, white adipocytes contain

abundant unilocular lipid droplets and low mitochondria density. Brown adipocytes hold
10



plenty of mitochondria and small multilocular lipid droplets. Beige adipocytes have
fewer mitochondria than brown adipocytes and smaller lipid droplets than white
adipocytes. The origin and fate of adipocytes are elucidated by the in vivo lineage
tracing study among adipose tissues, for instance, classical brown adipocytes in the
specialized BAT depots originate from a subpopulation of progenitors with Myogenic
factor 5 (Myf5) positive expression, whereas white adipocytes arise from other
progenitors with Myf5 negative expression (15). Consistently, earlier transcriptome
study indicated that Myf5 expresses uniquely in brown preadipocytes and muscle cells,

rather than white preadipocytes (16).

In addition to mature adipocytes, BAT and WAT also harbor diversified cell populations
including adipogenic progenitor cells, stem cells, immune cells, endothelial cells, and
fibroblasts (17). The specific modifications throughout development might generate
distinct cell types with unique expression profiles, even within a given cell population
(18). The complicated composition of adipose tissue and heterogeneity of brown
adipocytes have been further revealed via single-cell RNA sequencing (scRNA-seq) in
recent years. An adipocyte subpopulation with evidently lower UCP1 and Adipoq
expression was defined within the mouse BAT, of which morphology and properties
are more like white adipocytes, coexisting with the classical high-thermogenic brown
adipocytes (19). More interestingly, the interconversion of low- and high- thermogenic
brown adipocytes are derived by the temperature of the ambient environment (19).
Another rare adipocyte subpopulation was identified to modulate the neighborhood
adipocytes activity via acetate signaling in mice and humans, and the abundance is

increased by thermoneutral condition (~30°C) in mice (20).

BAT is a highly plastic organ and is remodeled by various conditions in metabolism
(21). Cold exposure and 3-adrenergic stimulants are general approaches to induce
thermogenesis, which will be discussed in the following sections. The phenomenon of
heat production and increased energy expenditure after eating is referred to as diet-
induced thermogenesis (DIT) (22), and the recruitment of DIT is entirely UCP1-
dependent in mice at thermoneutrality (23, 24). The moderate-to-vigorous-intensity
physical activities are recommended to prevent or treat metabolic syndrome, however,
treadmill exercise studies do not affect BAT activity or UCP1 expression (25).
Independent from its role in BAT, exercise results in the adaptation of WAT and

inducing browning, particularly in inguinal WAT (ingWAT) (26).

11
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Figure 3. The morphology comparison of brown adipocyte, beige adipocyte, and

Beige adipocyte White adipocyte

@ Mitochondria Lipid droplet
white adipocyte.

Table 1. Comparison of features among classical brown, white, and beige

adipocytes
Propert Classical brown Beige adipocvtes Classical white
perty adipocytes 9 pocy adipocytes
origin Myf5+ Myf5- Myf5-
primary function energy adaptive . excess energy
expenditure thermogenesis storage
morpholo elliptical and spherical spherical
P 9y smaller than white P P
mitochondria present upon
density abundant stimulation low
lipid droplet : : .
multilocular paucilocular unilocular
morphology
lipid content high high very high
. detectable upon almost
UCP1 expression | strong stimulation undetectable
located in located in located in
location
BAT depots WAT depots WAT depots

On the other hand, some factors lead to BAT involution and white-like appearance.

The reduced substrate oxidative capacity and increased lipid accumulation are found
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in the BAT at thermoneutrality where basal metabolism is sufficient to maintain body
temperature (27). The thermoneutral zone for humans and mice is 22°C and 30°C,
respectively, most humans spend most of their time in thermoneutral or near-
thermoneutral environments (28), which is a chronic exposure factor to promote
metabolic diseases. BAT involution is derived by endogenous fatty acid synthesis
rather than dietary fatty acids, Carbohydrate response element binding protein
(ChREBP) deficiency during thermoneutral adaptation defends mitochondria
degradation and BAT loss of function (29). The thermogenic activity of BAT declines
during aging, with the features of atrophy morphology and reduced UCP1 expression
(30). The examination of BAT and brain activity in young and elderly men after cold
exposure indicated lower brain activity in older subjects might partially cause reduced
BAT activity (31). In mice, aging decreases the content of 3-adrenergic receptor (B-AR)
(32) and mitochondrial B-oxidation (33) in BAT.

Obesity contributes to BAT whitening, smaller BAT mass is found in obese humans
(34). BAT is a highly vascularized organ, and obesity causes capillary rarefaction and
functional hypoxia in BAT, with mitochondria dysfunction and lipid droplet accumulation
(35). The obesogenic diet promotes glyceroneogenesis and triacylglycerol synthesis
in brown adipocytes through disturbing substrate oxidation and enhancing fatty acid

esterification (36).
1.4 The discovery of brown adipose tissue

BAT was initially discovered in hibernating animals, termed as the hibernating gland
that adapts to cold environments (37). In the early 20th century, BAT was also found
in non-hibernating mammals, especially the neck and scapular regions of human
infants (38). Owe to the lack of sufficient skeletal muscle, infants maintain core body
temperature by BAT non-shivering thermogenesis (39, 40). The cold-exposed humans
were thought to generate heat via shivering thermogenesis, BAT was considered to be
of negligible physiologic relevance in adult humans until a series of radiography studies
in 2009 (41). The 18F-fluorodeoxyglucose positron emission tomography-computed
tomography (18F-FDG PET-CT) was employed to identify the functional BAT in adult
humans during cold exposure (42). Moreover, metabolically active human BAT has
significant negative correlations with body mass index (BMI), fat mass, age, and
ambient temperature. Additionally, thermogenesis makers express substantial levels

in BAT (43, 44). These reports collectively reveal the importance of BAT in adult
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humans.
1.5 UCP1-dependent thermogenesis

According to the well-investigated pathway, the preoptic area of the hypothalamus in
the central nervous system (CNS) of endothermy receives the stimuli via cutaneous
thermal receptors. Afterward, the norepinephrine controlled by the sympathetic
nervous system (SNS) is released from the adrenal medulla to the circulation system
(45). As shown in Figure 4, upon activation by catecholamine, B-AR on the plasma
membrane of brown adipocytes, couple stimulatory G protein (Gs) increasing cyclic
adenosine monophosphate (cAMP) level via adenylyl cyclase (46). Subsequently,
cAMP binds to protein kinase A (PKA) and thus promotes phosphorylation of lipase,
including adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and

Perilipin, mobilizing lipid to provide the substrates for catabolism (47).

Upon the B-adrenergic signaling cascade, PKA phosphorylation leads to UCP1
activation via numerous transcription factors. The CCAAT/enhancer binding protein
(C/EBP) and cAMP response element binding protein (CREB) are implicated in the
canonical means of triggering UCP1 transcription in brown adipocytes. PKA
phosphorylation promotes the translocation of C/EBPs and CREB from the cytoplasm

to the nucleus, binding to genomic sites near the Ucp1 gene (48).

Itis widely accepted that UCP1 is inactivated upon the basal state of brown adipocytes,
due to exposure to cytosolic purine nucleotides including guanosine triphosphate
(GTP), guanosine diphosphate (GDP), adenosine di-phosphate (ADP), and adenosine
tri-phosphate (ATP), thus the heat produced by the non-shivering thermogenesis is
blocked (49). Apart from oxidation to provide chemical energy, fatty acids,
predominantly long-chain fatty acids, are thought to unlock the inhibition of UCP1 (50).
Free fatty acids derived from lipolysis appear to occupy the binding site of UCP1 in a
competitive manner with purine nucleotide (51). The interaction of purine nucleotides
with fatty acids remains further revealed, and the inhibitory effect of purine nucleotides
is associated with calcium complex formation, enzymatic nucleotide degradation, and
pH (52). On the other hand, adrenergic stimulation results in not merely a decrease in
di- and triphosphate purine nucleotides in brown adipocytes, but a smaller total purine

nucleotide pool size cellularly (53).

The mitochondrion is a type of membrane-bound cell organelle, that provides
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organisms with chemical energy stored in ATP (54). In eukaryotes, ATP synthesis is
driven by oxidative phosphorylation (OXPHOS) conducted through the electron
transport chain (ETC), which is composited of NADH dehydrogenase (complex ),
succinate dehydrogenase (complex IlI), Cytochrome c¢ reductase (complex Ill),
Cytochrome c oxidase (complex IV), Coenzyme Q (CoQ) and Cytochrome C (Cyt C)
(55). The chemiosmotic hypothesis theorized by Peter D. Mitchell accounts for the
coupling of electron transportation and ADP phosphorylation in the inner membrane of
mitochondria (56). The nutritional substrates (mainly fatty acids and carbohydrates)
are oxidized in some catabolic cellular processes, including tricarboxylic acid cycle
(TCA cycle), B-oxidation, and glycolysis, to generate energy-rich hydrogen carriers
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2).
The electrons are donated by NADH and FADH2 at either NADH dehydrogenase or
succinate dehydrogenase, where succinate is oxidized to fumarate. The protons are
pumped by the free energy released during catabolism from the mitochondria matrix
out to intermembrane space via complex |, lll, and IV, as not enough energy gets
released from the redox reaction on complex Il (57). Additionally, the oxygen atom is
the terminal carrier of electrons and binds with hydrogen ions to produce H>O via

complex IV, this oxygen-consuming process is termed mitochondrial respiration (58).

The electrical potential (increased positively charged hydrogen ions) and chemical
potential (decreased pH) outside of the inner membrane transform to proton motive
force to promote proton backflow to the matrix via ATP synthase and drive the binding
of ADP and inorganic phosphate (Pi) to produce ATP (59).
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Figure 4. UCP1-mediated uncoupling in mitochondria of brown adipocytes.
Briefly, the stimulation of B-adrenergic receptors on brown adipocytes triggers a series
of signal transduction cascades, the increased cAMP level stimulates PKA activity, and
subsequently, the activated multiple enzymes convert nutritional macromolecules to
small molecules that enter into mitochondria as fuel. The protons generated by the
TCA cycle are pumped into mitochondrial intermembrane space by ETC complexes to
form the electrochemical gradient which is used to synthesize ATP. The protons can
go back to the mitochondrial matrix through UCP1, and heat is generated during this
process. The details are described in the text. Figure is from (60).
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Oligomycin A is a specific ATP synthase inhibitor, however, the electron flow is not
absolutely blocked because of a phenomenon termed proton leak, which refers to
protons returning back to the mitochondria matrix independent of ATP synthase (61).
UCP1 serves as this parallel channel located in the mitochondrial inner membrane,
thereby, the proton gradient is dissipated partially and the coupling of mitochondrial
respiration and ATP synthesis is not completed (62). As a consequence, the spare
energy generated by substrate oxidation is released by mitochondria as heat.
Pharmacologically, Trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) is a
proton carrier promoting the electron flow, thus oxygen consumption reaches the
maximum (63). Rotenone and Antimycin A bind to complex | and Ill respectively to
disrupt the whole ETC and inhibit oxidative phosphorylation (64, 65). Oligomycin A,

FCCP, Rotenone, and Antimycin A are widely applied for cellular respiration study.

Oxidative stress results from excessive oxygen reactive species (ROS) accumulation,
but inadequate antioxidants to get rid of them, leading to cell death or tissue damage
(66). Mitochondrial ROS is generated during oxidative phosphorylation under
physiological conditions in humans, as a byproduct of ATP synthesis inevitably. In
return, ROS is harmful to ATP synthase and impairs mitochondrial energy production
(67). During the course of electron transport, some unpaired electrons react with
oxygen to form superoxide ion (0O2+—) at complex | and complex lll, this process is
termed as electron leak (68). Other unstable molecules include hydroxyl ions (OH")

and hydrogen peroxide (H20>).

1.6 Pharmacological approaches of brown adipose tissue activation/

recruitment and white adipose tissue browning

B3-adrenergic receptor agonists (B3-AR), thiazolidinediones, and retinoids are the
well-known small molecules for brown adipose tissue activation/ recruitment and white

adipose tissue browning (Figure 5).
1.6.1 B3-adrenergic receptor agonists

Three B-AR subtypes, B1-, B2-, and B3-AR, have been identified so far. B3-AR, the
best-studied thermogenesis target, is found in adipose tissue, cardiovascular system,
and urinary bladder, and is known to be responsible for thermoregulation in BAT, and
lipolysis in WAT (69). The function of B3-AR in rodents has been proven by different

evidences, however, the role of B3-AR in the human BAT is disputed (70-72).
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Isoproterenol is a non-selective B-AR agonist (BA), and is used to treat bradycardia in
the clinic and induction of thermogenesis and lipolysis in vitro (73). CL 316,243 is a B3-
AR (B3A) agonist with high selectivity (74), increasing the body temperature, energy
expenditure, and UCP1 content in BAT in rats (75). It can also promote the utilization
efficiency of free fatty acids in BAT (76), and induce more beige adipocytes in ingWAT
than in perigonadal white adipose tissue (pgWAT) (77).

Mirabegron is approved for overactive bladder treatment by stimulating the B3-AR that
relaxes detrusor muscle (78) and is considered the most promising and safest B3A
currently available that has the potential to be used in the therapeutic treatment of
metabolic disorders, although it has unavoidable adverse effects that heart rate and
blood pressure increase at relatively small magnitude (79). Multiple trials revealed
chronic pharmacological stimulation with Mirabegron promoted BAT metabolic activity
and basal energy expenditure, with enhanced insulin sensitivity and secretion in
healthy subjects (80, 81). Additionally, in obese humans, Mirabegron administration
substantially improved adipose tissue dysfunction and glucose homeostasis, and
induced beige adipose tissue recruitment in human ingWAT, however, it did not show
any effect on BAT (82, 83).
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Figure 5. Pharmacological approaches to activate brown adipocytes and induce
white adipocyte browning. 3/83A, Thiazolidinediones, and Retinoids are the small
molecules that promote basal state brown adipocytes to the activated state and convert

white adipocytes to beige adipocytes, enhancing energy consumption and heat
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production.

1.6.2 Thiazolidinediones

Thiazolidinediones (TZDs) are a class of insulin sensitizers and are indicated for the
treatment of type 2 diabetes mellitus (T2DM) (84). The specific target of TZDs is PPARY,
and activation of PPARYy increases lipid storage in WAT and insulin sensitivity in the
liver and muscle (85). PPARY is first substantially expressed in the murine interscapular
brown adipose tissue (iBAT) during embryonic development (86), and PPARy in BAT
is indispensable for the insulin-sensitizing action of TZDs (87). TZDs promote the
differentiation of brown adipocytes (88) and the browning program in WAT (89),
meanwhile, the up-regulated thermogenesis genes were observed (90, 91).
Additionally, the PPARy agonist, Rosiglitazone increased glycogen mobilization to
generate more fatty acids providing the substrates of BAT thermogenesis (92). When
activated, PPARYy binds to retinoic X receptor (RXR) to form a heterodimer complex in
a DNA-dependent mechanism (93), directly regulating Ucp1 gene transcription (94).
Furthermore, the deacetylation of SirT1-dependent (95) and synergistic effect of PR
domain containing 16 (PRDM16) (96) are involved in the promotion browning program
of PPARYy. In the ingWAT of non-obese T2DM patients with Pioglitazone preclinically,

decreased immune cell infiltration and increased UCP1 expression were found (97).
1.6.3 Retinoids

Carotenoids, the common constituents of various vegetables, are dietary supplements,
and their oxidative metabolites are important molecules with high antioxidant action. In
vertebrates, carotenoids are transformed into retinal by B-carotene-15,15'-

dioxygenase, which is further metabolized to retinol or retinoic acid (98).

Retinol, the active form of Vitamin A+, is used for vitamin A deficiency and skin care
and is on the essential medicines list by the World Health Organization (WHO). The 8-
week Vitamin A-supplemented diet resulted in unchanged BAT weight in murine, but
an induced Ucp7 mRNA in BAT (99, 100) and increased response capacity to B3A
stimulation (99). In contrast, the mice fed the vitamin A-restricted diet had a lower trend
in UCP1 expression of BAT and excess body weight, accompanied by hypertrophy of
brown adipocytes implying BAT metabolic dysfunction (101). Furthermore, the retinol

binding protein 4 (RBP4)-deficient mice had impaired cold tolerance capacity, and the
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defect retinol transport led to a significant decrease in cold-induced thermogenic genes
in scWAT, but RBP4 ablation had no alteration in BAT (102).

Retinoic acid is the major active metabolite of Vitamin A, under the retinoids family,
mediating embryonic development, and is used to treat certain forms of leukemia.
Numerous studies indicated retinoic acid up-regulated the expression of UCP1 in vivo
and in vitro (103-106), even the increase can be observed after retinoic acid
administration for 5h in mice (105). It is known that retinoic acid acts to regulate cell
fate via the activation of nuclear transcription factors retinoic acid receptor (RAR) and
RXR (107). Two active isomers of retinoic acid, all-trans retinoic acid and 9-cis retinoic
acid were both identified as transcriptional activators of the UCP1 gene through the
associated responsive region via RAR/RXR heterodimers (108-110). Furthermore,
retinoic acid treatment rescued the decreased content of UCP1 and RARa/RXRa,
which were induced by Vitamin A deficient diet in BAT (111).

Mechanistically, retinoic acid caused a decreased membrane potential and increased
respiratory rate in the isolated mitochondria from BAT, even with a significantly greater
effect than Palmitic acid, the most common saturated fatty acid (112). It was speculated
that, apart from adequate lipid solubility, another obligatory requirement of UCP1 ligand
is including a free carboxyl group (113) which was interpreted as promoting proton
translocation (114), and retinoic acid fulfills these requirements. Additionally,
metabolomic analysis indicated glucose metabolism pathway was involved in the
action of retinoic acid in brown adipocytes (115). Moreover, the inhibition of the p38
mitogen-activated protein kinases (p38MAPK) pathway suppressed retinoic acid-

stimulated UCP1 expression (116).
1.7 The regulation of brown adipose tissue in metabolic syndrome

Due to the capacity to consume nutritional substrates and energy expenditure
promotion, the classic BAT activation and recruitment of beige adipocytes in WAT are
universally considered to be potential treatment regimens for metabolic diseases,
particularly obesity and T2DM (117). Various factors have been identified to cause the
degeneration of BAT (118). A large retrospective study indicated that changed ambient
temperature led by seasonal variation regulates BAT activity, displaying highest in
winter and lowest in summer (119), and a stronger proportion was observed in the
subjects with metabolically active BAT (120). The incidence of cold-activated action on

BAT decreased following age, which might be due to the accumulation of body fat in
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the form of WAT (121), and it appears to be the gender difference existed in BAT activity
and mass (122). Metabolic syndrome is known to determine the prevalence and mass
of BAT, obese men have less activated BAT than lean men (123). Additionally, diabetic
status is the independent factor of detectable BAT in humans (124), and BAT correlates

negatively with glucose concentration (125).

Obesity is defined as the BMI over 30 in humans with excessive fat accumulation (126),
displaying a risk to health, and it is widely considered that metabolic activity and
prevalence of BAT are inversely related to body fatness, particularly visceral fat (127).
Non-shivering thermogenesis confers the ability of BAT to promote whole-body energy
expenditure, thereby reversing the positive energy balance that is the main cause of
obesity. In morbidly obese patients who received gastric banding surgery, increased
BAT activity was seen after weight loss (128). The canonical cold exposure chronically
resulted in an increase in BAT activity and a concomitant decrease in body fat mass
(129). BAT transplantation reversed or prevented genetic (130) and HFD-induced
obesity (131), meanwhile, the greater energy expenditure in the Norepinephrine
challenge test and higher core temperatures upon cold exposure were found in
recipient mice with HFD (132), due to the enhanced sympathetic activity. Another
possible mechanism is that the increased fat mass activates endogenous BAT by

releasing cytokines (130-132).

The leading reason for high blood glucose levels in the circulation system of T2DM
patients is impaired glucose utilization efficiency, which is caused by insulin resistance
in the liver, adipose tissue, and muscle (133). The increased plasma glucose disposal,
insulin sensitivity, and substrates (glucose and fatty acids) oxidation were found in
healthy subjects with more active BAT under both basal and cold exposure conditions
(134). Furthermore, glucose uptake in the BAT was directly induced by acute cold
exposure, accompanied by increased blood perfusion (135). More importantly, cold
acclimation improved insulin sensitivity in the liver and adipose tissue of T2DM
subjects (136), and enhanced glucose turnover rate in the mitochondrial TCA cycle
(137). The action of BAT in whole-body glucose homeostasis was strengthened by BAT
transplantation, and the increased insulin sensitivity was seen in recipient mice under
basal and HFD conditions (138). B3-AR stimulated glucose uptake in BAT is primarily
dependent on the transcription and translocation of glucose transporter 1 (GLUT1),

rather than the stimulation of insulin (139).
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1.8 Aim of this project

RetSat effects the white adipocyte differentiation, and RetSat whole-body knockout
impacts the body weight and glucose homeostasis of mice. Additionally, RETSAT

protein in mice BAT is induced by cold exposure in a time-dependent manner.

BAT and non-shivering thermogenesis have been thought to have metabolic benefits
in the past decade, however, the function of RetSat in BAT has not been well
understood. Therefore, the aim of this project was to explore the role of RetSat in BAT

and non-shivering thermogenesis, including the browning of white adipocyte.
This project aims to address the following questions:

How about the regulation of RetSat in adipocyte and adipose tissue by B-AR

stimulation?

Does RetSat effect brown adipocyte differentiation?

Is RetSat required for the thermogenesis gene expression in adipocytes?
Does RetSat effect mitochondria function in adipocytes?

Is RetSat in BAT required for the cold tolerance of mice?

Does RetSat in BAT effect the metabolic profile of mice?
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2 Chemicals, reagents, kits

2.1 Chemicals and reagents

The used chemicals and reagents are listed in Table 2.

Table 2. Chemicals and reagents

Substance

Manufacturer

0.05% Trypsin-EDTA (1X)

Gibco, Thermo Fisher Scientific Inc.
(Waltham, MA, US)

0.5% Trypsin-EDTA (10X)

Gibco, Thermo Fisher Scientific Inc.
(Waltham, MA, US)

0.9% Saline

B. Braun Melsungen AG (Melsungen,
DE)

10% Ammonium persulfate (APS) solution

Sigma Aldrich (St. Louis, MO, US)

10% Sodium dodecyl sulfate (SDS)

Carl Roth GmbH & Co. KG
(Karlsruhe, DE)

100% Ethanol

EMSURE, Thermo Fisher Scientific
Inc. (Waltham, MA, USA)

100% Methanol

EMSURE, Thermo Fisher Scientific
Inc. (Waltham, MA, USA)

2 x Fast Start Universal SYBR Green

Eurogentec (Seraing, BE)

2-Propanol

Merck KGaA (Darmstadt, DE)

3,3',5-Triiod-L-thyronin (T3)

Sigma Aldrich (St. Louis, MO, US)

30% Acrylamide

AppliChem GmbH (Darmstadt, DE)

3-isobutyl-1-methylxanthine (IBMX)

Sigma Aldrich (St. Louis, MO, US)

4% Buffered Formaldehyde

Merck KGaA (Darmstadt, DE)

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)
buffer

Gibco, Thermo Fisher Scientific Inc.
(Waltham, MA, US)

4',6-diamidino-2-phenylindole (DAPI)

Sigma Aldrich (St. Louis, MO, US)

5 x PCR master mix “ready-to-load”

Bio & Sell (Feucht, DE)

70% Ethanol

Carl Roth GmbH & Co. KG
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(Karlsruhe, DE)

Acetic acid Carl Roth GmbH & Co. KG
(Karlsruhe, DE)

Acetone Sigma Aldrich (St. Louis, MO, US)

Agarose Carl Roth GmbH & Co. KG
(Karlsruhe, DE)

Antimycin A Sigma Aldrich (St. Louis, MO, US)

Bovine serum albumin

Biowest (Nuaillé, France)

Calcium chloride (CaCly)

Carl Roth GmbH & Co. KG
(Karlsruhe, DE)

Chloroform

Merck KGaA (Darmstadt, DE)

CL 316, 243

Sigma Aldrich (St. Louis, MO, US)

Collagenase type |l

Worthington Biochemical Corporation

(Lakewood, NJ, US)

D-(+)- Glucose

Sigma Aldrich (St. Louis, MO, US)

ddH20

double distilled water

Dexamethasone

Sigma Aldrich (St. Louis, MO, US)

Dimethyl sulfoxide (DMSO)

Sigma Aldrich (St. Louis, MO, US)

DMEM 25 mM glucose, (+) L-glutamine (-)
pyruvate

Gibco, Thermo Fisher Scientific Inc.

(Waltham, MA, US)

dNTP mix Invitrogen, Thermo Fisher Scientific
Inc. (Waltham, MA, US)
Eosin Merck KGaA (Darmstadt, DE)

Fatty Acid Free Bovine serum albumin

Sigma Aldrich (St. Louis, MO, US)

Fetal bovine serum (FBS)

Gibco, Thermo Fisher Scientific Inc.

(Waltham, MA, US)

Glycerol Sigma Aldrich (St. Louis, MO, US)

Glycine Carl Roth GmbH & Co. KG
(Karlsruhe, DE)

hematoxylin Carl Roth GmbH & Co. KG

(Karlsruhe, DE)

Hydroxymethyl Aminomethane (Tris Base)

Merck KGaA (Darmstadt, DE)

Hydroxymethyl Aminomethane

Carl Roth GmbH & Co. KG
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Hydrochloride (Tris HCL)

(Karlsruhe, DE)

Indomethacin

Sigma Aldrich (St. Louis, MO, US)

Insulin human rapid

Sanofi (Paris, France)

Insulin solution human

Sigma Aldrich (St. Louis, MO, US)

Isoflurane AbbVie Inc. (North Chicago, IL, USA)
Isoproterenol Sigma Aldrich (St. Louis, MO, US)
Lipofectamine 2000 Invitrogen, Thermo Fisher Scientific

Inc. (Waltham, MA, US)

Magnesium sulfate (MgS04)

Carl Roth GmbH & Co. KG
(Karlsruhe, DE)

M-MLYV reaction buffer (5X)

Promega Corporation (Fitchburg, WI,
us)

M-MLYV reverse transcriptase

Promega Corporation (Fitchburg, WI,
us)

NP40 (IGEPAL CA-630)

Sigma Aldrich (St. Louis, MO, US)

Nucleic acid dye

Carl Roth GmbH & Co. KG
(Karlsruhe, DE)

Oilred O

Sigma Aldrich (St. Louis, MO, US)

Oligomycin

Sigma Aldrich (St. Louis, MO, US)

OPTI-MEM buffer

Gibco, Thermo Fisher Scientific Inc.
(Waltham, MA, US)

Penicillin/Streptomycin (P/S)

Gibco, Thermo Fisher Scientific Inc.
(Waltham, MA, US)

Phosphate-buffered saline (PBS)

Gibco, Thermo Fisher Scientific Inc.
(Waltham, MA, US)

Pierce ECL immunoblotting substrate

Thermo Fisher Scientific Inc.
(Waltham, MA, US)

Pierce non-reducing sample buffer, lane
marker

Thermo Fisher Scientific Inc.
(Waltham, MA, US)

Pioglitazone hydrochloride

Sigma Aldrich (St. Louis, MO, US)

Polylysine

Sigma Aldrich (St. Louis, MO, US)

Ponceau S

Cayman Chemical Company (Ann
Arbor, Ml, USA)
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Potassium chloride (KCI)

Carl Roth GmbH & Co. KG
(Karlsruhe, DE)

Potassium dihydrogen phosphate
(KH2PO4)

Carl Roth GmbH & Co. KG
(Karlsruhe, DE)

Precision Plus Protein Dual Color
Standards

Bio-Rad Laboratories (Hercules, CA,
us)

Protease inhibitor cocktail tablets,
cOmplete Mini EDTA-free

F. Hoffmann-La Roche AG (Basel,
CH)

Proteinase K

F. Hoffmann-La Roche AG (Basel,
CH)

PVDF

Bio-Rad Laboratories (Hercules, CA,
us)

QIlAZzol lysis reagent

Qiagen GmbH (Hilden, DE)

Random hexamer primer

Invitrogen, Thermo Fisher Scientific
Inc. (Waltham, MA, US)

Ribonuclease A (RNaseA) Thermo Fisher Scientific Inc.
(Waltham, MA, US)

Rotenone Sigma Aldrich (St. Louis, MO, US)

skim milk Carl Roth GmbH & Co. KG

(Karlsruhe, DE)

Sodium chloride (NaCl)

Merck KGaA (Darmstadt, DE)

Sodium deoxycholate

Sigma Aldrich (St. Louis, MO, US)

Sodium fluoride (NaF)

Sigma Aldrich (St. Louis, MO, US)

Sodium hydroxide (NaOH)

Carl Roth GmbH & Co. KG
(Karlsruhe, DE)

Tetramethylethylenediamine (TEMED)

Sigma Aldrich (St. Louis, MO, US)

Trifluoromethoxy carbonylcyanide
phenylhydrazone (FCCP)

Sigma Aldrich (St. Louis, MO, US)

Tween 20

Merck KGaA (Darmstadt, DE)

Ultrapure distilled water (upH20)
DNase/RNase free

Invitrogen, Thermo Fisher Scientific
Inc. (Waltham, MA, US)

XF assay media

Agilent (Santa Clara, USA)

XF calibrant solution

Agilent (Santa Clara, USA)

XF glucose

Agilent (Santa Clara, USA)
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XF glutamine Agilent (Santa Clara, USA)

XF Pyrvate Agilent (Santa Clara, USA)

Xylene Carl Roth GmbH & Co. KG
(Karlsruhe, DE)

B-mercaptoethanol Sigma Aldrich (St. Louis, MO, US)

2.2 Buffers and solutions

» SVF isolation buffer
20 mM HEPES

5 mM KH2PO,4

1 mM MgSO4

1 mM CacCl,

136 mM NaCl

4.7 mM KCI

1 g/L Glucose

2% BSA

ddH»0O

Set pH to 7.4 by NaOH, add Collagenase Il at final concentration 2 mg/ml before use.

» Tailcut Buffer
0.1 M Tris (pH 8.5)
0.2 M NaCl

5 mM EDTA

0.2% [w/v] SDS
ddH»0O

» TE Buffer

10 mM Tris (pH 7.5)
1 mM EDTA

ddH>O

» 1x (Tris acetate EDTA) TAE electrophoresis running buffer
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40 mM Tris Base
20 mM Acetic acid
0.4 mM EDTA
ddH20

»  RIPA buffer

2 mM EDTA (pH 8.0)

150 mM NaCl

50 mM NaF

50 mM Tris-HCI (pH 7.2)

0.5% [w/v] Sodium deoxycholate

1% [v/v] NP40 (IGEPAL CA-630)

0.1% [v/v] SDS

1 tablet of protease inhibitor complete EDTA-free
ddH.0O

» Loading buffer
87.5% [w/v] Pierce non-reducing sample buffer, lane marker

12.5% [w/v] B-mercaptoethanol

> Electrophoresis buffer
48 mM Tris-Base

192 mM Gilycine

0.1% [w/v] SDS

ddH»O

»  Transfer buffer
25 mM Tris-base
192 mM NaCl

20% Methanol
0.05% [w/v] SDS
ddH>O
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» 10xTBS

0.2 M Tris-Base

0.2 M Tris-HCI

1.36 M NaCl

ddH.0, adjusted pH 7.6

» 1xTBST
1xTBS plus 0.1% [v/v] Tween 20

2.3 Kits

The used kits are listed in Table 3.

Table 3. Kits

Kit

Manufacturer

PeqGOLD total RNA kit

VWR International (Radnor, PA, US)

RNeasy mini kit

Qiagen GmbH (Hilden, DE)

Pierce BCA protein assay kit

Thermo Fisher Scientific Inc. (Waltham,
MA, US)

RNA clean & concentrator kit

Zymo Research (Irvine, CA, USA)

Amaxa Cell Line Nucleofector Kit V

Lonza (Basel, CH)

Seahorse kit

Agilent (Santa Clara, USA)

2.4 Antibodies

The primary antibodies used for the immunoblotting are listed in Table 4. The

antibodies were diluted in the indicated ratio in a solution of the corresponding

percentage of skim milk powder in a 1:1 TBS/TBST mixture.

Table 4. Primary antibodies for immunoblotting

Antibody Species

Product Application

PPARy Mouse

Santa Cruz, sc- 1:200 in 2.5%
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7273 (E8) skim milk
UCP1 Rabbit GeneTex, 1:1000 in 4% skim
GTX10983 milk
RETSAT Rabbit Sigma-Aldrich, 1:1000 in 4% skim
HPA046513 milk
OXPHOS Mouse Abcam, ab110413 | 1:5000 in 4% skim
milk
RAN Mouse BD Biosciences, 1:5000 in 4% skim
#610341 milk
TUBA Rabbit Cell Signaling, 1:2000 in 4% skim
#2144 milk

The horseradish peroxidase (HRP) conjugated secondary antibodies were diluted in a
ratio of 1:2000 in a solution of 4% skim milk powder in a 1:1 TBS/TBST mixture. The

secondary antibodies used for the immunoblotting are listed in Table 5.

Table 5. Secondary antibodies for immunoblotting

Antibody Species Product Application
Anti-mouse; HRP Goat 31430, Thermo 1:2000 in 4% skim
conjugated Fisher Scientific milk

Anti-rabbit; HRP Goat 31460, Thermo 1:2000 in 4% skim
conjugated Fisher Scientific milk

2.5 Oligonucleotides

2.5.1 Primers for real-time quantitative polymerase chain reaction

Primers for real-time quantitative polymerase chain reaction (RT-gPCR) were
designed using the National Center for Biotechnology Information (NCBI) genome
browser to pick intron-spanning sequences which were then verified by NCBI-
Nucleotide Basic Local Alignment Search Tool (BLAST). Primers were synthesized by
Thermo Fisher Scientific. The used primers and their sequences (from 5’ to 3’) are
listed in Table 6.

Table 6. Primers for real-time quantitative polymerase chain reaction
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Gene Sequence (5't0 37)
mAdrb3 Forward: GGCCCTCTCTAGTTCCCAG
Reverse: TAGCCATCAAACCTGTTGAGC
mCidea Forward: AGGGACACCACGCATTTCAT
Reverse: CCGATTTCTTTGGTTGCTTG
mCox7at Forward: AAAACCGTGTGGCAGAGAAG
Reverse: CAGCGTCATGGTCAGTCTGT
Cre Forward: GCTTGCATGATCTCCGGTAT
Reverse: ATACCTGGCCTGGTCTGGA
mElovI3 Forward: GTGGTCGTCTATCTGTTGCTCA
Reverse: GCCAGGAAGAAGGACCAGAG
mFabp4 Forward: TGGAAGACAGCTCCTCCTCG
Reverse: AATCCCCATTTACGCTGATGATC
mPparg2 Forward: TGGGTGAAACTCTGGGAGATTC
Reverse: GAGAGGTCCACAGAGCTGATTCC
mPrdm16 Forward: TCTGCCACAAGTCCTACACG
Reverse: GAACATCTGCCCACAGTCCT
mRetSat Forward: GCGGCTGTTGTCATACCTTT
Reverse: CCAAGATAAAACGGCCAATG
mRplp0 Forward: TCATCCAGCAGGTGTTTGACA
Reverse: GGCACCGAGGCAACAGTT
mUcp1 Forward: GGGCCCTTGTAAACAACAAA
Reverse: ACTGGAGAGGCCAGGAGTGT

2.5.2 Silencing RNA oligonucleotides

The small interfering ribonucleic acid (siRNA) used in this project were designed

previously (140) and synthesized by Eurogentec and listed in Table 7.

Table 7. siRNA oligonucleotides sequences
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Target Sense Antisense

siControl (non- | UAGCGACUAAACACAUC | UUGAUGUGUUUAGUCGCUAU

targeting) AAUU U

siRetSat_1 UCAGCCGAGUACCAGAG | UUCUCUGGUACUCGGCUGAU
AAUU U

siRetSat_2 GCUCAAAGGUCAAGGCA | UGUGCCUUGACCUUUGAGCU
CAUU U

2.5.3 Primers for mouse genotyping

Primers used for mouse genotyping in this project were synthesized by Thermo Fisher
Scientific and their sequences (from 5’ to 3’) are listed in Table 8.

Table 8. Primers for mouse genotyping

Gene Sequence (510 3")

RetSat flox Forward: CTCCTTTTCTGAGGCTGGTG

Reverse: AAGGCAGACCTTTCTTTTAAGG

Ucp1-Cre Forward: CGATGCAACGAGTGATGAGGTTC

Reverse: GCACGTTCACCGGCATCAAC

Myogenin (internal control) | Forward: TTACGTCCATCGTGGACAGC

Reverse: TGGGCTGGGTGTTAGCCTTA

2.6 Mouse diets

Table 9. List of mouse diets

Diet Manufacturer

Normal chow, standard diet V 1523-0 ssniff-Spezialdiaten (Soest, D)

High-fat diet, 60% kcal/fat, D12492 Research Diets (New Brunswick, US)
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2.7 Equipments

Table 10. Main equipments

Equipment

Manufacturer

CFX384 real time PCR system

Bio-Rad Laboratories (Hercules, CA, USA)

CFX96 real time PCR system

Bio-Rad Laboratories (Hercules, CA, USA)

ChemidocTM XRS+ imaging
system

Bio-Rad Laboratories (Hercules, CA, USA)

climate chamber

Weiss Technik GmbH (Balingen, DE)

CO2 Incubator

Heraeus (Berlin, DE)

ContourXT glucose meter

Ascensia Diabetes Care Holdings AG (Basel,
CH)

Electrophoresis Chambers and
Power Supplies

Bio-Rad Laboratories (Hercules, CA, USA)

Homogenizator Tissue Tearor

Biospec Products, Inc. (Breda, NL)

microscope Leica DM IL LED

Leica Mikrosysteme Vertrieb GmbH (Wetzlar,
DE)

Mikroprozessor-pH-meter 743

Knick Elekronische Messgerate GmbH & Co.
KG (Berlin, DE)

Minispec LF50, NMR

Bruker (Billerica, US)

NanoDrop® ND-1000 photometer

PEQLAB Biotechnologie GmbH (Erlangen,
DE)

Nucleofector

amaxa GmbH (Koeln, DE)

PTC-200 Peltier Thermal Cycler

Bio-Rad Laboratories (Hercules, CA, USA)

2.8 Consumables

Table 11. Consumables

ltem

Manufacturers

1, 5, 10, 20 ml syringe

B. Braun Melsungen (Melsungen, DE)

1.5, 2 ml safe seal tube

SARSTEDT (Niimbrecht, DE)
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10 cm cell culture dish

Corning Inc. (Corning, US)

10, 200, 1000 pl pipet tips

SARSTEDT (Numbrecht, DE)

12-well cell culture dish

SARSTEDT (Nimbrecht, DE)

15, 50 ml Falcon conical tube

Corning Inc. (Corning, US)

200 pl 8-tube PCR strip

neolLabMigge (Heidelberg, DE)

5, 10, 25 ml serological pipets

SARSTEDT (Numbrecht, DE)

96, 384-well gPCR plate

Bio-Rad Laboratories (Minchen, DE)

Cannula Sterican

B. Braun Melsungen (Melsungen, DE)

Cell scraper

Sarstedt AG & Co. KG (Numbrecht, DE)

CONTOUR®NEXT glucose strips

Bayer Vital (Leverkusen, DE)

Cryogenic vial

Thermo Fisher Scientific Inc. (Waltham,
MA, US)

Disposable scalpel

Feather Safety Razor Co., Ltd (Osaka,
JP)

Liquid nitrogen

Sol Group (Berlin, DE)

microplate, 96-well, flat-bottom

Greiner Bio-One GmbH (Kremsmiinster,
AT)

Microseal gPCR plate sealing film

Bio-Rad Laboratories (Minchen, DE)

Nylon sieve 250uM pores

Klein & Wieler (Kdnigswinter, DE)

Omnican® 50 U100-insulin syringe

B. Braun Melsungen (Melsungen, DE)

Parafilm

Carl Roth (Karlsruhe, DE)

PVDF membrane

Bio-Rad Laboratories (Mlnchen, DE)

Syringe filter, Minisart NML, CA, 28 mm,
0,2 ym, sterile

Sartorius AG (Goéttingen, DE)

Whatman filter paper

Thermo Fisher Scientific Inc. (Waltham,
MA, US)
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3 Methods

3.1 iBACs and 3T3-L1 cell line and culturing

Immortalized brown adipogenic cells (iBACs) (141) were provided by Prof. Dr. Andreas
Prokesch (Medical University of Graz, Austria) and Prof. Dr. Patrick Seale (University
of Pennsylvania, USA). Briefly, primary brown preadipocytes were isolated from iBAT

of newborn mice, immortalized by retroviral SV40T antigen, and selected by Puromycin.

3T3-L1 is a clonal production of 3T3 isolated from mouse embryos with fibroblast-like
morphology and is widely applied to study basic cellular mechanisms associated with
obesity (142).

3.1.1 Cell passaging

The iBACs and 3T3-L1 preadipocytes are adherent cells, the cells toward the end of
the logarithmic growth phase, which means 80-90% confluence, are taken for
passaging. The old media was removed by aspiration from the 10 cm dish,
preadipocytes were washed once with pre-warmed PBS, and then were trypsinized by
1 ml 0.05% trypsin-EDTA incubating at 37°C for 5 min. The preadipocytes were
observed under the microscope to confirm completed detachment, and 3 ml of
complete media was added immediately to prevent over-trypsinization. The
preadipocytes resuspend solution was pipetted thoroughly to obtain single cell

suspension, and seeding cells into another 10 cm dish at 1:10 ratio.
3.1.2 Cell thawing

The cryogenic vial containing frozen preadipocytes was taken from liquid nitrogen
storage and immediately thawed vial by quick shaking in the 37°C water bath, until
there was just a small bit of ice left. The thawed preadipocytes were seeded evenly
into 10 cm dish with pre-warmed growth media. The state of preadipocytes was
observed under microscope the next day and the media was aspirated, subsequently,
preadipocytes were washed with pre-warmed PBS to remove residual DMSO, finally,

fresh growth media was added.
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3.1.3 Cell cryopreservation

Preadipocytes in the logarithmic growth phase were trypsinized from dishes and

poured together, centrifuged at 300g for 10 min to remove growth media. The cell pellet

was re-suspended by freeze media, which was comprised of 40% DMEM, 50% FBS,

and 10% DMSO. The mixture was aliquoted into the cryogenic vials, preadipocytes

should be frozen slowly at 1 °C/min. Thus, the cryogenic vials were placed into

CryoBox filled with 2-Propanol. Finally, CryoBox was kept at -80°C overnight.

3.1.4 Preadipocyte differentiation

iBACs and 3T3-L1 preadipocytes were induced to adipose-like phenotype by the
cocktail mixtures (143, 144) described in Table 12, Table 13, and Table 14.

Table 12. Growth media composition

Substance iBACs 3T3-L1
Dulbecco's Glucose Cfina= 25 | Glucose Crina= 25
Modified Eagle mM mM
Medium
Fetal bovine Piinai= 10% Piinai= 10%
Growth media serum
Penicillin/ Pfina= 1% Piina= 1%
Streptomycin
HEPES Cfina= 20 mM -
Table 13. Maintenance media composition
Substance iBACs 3T3-L1
insulin Ctina= 20 nM Ctina= 1.7 uM
Based on growth
media, and supply | 3,3,5-Triiod-L- Ciina= 1 nM -
thyronin
Table 14. Induction media composition
Substance iBACs 3T3-L1
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Dexamethasone Ctina= 5 UM Ctina= 1 uM

3-isobutyl-1- Ctina= 0.5 mM Ctina= 0.5 mM

Based on methylxanthine

maintenance
media, and supply

Pioglitazone Ctina= 5 UM Cfina= 5 |JM

Indomethacin Céna= 0.125 mM -

The process of preadipocyte differentiation is illustrated in Figure 6. During the whole
process, cells were cultured in the incubator with 37°C and 5% CO2. The adipocytes
with a degree of differentiation of at least 90% were considered mature and applied for

subsequent experiments.

100% Induction Following
confluence media experiments
preadipocytes — ) T T T
-3 0 3 6 8 (day)
Growth Maintenance
media media

Figure 6. Preadipocyte differentiation process.
3.2 Adipose-derived stromal vascular fraction cells isolation

Adipose tissue is comprised of mature adipocytes and stromal vascular fraction (SVF)
(145), which includes preadipocytes. Preadipocytes take the highest percentage within
SVF and are induced into mature adipocytes for further applications. To further
investigate RetSat function in a more physiologically relevant cellular model, primary
brown preadipocytes were isolated and differentiated. The iBAT was dissected and
minced with scissors, all pieces were moved and incubated in isolation buffer for 30
min at 37 °C shaking. After digestion, the solution was filtered through 250 uM nylon
membrane. The filtrate was centrifuged at 300g for 10 min, and SVF was pelleted. The
SVF pellet was resuspended by growth media, and seeded in 12-well plates. The

following expansion and differentiation methods are the same as iBACs in 3.1.4.
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3.3 Transfection

Transfection is a method that introduces exogenous genetic material into eukaryotic

cells and is widely applied in biomedical research (146).
3.3.1 RNA interference mediated gene silencing

RNA interference (RNAI) is a post-transcriptional gene silence response in eukaryotes
and is applied to reduce specific gene expression in organisms (147). Small interfering
RNA (siRNA) (148) intracellularly delivered by electroporation or lipofection degrades

related mRNA after transcription to silence the singular gene of interest.
3.3.1.1 Electroporation

Electroporation (149) is an efficient approach that introduces siRNA into the cells by
utilizing a brief pulse of a high-voltage electric field to increase cell membrane
permeability. Mature adipocytes were washed with pre-warmed PBS to remove media,
and incubated with 4 g/l trypsin plus 0.5 mg/ml Collagenase P at 37 °C for 10 min. After
detachment, adipocytes were re-suspended in PBS, aliquoted into tubes, and
centrifuged at 300 g for 3 min. Aspirated media, adipocytes were gently re-suspended
in 90 pl electroporation buffer, then 3 nmol siRNA oligonucleotides, and transferred into
the cuvette, electroporation was performed at the Amaxa device. Finally, adipocytes

were re-suspended in media, and loaded into 12-well plates dropwise.
3.3.1.2 Lipofection

In order to efficiently knock down RetSat in adipocytes from multiple wells of the
Seahorse cell culture plate, Lipofectamine 2000 was chosen as the reagent.
Lipofectamine is a vesicle that easily merges with cell membrane and delivers siRNA
into cells by endocytosis (150). Reverse transfection was applied in a Seahorse cell
culture plate (151), and all amounts and volumes were given on a per-well basis.
Lipofectamine-siRNA complex was prepared first, 1 nmol siRNA and 4 pl
Lipofectamine® 2000 were diluted in 4.75 ul and 4 pl OPTI-MEM buffer, respectively,
and incubated at hood for 5 min. After mixing diluted lipofectamine and siRNA, the
complex was loaded into the plate and incubated for another 25 min. Meanwhile,
mature adipocytes were trypsinized, properly diluted, and seeded into a Seahorse cell

culture plate. After waiting for 3 days, the plate was used for Seahorse assay.
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3.3.2 Virus transfection
3.3.2.1 Retrovirus transfection

Virus is used as a vector to deliver genetic materials into host cells (152). After invading
host cells, retrovirus adversely produces DNA from its RNA genome, and integrates it
into the genome of host cells to achieve stable integration (153). The retrovirus
production was performed as previously described (4). Briefly, BOSC23 cells were
transfected with empty or RetSat retroviral construct by Lipofectamine 2000. The
supernatant was harvested after 72h and mixed with 10 g/mL Polybrene. The pre-
confluent iBACs preadipocytes were infected by retrovirus-rich media and changed the
media to regular growth media. During immortalization, iBACs had been drug selected
after SV40 large-T antigen retrovirus transduction, so this cell line has Puromycin

resistance (141). The stable expression was obtained after 1-2 passages.
3.3.2.2 Adenovirus transfection

Cre Recombinase is a type | topoisomerase from bacteriophage P1 that is applied to
delete a segment of DNA flanked by LoxP sites in cells or experimental animals (154).
Since recombinant GFP adenovirus expresses green fluorescent protein under the
control of CMV promoter, which is easily visualized under fluorescence microscopy, it
serves as a control for other recombinant adenoviruses (155). The adenovirus GFP
and Cre were prepared in the research group previously, briefly, GFP or Cre gene was
inserted into the shuttle plasmid, and the entire sequence of recombinant virus was
reconstituted in cosmid. Subsequently, recombinant adenovirus was generated by

infection HEK293 cells and supernatant collection. Finally, virus titer was determined.

To delete RetSat in primary brown adipocytes, adenovirus Cre was taken to infect
primary brown adipocytes from newborn mice with RetSat flox/flox. The DMEM with
0.5 pg/ml polylysine, 0.5% BSA, and 1% P/S were prepared (156), adenovirus was
added to this mixture, and incubated at room temperature for at least 100 min.
Subsequently, adipocytes were washed with PBS, and incubated with above virus
media for at least 100 min in incubator. The equivalent amount of DMEM with BSA and
P/S was supplemented to adipocytes, and incubated in incubator overnight. The virus
media was replaced by growth media the next day, the subsequent experiments were
conducted after infected 4 days. For Cre-mediated deletion, 4.2 x 108 infectious units

were used in 100 yl media per well of the Seahorse cell culture plate, and 1.4 x 10°
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infectious units were used in 600 pl media per well of the 12-well plate. The adenovirus
GFP infected cells were the control to determine transfection efficiency (4), and the

amount was adjusted by titer.
3.4 Oil red O staining

Oil red O staining is used to specifically visualize neutral lipids in adipocytes, thereby
indicating lipid accumulation (157). The 0.5% stock solution was prepared by
dissolving Oil Red O powder in 100% 2-Propanol. The working solution was freshly
diluted from stock solution in a ratio of 3:5 by ddH20 and filtered through Whatman
filter paper. The living adipocytes in the 12-well plate were washed with PBS to remove
FBS and then fixed with 4% buffered Formaldehyde at room temperature for 20 min.
The fixed adipocytes were incubated with working solution on shaker for 1h, washed

3 times by PBS again until no excess dyestuff, and finally observed and photographed.
3.5 Seahorse mitochondria stress test

Seahorse Cell mitochondria stress test is a gold standard assay to measure
mitochondria function in cells (158). Mitochondrial oxidative phosphorylation is the
main process to generate ATP in mammals. Oxygen concentration in living cells
supernatant is monitored by Seahorse XF96 Extracellular Flux Analyzer in real time
and converted to oxygen consumption rate (OCR) value, one of the key mitochondria
function parameters. The adipocytes were seeded in the Seahorse cell culture plate
priorly and the sensor cartridge was activated by calibrant solution before assay. The
respiratory baseline was measured without any injection initially, followed by
Oligomycin, FCCP, and Rotenone/Antimycin A injection according to standard protocol.
The detailed steps are described in Table 15. After running, cells were fixed with 4%
buffered Formaldehyde, and stained by DAPI, fluorescence was recorded (159).
Finally, OCR values were normalized by the staining of nuclei, and respiratory

parameters were calculated as illustrated in Figure 7.

Table 15. Mitochondria stress test stepped commands

Command Time Cycle
Calibrate - -
Equilibrate 12 min -
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Mix 2 min

Wait 0.5 min 4x
Measure 2 min

Port A injection - -
(Oligomycin)

Mix 2 min

Wait 0.5 min 4x
Measure 2 min

Port B injection (FCCP) -
Mix 2 min

Wait 0.5 min 4x
Measure 2 min

Port C injection - -
(Rotenone and Antimycin

A)

Mix 2 min

Wait 0.5 min 4x
Measure 2 min

Program end
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Figure 7. Seahorse mitochondria stress test profile.
3.6 In vivo model and experiments
3.6.1 Animals housing

All experimental procedures were approved under number G 0130/17, and followed
by national and European guidelines for proper conduct of animal experiments. The
mice were bred in FEM-Buch and transferred to the animal facility of Max Rubner
Center (MRC) for Cardiovascular Metabolic Renal Research. The housing conditions
are room temperature of 23 £ 1°C, with 12h light/12h dark with specific pathogen-free
(SPF) condition. Mice had free access to drinking and food, except where stated

otherwise.
3.6.2 BAT-specific RetSat knockout mouse model establishment

C57BL/6J background mice with flox/flox alleles were generated previously in research
group. In brief, to insert LoxP sites into the mouse genome flanking exon 2 and exon
3 of RetSat, the targeting RetSat vector was introduced in mouse embryonic stem cells

by electroporation. The selected heterozygous knockout embryonic stem cells were
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injected into a developing embryo which was transferred into a mouse afterward. The
heterozygous floxed mice were mated with C57BL/6J mice to yield homozygous
RetSat flox/flox mice. The male mice on C57BL/6J background with UCP1 Cre
recombinase (160) (provided by Prof. Dr. Tim Schulz, German Institute of Human
Nutrition Potsdam) were crossed with female RetSat flox/flox mice to generate RetSat
flox/flox mice with UCP1 Cre that termed as Cre+ mice, and the littermates without the

Cre expression as the controls, Cre- mice.

Conditional null allelle Cre driver

—1—}—2—3—}—4— —Promoter-—

} LoxP sites

Tissue-specific
gene knock 1 ’ 4 —

Figure 8. Cre-induced recombination of floxed allele. Cre recombinase recognizes
two loxP sites and excises the loxP flanked (floxed) DNA, finally generating the DNA

with inactivated gene RetSat.
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Figure 9. Experimental scheme for establishing RetSat flox/flox UCP1 Cre mice.
(A) Mice breeding strategy. (B) Genotyping PCR results of wt/wt, RetSat flox/wt, RetSat

flox/flox mice (upper panel), and Cre-, Cre+ mice (lower panel).
3.6.3 BAT-specific RetSat knockout mouse model genotyping

3.6.3.1 Genomic DNA isolation

The ear biopsy from the weaned mouse was placed in a tube with DNA isolation mix
including tailcut buffer with 0.6 mg/ml proteinase K, and heated at 55°C overnight. The
next day, sample was heated at 95°C for an additional 10 min and cooled down at -
20°C for 10 min. Finally, TE buffer with RNaseA 1.3 y/ml was added to the sample to
promote RNA denaturing, after centrifugation at 16,000g for 3 min, the DNA in the

supernatant was ready for the polymerase chain reaction (PCR) reaction.
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3.6.3.2 Polymerase chain reaction

The PCR allows DNA fragments in vitro amplification rapidly with primers and DNA
polymerase on thermal cycling. For each mouse, 1 ul DNA template was mixed with a
19 pl mix including primer, 5 x PCR master mix “ready-to-load”, and ultrapure distilled
water (upH20) as indicated in Table 16. The mixture was placed in the thermal cycler,

and the program is indicated in Table 17.

Table 16. PCR mastermix

Reagent Volume Final Concentration
DNA template 1ul -

Forward primer (10 uM) 0.8 ul 200 nM

Reverse primer (10 uM) 0.8 ul 200 nM

5 x PCR master mix 4 ul 1x

“ready-to-load”

upH20 13.4 ul -

Total volume 20 pl -

Table 17. PCR program

Program Temperature Time Cycle

Initial denaturation | 94°C 2 min -
94°C 15s

Amplification 59.5°C 1 min 36
72°C 1 min

Primer annealing 72°C 5 min -

3.6.3.3 Agarose gel electrophoresis

Agarose gel electrophoresis is used to separate DNA fragments based on size. The
prepared agarose gel with nucleic acid dye was placed in an electrophoresis tank, and

samples mixed with loading dye were loaded in one end of the gel which was immersed
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in TAE buffer. DNA migrated through pores of gel to the positively charged electrode
when electrical current was applied. The resulting bands were visualized under
ultraviolet (UV) light.

3.6.4 Mice sacrifice and sample collection

The mice were anesthetized deeply by Isoflurane and then sacrificed by cervical
dislocation. The whole blood was drawn out by cardiac puncture immediately and
allowed to clot for 30 min at room temperature on benchtop, followed by centrifugation
at 16,000 g for 15 min at 4°C, serum on the top was collected. After serum collection,
the tissues were weighed and immediately frozen in liquid nitrogen, and all samples

were stored at 80°C until analysis.
3.6.5 Metabolism phenotype characterization
3.6.5.1 Diet challenge, weekly body weight and body composition

In the indicated cohorts, the 10-week age mice were challenged by high-fat diet for 12
weeks, and body weight was monitored weekly. Nuclear Magnetic Resonance (NMR)
analysis was taken to determine mouse body composition in the time-domain nuclear

magnetic resonance (TD-NMR) system.
3.6.5.2 Tolerance test

The fed blood glucose level was recorded, and then mice were transferred into the
single cages and free to water without food. For the intraperitoneal glucose tolerance
test (ipGTT), after 16 h fasting, the lean and obese mice received 2 g/kg or 0.5 g/kg
glucose intraperitoneal injection, respectively. For the intraperitoneal insulin tolerance
test (ipITT), after 4 h fasting, the lean and obese mice received 0.5 U/kg or 0.75 U/kg
glucose intraperitoneal injection, respectively. The blood glucose from the tail vein was
monitored before injection and 15 min, 30 min, 60 min, 90 min after injection by
CONTOUR®NEXT glucose strips.

3.6.5.3 B3-adrenergic receptor agonist injection

Mice were intraperitoneally injected with CL 316, 243 (1 mg/kg body weight), a potent
and highly selective B3A for 10 consecutive days. While control mice were
intraperitoneally injected with a vehicle of sterile PBS. All mice were sacrificed on the
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last day and samples were collected.
3.6.5.4 Acute cold exposure

The core body temperature of mice was measured by the rectal probe thermometer at
room temperature. Subsequently, each mouse was placed alone in the climate
chamber at 4°C for 3h, rectal temperature was monitored every hour. After cold

exposure, mice were sacrificed immediately and samples were collected.
3.6.6 Histology
3.6.6.1 Tissue fixation, embedding, and sectioning

The iBAT was harvested from mice, placed into cassette, and immediately submerged
in 4% buffered Formaldehyde at 4°C overnight for fixation. Subsequently, the tissue
underwent a series of gradient ascent Ethanol (70%, 96%, 100%) and Acetone in
incubator at 60°C for dehydration, and embedded in paraffin by paraffin wax machine.
After solidification, the tissue is sectioned into 5 ym using a microtome, and stored at

room temperature until staining.
3.6.6.2 Deparaffinization and hematoxylin-eosin staining

The size of individual adipocytes in adipose tissue can be investigated by Hematoxylin
and Eosin (H&E) staining. The section was rehydrated by passing Xylene and
gradually decreased Ethanol (100%, 96%, 80%, 70%) to ddH2O, then dipped in
Hematoxylin for nuclear staining. Subsequently, the section was rinsed with tap water
for 5 min, and dipped in Eosin for counterstain, rinsed with tap water again. Finally, the
section was dehydrated in increasing concentrations of Ethanol (70%, 80%, 96%, and
100%) and Xylene, mounted in DPX media for observation under the microscope.
Since the lipids are extracted by Ethanol in dehydration, the vacuoles appear to be

empty.
3.7 Real-time quantitative polymerase chain reaction (RT-qPCR)

Real-time quantitative polymerase chain reaction (RT-qPCR) is a universally
quantitative method to monitor DNA amplification in real-time, based on the
polymerase chain reaction principle. The double-stranded DNA was labeled with non-
specific fluorescent dyes, and gene expression was detected by complementary DNA
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(cDNA) copy number sensitively.

3.7.1 RNA extraction
3.7.1.1 Adipocyte RNA extraction

The adipocyte RNA extraction is followed by the manufacturer's instruction of
PeqGOLD total RNA kit (13-6834-02P, VWR). Cell harvesting was conducted by
rinsing the bottom of the plate with TRK Lysis Buffer and homogenizing cells in the
homogenizer column. The filtrate was mixed thoroughly with the same amount of 70%
Ethanol to precipitate RNA, then the RNA bound to silica-based matrix was rinsed by
Wash Buffer | and 80% Ethanol in Mini Column to dissolve residual salt, finally RNA

was eluted in 30 yl RNase-free water and transferred to a 1.5 ml tube.
3.7.1.2 Adipose tissue RNA extraction

In the 1.5 ml tube, approximately 50 mg of frozen brown adipose tissue was
homogenized in 400 ul QlAzol reagent sufficiently. Additional 600 ul QlIAzol reagent
was added and placed at room temperature for 5 min. Subsequently, added 200 ul
Chloroform, and vortex the mixture for 15 s vigorously, followed by staying at room
temperature for 5 min and centrifuging at 16,000 g for 15 min under 4°C. The RNA-
rich upper aquatic phase was transferred into another 1.5 ml tube. The following steps
were according to the manufacturer's instruction of kit. The aqueous phase was mixed
with the same volume of 70 % Ethanol to precipitate RNA, transferred the solution to
RNeasy Spin column, centrifuged the column, and discarded the filtrate. The RNA
bound to the silica-based matrix was rinsed by RW1 and RPE buffer. Finally, RNA was

eluted in 30 yl RNase-free water and transferred to a 1.5 ml tube.

All RNA samples were kept at -80°C and concentration was measured by NanoDrop

ND-1000 spectrometer.
3.7.2 cDNA synthesis

To synthesize first-strand cDNA from RNA, based on the concentration, the same
amount of RNA (0.1-1 ug) from each sample of the same set was mixed with 100 ng
random hexamer primer and upH20, to the volume of 15 pl. The mixture was heated
at 70°C for 5 min to melt the secondary structure and then immediately cooled at 4°C

for 15 min. After that, the RNA sample was complemented with Master Mix including
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M-MLYV reaction buffer, ANTP mix, M-MLV reverse transcriptase, upH20, and reverse
transcription at 37°C for 1 h, as shown in Table 18. The synthesized cDNA was applied
for the following RT-qgPCR.

Table 18. Reverse transcriptase master mix

Reagent Volume Final Concentration
M-MLV Reaction Buffer 5 ul 1x

(5x)

dNTPmix (10 mM) 1.25 pl 0.5mM

upH20 2.75 ul -

M-MLV Reverse 1l 200U
Transcriptase

Total volume 10 -

3.7.3 RT-qPCR process

To obtain a standard curve, 5 ul cDNA from each sample of a set was mixed and then
diluted consecutively to 10%, 1%, and 0.1%. The remaining cDNA was diluted 1:10
with upH20. 2 ul diluted cDNA template was loaded in the 96- or 384- well gPCR plate
with duplicated wells, and the prepared master mix (Table 19) was loaded into the
according wells. The RT-qPCR program was run in CFX Connect Real-Time System
(Table 20). Finally, the gene expression was calculated with reference to the standard

curve, and the relative mRNA level was quantified in relation to the housekeeping gene.

Table 19. RT-gPCR master mix

Reagent Volume Final Concentration
Forward primer (5 uM) 0.1 ul 200 nM

Reverse primer (5 M) 0.1 ul 200 nM

2 x Fast Start Universal 2.5yl 1x

SYBR Green

upH20 0.3 ul -

Total volume 3 ul -
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Table 20. RT-qPCR program

Program Temperature Time Cycle

Initial denaturation | 95°C 10 min -

DNA denaturing, 95°C 10s 40

primer

hybridization and

amplification

Primer annealing 60°C 1 min

Melting curve 95°C 30s -
70°C—90°C 5s

3.8 Immunoblotting

Immunoblotting is a regular method to identify the abundance of the specific target
protein within a complex mixture of proteins isolated from tissue homogenate or cell

lysate.
3.8.1 Protein extraction
3.8.1.1 Protein extraction from cultured cells

After media collection, the cells in the 12-well plate were washed with pre-chilled PBS,
then scraped from the well bottom gently and collected into the 1.5 ml tube with PBS.
Mixture was centrifuged at 16,000 g for 3 min. The supernatant was removed and
loaded with adequate RIPA buffer to reconstitute the cell pellet. For sonication, the cells
were lysed by sound energy, and the cell lysate was centrifuged at 16,000 g and for at
least 40 min. The supernatant was collected carefully, that is cell protein, was kept at
-80°C.

3.8.1.2 Protein extraction from frozen tissue

Approximately 50 mg of frozen tissue in the 1.5 ml tube on ice was homogenized with
400 pl RIPA buffer by the micro pestle. The subsequent centrifugation is the same with

3.8.1.1 protein extraction from cultured cells.
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3.8.2 Total protein quantification

The Pierce™ BCA Protein Assay Kit (23225, Thermo Scientific) was applied for total
protein concentration measurement. The working solution was mixed with reagents A
and B (50:1) freshly. 5 ul BCA standard provided in the kit and protein were loaded into
96-well plate, and then 95 ul working solution was loaded. The plate was horizontally
shaked and incubated at 37 °C for 30 min. The absorbance was measured at 562 nm
using spectrophotometer. Finally, the protein concentration of the sample was

calculated with reference to the stand curve.
3.8.3 Semi-quantitative analysis of immunoblotting signals

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) is a method
to separate proteins based on their molecular weight. SDS-PAGE Gel was prepared
according to the interested protein molecular weight to allow for proper protein

separation (Figure 21).

Table 21. Sodium Dodecyl Sulfate-Polyacrylamide 1.5 mm thick gel composition

Reagent 10% resolving gel | 12% resolving gel | stacking gel
ddH20 4.1 ml 3.4 ml 3.05 ml

1.5 M TRIS HCL 2.5ml 2.5ml -

buffer (pH 8.8)

0.5 M TRIS HCL - - 1.25 ml
buffer (pH 6.8)

10% SDS 100 pl 100 pl 50

30% Acrylamide 3.3 ml 4 ml 0.65 ml
10% APS 75 pl 75 50 pl
TEMED 7.5l 7.5l 6 pl

Loading the prepared resolving gel mix into the assembled gel solidification, gently
added a layer of 2-Propanol on the top to remove bubbles and prevent drying, and let
the resolving gel stay at room temperature for 45 min until polymerized stably. After
pouring out the 2-Propanol and drying the space, overlayed the stacking gel mix and

inserted the 15-well comb on the top, waiting another 45 min at room temperature. The
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gel was wrapped in wet tissue and stabilized overnight at 4°C for next-day

electrophoresis.

After adjusting the protein amount of a set of samples by the concentration, 10-20 ug
protein and proper volume RIPA buffer were mixed with 5x loading buffer adequately.
The protein mixture was denatured at 95 °C for 10 min, and centrifuged at 16,000 g for
30 min. Gel was placed inside the holder of the electroporation which was filled with
electrophoresis buffer. 20 ul sample mix was loaded into each well of gel, started
electrophoresis at 80V, and turn the voltage to 120 V when the dye front reached the
dissolving gel. When the protein separated adequately, the electrotransfer was
performed immediately. The order of the stuff in the cassette is bottom sponge, 2 layers
of Whatman filter paper, activated PVDF membrane, SDS-PAGE, another 2 layers of
Whatman filter paper, and top sponge. The electrotransfer ran at 4°C overnight with 29

V in the transfer apparatus filled with transfer buffer.

The Ponceau S staining was conducted first next day, the PVDF membrane was
dehydrated in 100% Methanol for 15 s and air-dried totally, then reactivated again,
stained by 0.1% Ponceau S stain with 1% Acetic acid for 10 min, and scanned. The
remaining traces of Ponceau S was washed out by 0.1 M NaOH solution, and the
PVDF membrane was blocked by 4% skim milk immediately at room temperature for
1h. Subsequently, the membrane was incubated in the primary antibody diluted in 4%
skim milk overnight at 4 °C, followed by the proper horseradish peroxidase (HRP)
conjugated secondary antibody for 1 h at room temperature. The results were detected
and imaged by the Bio-rad ChemiDoc imaging system after enhanced
chemiluminescence (ECL) substrate solution incubation. Densitometric analyses were

performed by ImageJ (161).
3.9 RNA-Sequencing

The iBAT of five Cre- mice and another five Cre+ mice under normal chow at room
temperature were taken to the RNA sequencing. The total RNA isolation was described
as 3.7.1.2.

3.9.1 RNA concentration and purification

In order to apply the high-quality RNA to the sequencing, the RNA was highly
concentrated and purified by the RNA Clean & Concentrator kit (R1014, Zymo
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Research). The process was followed by the instruction of the manufacturer. The 15 pl
total RNA from each mouse was mixed with 30 yl RNA Binding Buffer, and then mixed
with additional 45 pl 100% Ethanol. The mixture was transferred to Zymo-Spin™ |IC
Column with collection tube, and centrifuge at 16,000 g for 3 min, the flow-through was
discarded. To do the DNase | treatment, 40 yl DNase | reaction mix (Table 22) was
added to the column matrix and incubated at room temperature for 15 min.
Subsequently, the RNA bound to the column matrix was washed by 400 ul RNA Prep
Buffer and 2 rounds of 700 pl RNA Wash Buffer, finally, 15 yl DNase/RNase-free Water
was loaded and centrifuged to elute the RNA. The ultra-pure RNA was purity checked
again and kept at -80°C until further analysis.

Table 22. DNase | reaction mix

Reagent Volume
DNase | (1 U/ul) 5 pl
DNA Digestion Buffer 35 ul
Total volume 40 pl

3.9.2 Sequencing and data analysis

The RNA sequencing process was performed by Core Unit Genomics, Berlin Institute
of Health at Charité. Briefly, the purity and integrity of RNA were assessed, mature
mRNA was selected, library was prepared, and sequencing was performed. The
DESeq2 package was employed to identify the differentially expressed genes with
Ensembl annotation, gene symbol, log2 FC, P-value, and false discovery rate (FDR).
Subsequently, the data was corrected for multiple testing via default parameters by
Benjamini—-Hochberg method. Pathway and gene ontology enrichment were analyzed
by DAVID (162).

3.10 Statistics

All data were expressed as mean % standard error of mean (SEM). The in vitro
experiments were performed at least three times with similar results, and a
representative result was selected. Unpaired two-tailed Student’s t-test was applied to

test the significance between two groups, one-way or two-way Analysis of Variance
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(ANOVA) was applied to test the significance among more than two groups. P < 0.05

were considered statistically significant.

4 Results

4.1 RetSat is highly expressed in brown adipose tissue

To investigate the function of RetSat, its expression across tissues and cells was
analyzed thoroughly by BioGPS, an online database that collects microarray data from
Gene Expression Omnibus (163). By searching, RetSat is widely distributed and
Figure 10A displays the top 10 high-expression tissues or cells in mice. Specifically,
RetSat is highest expressed in the liver, followed by kidney or BAT. The immunoblotting
results confirmed the strong expression of RETSAT protein in iBAT, which also showed
the highest UCP1 abundance as known (Figure 10B), implying RetSat might serve a

prominent role in the BAT function in mice.
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Figure 10. RetSat is highly expressed in brown adipose tissue. A) RetSat
expression profile in mice. Gene expression profile of murine RetSat from BioGPS
(probesets 1424715 _at and 1424716_at). B) Protein expression of RETSAT and UCP1
in murine liver, BAT, and pgWAT was analyzed by immunoblotting. RAN protein served

as loading control.
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4.2 RetSat is induced by B-adrenergic stimulation

Since RETSAT protein was robustly induced in iBAT of cold-acclimated mice, and the
B-AR of brown adipocytes is activated by Norepinephrine released from sympathetic
nerve when cold exposure, whether B-AR stimulation induces RetSat was investigated.
To study the in vitro effect, differentiated primary preadipocytes from SVF isolated from
iBAT and ingWAT of wild-type mice, and iBACs and 3T3-L1 adipocytes were stimulated
by Isoproterenol, non-selective BA, for 24-48h. As expected, RetSat mRNA expression
was elevated in above stimulated adipocytes at different magnitudes (Figure 11A).
C57BL/6J male mice were intraperitoneally injected with CL 316, 243, a specific B3A,
or vehicle PBS for consecutive 10 days upon normal chow. In line with in vitro results,
RETSAT protein expression was induced by B3-adrenergic stimulation in iBAT in a
similar manner to UCP1 (Figure 11B, upper panel), even a stronger induction was
detected in ingWAT (Figure 11B, lower panel), where is known to have significant
thermogenic capacity upon appropriate stimulations. These findings further confirmed

that RetSat is induced by B-adrenergic stimulation.
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Figure 11. RetSat is induced by B-adrenergic stimulation. A) Differentiated primary
white and brown adipocytes were incubated with pan-B-AR agonist Isoproterenol for
24 (primary adipocytes, 3T3-L1) or 48 hours (iBACs) and mRNA expression of RetSat
determined by qPCR. B) protein expression of RETSAT and UCP1 determined. RAN
protein served as loading control. The data are presented as individual data points and

meantsem, *P<0.05.
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4.3 RetSat is up-regulated during brown adipocyte differentiation

It was reported that RetSat is induced during the differentiation of white 3T3-L1
adipocytes. To analyze whether RetSat is regulated during the differentiation of brown
adipocytes, iBACs preadipocytes (day 0) and adipocytes (day 7) were compared. The
degree of differentiation was directly observed by Oil red O staining, as shown in top
panel of Figure 12A, iBACs adipocytes were full of lipid droplets, indicating
preadipocytes were adequately differentiated into mature adipocytes by adipogenic
induction cocktail. The robust adipogenesis maker PPARy and thermogenesis maker
UCP1 protein expression in the iBACs adipocytes validated the differentiation (Figure
12A, bottom panel), As expected, RETSAT protein was strongly expressed in the
iBACs adipocytes compared to preadipocytes. Moreover, the different expressed
pattern of RetSat was confirmed by the indicated gene expression in Figure 12B.
These results suggest RetSat is up-regulated during brown adipocyte differentiation,

in a similar manner to the differentiation of white 3T3-L1 adipocytes.
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Figure 12. RetSat is up-regulated during differentiation of brown adipocytes.
Immortalized brown adipocytes (iBACs) were analyzed for A) intracellular lipids by Oil
Red-O staining (top panel) and protein expression of RETSAT, PPARy, and UCP1
before (day 0) and after (day 7) differentiation (bottom panel). RAN protein served as
loading control. B) Cells described in A) were analyzed for mRNA expression of the
indicated genes. The data are presented as individual data points and meantsem,
*P<0.05
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4.4 RetSat depletion does not impair brown adipocyte differentiation

The previous study showed RetSat is required for 3T3-L1 adipocyte differentiation, and
whether the effect is present in iBACs was investigated. RetSat siRNA delivered into
iBACs preadipocytes by electroporation led to depletion, and nontargeted oligo was as
control, two independent RetSat oligos were used to double exam the effect (Figure
13A). Since RetSat is controlled by PPARY, which plays dominant role in adipogenesis,
electroporated iBACs preadipocytes were differentiated by suboptimal condition, that
is without PPARy agonist Pioglitazone, until day 7. The effect of RetSat depletion in
iBACs differentiation was assessed by phase-contrast microscopy and known
adipogenesis and thermogenesis makers. The iBACs adipocytes with either of RetSat
siRNA both showed mildly less extent of differentiation compared to the adipocytes
with control oligo under microscope (Figure 13B). Pparg2, Fabp4, and Elovi3 mRNA
were not strongly changed during the iBACs differentiation, whereas Ucp1 mRNA was
significantly down-regulated in the differentiated adipocytes with one of the RetSat
siRNAs (Figure 13C).
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Figure 13. RetSat depletion does not impair brown adipocyte differentiation. A)
Undifferentiated iBACs were electroporated with indicated siRNA and protein
expression of RETSAT was analyzed, RAN protein served as loading control. Cells
were differentiated and adipocytic conversion was assessed by B) phase contrast
microscopy and C) mRNA expression of the indicated genes. The data are presented
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as individual data points and meanzsem, *P<0.05.

4.5 RetSat over-expression slightly enhances brown adipocyte

differentiation

Since RetSat was also reported to increase PPARy transcriptional activity and
adipogenesis in 3T3-L1 cells, to study the hypothesis that RetSat enhances the
adipogenesis in brown adipocytes, its expression was overexpressed in iBACs
preadipocytes. Specifically, pre-confluent iBACs preadipocytes were infected with
retrovirus-RetSat, which was generated as previously, to overexpress RetSat
expression, and retrovirus-empty infection as control. The ectopic expression
efficiency was validated by immunoblotting before starting differentiation, as shown in
Figure 14A, RETSAT protein was robustly induced by retrovirus in preadipocytes. The
infected iBACs preadipocytes underwent suboptimal differentiation condition without
Pioglitazone and the effect of RetSat overexpression in differentiation was determined
by phase-contrast microscopy and known adipogenesis and thermogenesis makers.
The stronger degree of differentiation was observed in the differentiated iBACs
adipocytes with retrovirus-RetSat upon microscope (Figure 14B). The RetSat
overexpressed in iBACs preadipocytes led to significantly induced Fabp4 and Elovi3
mRNA expression during differentiation, and an increased trend in Pparg2 and Ucp1
mRNA (Figure 14C), suggesting RetSat slightly promotes brown adipocytes

adipogenesis and concomitant thermogenesis genes.
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Figure 14. RetSat over-expression slightly enhances brown adipocyte
differentiation. A) Undifferentiated iBACs were infected with empty or RetSat-
encoding retroviruses and protein expression of RETSAT was analyzed, RAN protein
served as loading control. Cells were differentiated in the absence of the PPARy
agonist Pioglitazone and adipocytic conversion was assessed by B) phase contrast
microscopy and C) mRNA expression of the indicated genes. The data are presented

as individual data points and meantsem, *P<0.05.

4.6 RetSat is required for the thermogenic gene expression in

immortalized brown adipocytes

Thermogenesis is the primary characteristic of brown adipocytes, and RetSat mildly
enhances thermogenesis gene expression, the hypothesis that whether RetSat is
required for the thermogenic gene expression in iBACs adipocytes was explored. To
this end, RetSat was knocked down in iBACs adipocytes by electroporation with two
different oligos, 72h later, cells received the BA Isoproterenol stimulation for 4h, finally
gene expression was compared. Although, Pparg2 mRNA showed comparable
expression when RetSat was depleted by 70~80% (Figure 15A), strikingly,
thermogenesis genes Ucp1, Cidea, Elovi3, and Adrb3 expression were reduced by
RetSat depletion. Moreover, the reduction was observed in iBACs adipocytes with
either of two RetSat siRNA oligos. More importantly, this reduction was reproduced in
the BA Isoproterenol stimulated iBACs adipocytes, that is activated brown adipocytes
(Figure 15B). Furthermore, the effect of RetSat depletion was validated by down-
regulation of the most important mitochondrial uncoupling protein, UCP1 (Figure 15C
and D), and the reduced UCP1 protein in the iBACs was sustained for at least 7 days
(Figure 15E). The mRNA expression of mitochondria gene cytochrome ¢ oxidase
subunit 7a1 (Cox7at), which is a cold-responsive protein (164), also reduced in the
RetSat depleted iBACs adipocytes (Figure 15F). These findings demonstrate RetSat
is required for thermogenic gene expression in both basal and activated immortalized

brown adipocytes.

59



A differentiated iBACs B Ucp1

15
«a % ISIControI I:IS|RetSat 1 D5|RetSat 2| ———— |l siControl
Z150- = [ siRetSat
g Z10,
2 =
® % 51
8 50 L
e l% l% e
oL % f ol
%] %]
@eisa 0 99(9 009 6\°‘l\ o\de dt'o BA + +
. D _
IB: iBACs UCP1 protein
RETSAT [ == - 20{ ——
—— - E'zZ —
UCP1 £z, o
BA +  + g § 1.0 o
\‘ i (o]
o‘\“ @6\6 - 0.5
S\
0.0-
BA + +
E 1B: iBACs F o
RETSAT [wm == — = 150 '
UCP1 e - < Il siControl
- Z [ siRetSat_1
RAN| o e e e £100- [ siRetSat_2
siControl + + + + 2
siRetSat + o+ + + F 50
BA + + + + o
3 days 7 days 0-

after electroporation

Figure 15. RetSat is required for thermogenic gene expression in immortalized
brown adipocytes. A) Differentiated immortalized brown adipocytes (iBACs) were
electroporated with indicated siRNA and mRNA expression of RetSat, Pparg2, and
thermogenic genes was determined by gPCR. B) Differentiated iBACs were depleted
of RetSat by siRNA and exposed to 10 pyM of the pan-BA Isoproterenol for 4 hours.
Ucp1 mRNA expression was analyzed by qPCR. C) RETSAT and UCP1 protein
expression of cells described in B) was determined by immunoblotting. RAN served as
loading control. D) Densitometric analysis of UCP1 protein shown in C). E)
Differentiated immortalized brown adipocytes (iBACs) were electroporated with
indicated siRNA. After indicated time, cells were exposed to the pan-BA isoproterenol
for 4 hours and protein expression of RETSAT and UCP1 was determined by
immunoblotting. RAN served as loading control. F) Cox7a1 mRNA expression in iBACs
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described in A) was analyzed by qPCR. Data are presented as individual data points

and meanztsem, *P<0.05.

4.7 RetSat is required for thermogenesis gene expression in primary

brown adipocytes

Since primary cell culture mimics the physiological state of cells in vivo more closely
and generates more biologically relevant data, whether the reduction of thermogenesis
genes led by RetSat depletion could be reproduced in cultured primary brown
adipocytes was investigated. Although RetSat merely has slight effect on the brown
adipocyte differentiation, in order to exclude its possible existed impairment on
thermogenesis, SVF was isolated from the iBAT of RetSat flox/flox mice. Then primary
preadipocytes, which take the highest percentage within SVF, were thoroughly
differentiated into mature adipocytes. Subsequently, RetSat floxed primary brown
adipocytes were infected with adenovirus Cre to knockout RetSat, infection with
adenovirus GFP as control, and gene expression was compared after 96h. The
fluorescence and morphology were observed on harvesting day, as shown in upper
panel of Figure 16A, adenoviral GFP-infected primary brown adipocytes emitted
green fluorescence upon blue light, and no fluorescence was found in primary brown
adipocytes with adenovirus Cre. Moreover, adenovirus infection did not alter adipocyte
morphology (Figure 16A, lower panel). The knockout efficiency was validated by
immunoblotting in Figure 16B, RETSAT protein was almost not detectable in
adenovirus Cre-infected primary brown adipocytes. RetSat ablation led to reduced
Ucp1 and Elovi3 mRNA expression, and the decrease was also observed in
Isoproterenol stress condition, namely, activated primary brown adipocytes (Figure
16C). These data further confirm the effect of RetSat depletion on the thermogenesis

gene expression in brown adipocytes.
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Figure 16. RetSat is required for thermogenic gene expression in primary brown
adipocytes. A) Primary brown adipocytes with floxed RetSat alleles were infected with
adenoviruses expressing Cre recombinase or GFP. 4 days later, fluorescence was
recorded, then B) adipocytes were incubated with 10 uM BA for 4 hours and protein
expression of RETSAT was determined by immunoblotting, RAN served as loading
control. C) mRNA expression of RetSat, Ucp1, and Elovi3 was analyzed by qPCR.

Data are presented as individual data points and meantzsem, *P<0.05.

4.8 RetSat ablation reduces mitochondrial respiration in primary brown

adipocytes

Since RetSat depletion decreases UCP1 expression, which is located in mitochondrial
inner membrane and produces heat by proton diffusion, the effect of RetSat on
mitochondria function was investigated. As shown in Figure 15F, mitochondria gene
Cox7a1l mRNA was down-regulated in RetSat knocked down iBACs adipocytes,
suggesting RetSat is required for mitochondrial gene expression in brown adipocytes.
The respiration in mitochondria ensures the coupling of oxidative phosphorylation and
ATP synthesis, thus, OCR of primary brown adipocytes with adenovirus-GFP or -Cre
in basal condition was real-time monitored by Seahorse XF96 Flux Analyzer via
sequential injection of Oligomycin, FCCP, and Antimycin A/Rotenone. Interestingly,
RetSat ablation primary brown adipocytes showed significantly lower OCR, particularly

after mitochondrial oxidative phosphorylation uncoupler FCCP injection (Figure 17,
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left panel). As for calculated respiratory parameters, RetSat knockout resulted in a
significant decrease in maximal respiration, and spare respiration capacity (Figure 17,
right panel), suggesting RetSat ablation impairs mitochondria respiration in primary

brown adipocytes.
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Figure 17. RetSat ablation reduces mitochondrial respiration in primary brown
adipocytes. Oxygen consumption rate (OCR) of primary brown adipocytes with or
without RetSat deletion was analyzed by Seahorse XF Analyzer (left panel) and
evaluated stage-specifically (right panel). Data are presented as individual data points

and meantsem, *P<0.05.
4.9 RetSat is required for 3T3-L1 adipocytes browning

Since the effect of RetSat on the thermogenesis gene expression in brown adipocytes,
the hypothesis that RetSat effects browning of 3T3-L1 adipocytes was made. Thereby,
RetSat expression was interfered via two independent siRNA oligos in mature 3T3-L1
adipocytes by electroporation, followed by PPARy agonist Pioglitazone 72h incubation
and additional BA Isoproterenol 6h stimulation to induce browning (Figure 18A).
Pharmacological stimulation of PPARy and B-AR robustly elevated Ucp1, Elovi3, and
Cidea mRNA expression in 3T3-L1 adipocytes, which resemble brown adipocytes
thermogenetic phenotype. RetSat depletion resulted in a significant decrease in
induced thermogenetic genes Ucp1, Elovi3, and Cidea mRNA upon browning induction
(Figure 18B). As shown in Figure 18C, UCP1 protein expression was not detectable
in 3T3-L1 adipocytes in basal or PPARy agonist stimulated conditions. In accordance
with gene expression, RetSat knocked down 3T3-L1 adipocytes had weaker UCP1
protein expression upon thermogenic stimulators. Additionally, RetSat depletion led to

down-regulated mitochondrial gene Cox7a1 mRNA expression (Figure 18D).
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Figure 18. RetSat is required for browning of 3T3-L1 adipocytes. Differentiated
3T3-L1 adipocytes were electroporated with indicated siRNA, incubated with vehicle
or the thiazolidinone (TZD) pioglitazone for 72 hours and pan-BA Isoproterenol for the
final 6 hours, mMRNA expression of A) RetSat and B) thermogenic genes determined
by gPCR. C) Expression of RETSAT and UCP1 protein of cells described in A) was
determined by immunoblotting. TUBA served as loading control. D) Differentiated 3T3-
L1 adipocytes were electroporated with indicated siRNA, and mRNA expression of

Cox7a1 was analyzed by qPCR. Data are presented as individual data points and
meantsem, *P<0.05.

4.10 RetSat depletion reduces mitochondrial respiration in 3T3-L1

adipocytes

To study effect of RetSat on mitochondrial respiration in basal 3T3-L1 adipocytes, OCR
was determined by extracellular flux analysis. As shown in left panel of Figure 19,
RetSat-depleted 3T3-L1 adipocytes had lower OCR during the whole process.
Particularly, RetSat knockdown caused reduced basal respiration, maximal respiration,
and spare respiration capacity, with a trend towards decreased OCR during ATP

production (Figure 19, right panel), providing evidence that RetSat depletion reduces
mitochondrial activity.
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Figure 19. RetSat depletion reduces mitochondrial respiration in 3T3-L1
adipocytes. Oxygen consumption rate (OCR) of 3T3-L1 adipocytes with or without
RetSat depletion was analyzed by Seahorse XF Analyzer (left panel) and evaluated

stage-specifically (right panel). Data are presented as individual data points and
meantsem, *P<0.05.

4.11 BAT-specific RetSat deletion mouse model construction and

validation

To further validate Cre/LoxP system efficiency, RETSAT protein expression was
detected by immunoblotting in multiple adipose tissues and liver tissue. As shown in
Figure 20A, RETSAT protein was profoundly reduced in iBAT of Cre+ mice, however,
RetSat deficiency did not result in any alteration in UCP1 protein expression. g°PCR
analysis confirmed RetSat mMRNA was robustly decreased in iBAT of Cre+ mice, which
showed comparable Ucp1, Cidea, Adrb3, and Elovi3 mRNA expression (Figure 20B),
revealing RetSat is not mandatory for thermogenesis gene expression in BAT.
Meanwhile, ingWAT, pgWAT, and liver had stable RETSAT protein expression between
Cre- and Cre+ mice (Figure 20C, D, and E), indicating RetSat was specifically ablated
in BAT, and BAT-specific RetSat deletion mouse model was established successfully
for following applications.
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Figure 20. BAT-specific RetSat deletion mouse model construction and
validation. A) Protein expression of RETSAT and UCP1 in iBAT of 3 months old, male
mice of the indicated genotypes was determined by immunoblotting, RAN served as
loading control. B) mMRNA expression of indicated genes in mice described in A) was
determined by qPCR. Protein expression of RETSAT in Cre- and Cre+ mice in C)
inguinal-, D) perigonadal white adipose tissue (ing/pgWAT), and E) liver was
determined by immunoblotting. RAN served as loading control. Data are presented as
individual data points and meantsem, *P<0.05.

4.12 RetSat deletion in brown adipose tissue of mice impairs acute cold

tolerance

The in vivo effect of RetSat ablation was first explored in the mice fed normal chow.
Histological analysis revealed similar lipid accumulation and adipocyte morphology in
iBAT between genotypes (Figure 21A). Cre+ mice did not differ from Cre- mice in body
weight, with the comparable food intake after a 12-week normal chow diet (Figure 21B
and C). At the age of 22 weeks, the Cre+ mice had similar adipose tissue mass ratio,

accompanied by no altered body composition (Figure 21D and E).

The core body temperature of mice was measured at the rectum. As shown in Figure

21F, at Oh, Cre+ mice showed lower but not significant body temperature relative to
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Cre- mice at room temperature. To assess thermogenetic capacity, mice were
subjected to cold exposure. The environmental temperature was switched from 21 °C
to 4 °C, and Cre- mice had higher body temperature than Cre+ mice. However,
unexpectedly, after being housed for 3h, the body temperature of Cre+ mice stopped
decreasing, and was even comparable with that of Cre- mice. During long term cold
exposure for 14 days, Cre+ mice showed similar body temperature to Cre- mice
(Figure 21G). These cold tolerance data indicate that RetSat deficiency in BAT leads

to impaired thermogenetic capacity upon acute cold exposure.
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Figure 21. RetSat deletion in brown adipose tissue of mice impairs acute cold
tolerance. A) iBAT morphology of Cre- and Cre+ mice was analyzed by hematoxylin
& eosin staining (H&E, scale bar=50 ym). B) Body weights and C) 24 hours food intake
of mice described in Figure 11 A. D) Relative adipose tissue mass of iBAT and
inguinal/perigonadal white adipose tissue (ing/pgWAT) in Cre- and Cre+ mice. E) Body
composition of Cre- and Cre+ mice before cold exposure. F) Cre- and Cre+ mice were
exposed to 4 °C and core body temperature was determined by a rectal probe at
indicated time points. G) Cre- and Cre+ mice were exposed to 4 °C and core body
temperature was determined by a rectal probe at indicated time points. Data are

presented as individual data points and meantsem, *P<0.05.
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4.13 RetSat deletion in brown adipose tissue of mice does not promote

diet-induced obesity

To investigate effect of RetSat on diet induced obesity, Cre- and Cre+ mice received
12-week HFD challenge. As shown in Figure 22A, Cre+ mice had comparable body
weight on HFD compared with Cre- mice, accompanied by unchanged ratio of body
weight gain. Moreover, after HFD induction, there was no change in body composition
as well as adipose tissue mass ratio between genotypes (Figure 22B and C). These

results suggest RetSat deletion in BAT of mice does not promote diet-induced obesity.
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Figure 22. BAT-specific RetSat knockout mice maintained adiposity upon HFD.
Male mice of the indicated genotypes were fed high-fat diet (HFD, 60% kcal/fat) for 12
weeks, starting at an age of 10 weeks, A) Body weights and weight gain were
determined. B) Body composition of Cre- and Cre+ mice after HFD-feeding was
determined by NMR. C) Adipose tissue mass of indicated depots was weighed in Cre-
and Cre+ mice fed HFD. Data are presented as individual data points and meantsem,
*P<0.05.
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4.14 BAT-specific RetSat deletion mice had slightly weakened glucose

disposal capacity

After mice were challenged with HFD, glucose level was determined. Although there
was no alteration in blood glucose between genotypes upon fed ad libitum, after 16 h
starving, both groups of mice showed decreased blood glucose level, notably, obese
Cre+ mice had significantly higher glucose content in blood relative to Cre- mice
(Figure 23A). To further examine whether RetSat effects glucose disposal capacity of
mice, glucose tolerance test was conducted. After glucose burden of 30 min, Cre+
mice showed an enhanced trend in glucose excursions with a higher area under the
curve (Figure 23B). Subsequently, mice received insulin tolerance test, however, no
difference in blood glucose level was observed during insulin burden (Figure 23C),

suggesting that BAT-specific deletion of RetSat does not impair insulin sensitivity.
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Figure 23. BAT-specific RetSat knockout slightly impaired glucose disposal
capacity of mice upon HFD. A) Blood glucose levels of Cre- and Cre+ mice. B)
Glucose and C) insulin tolerance of HFD-fed mice with indicated genotype. Data are

presented as individual data points and meantsem, *P<0.05 vs. Cre- mice.
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4.15 RetSat deletion in BAT downregulates mitochondrially encoded and

protein-folding associated genes

The cumulative data displays the important role of RetSat in thermogenic capacity of
adipocytes, to explore the potential mechanism underlying this effect, iBAT from 5x
Cre- mice and 5x Cre+ mice were sent to bulk RNA sequencing. Compared to Cre-
mice, 162 down-regulated and 142 up-regulated genes were identified in iBAT of Cre+
mice (Figure 24A). In Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichments, the most impacted pathway of down-regulated genes is thermogenesis
(Figure 24B), in accordance with in vitro and in vivo data. In line with reduced
mitochondrial respiration and Cox7a1 mRNA, the expression of 13 protein-encoding
genes from mitochondrial genome decreased in iBAT of Cre+ mice (Figure 24C),
supporting the effect of RetSat on mitochondria function. In Gene Ontology (GO)
TERM Biological Process (BP) analysis, results showed that the down-regulated
genes strongly took part in protein folding process (Figure 24D), consistently, protein
process in endoplasmic reticulum (ER) is the secondary most impacted pathway in
KEGG pathway, suggesting RetSat is mainly involved in proteostasis of ER.
Accordingly, the selected protein folding associated genes were suppressive in the
iBAT of Cre+ mice (Figure 24E).
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Figure 24. RetSat deletion in BAT downregulates mitochondrially encoded and
protein-folding associated genes. A) Significantly (FDR<5%) upregulated (blue dots)
and downregulated (red dots) genes in interscapular brown adipose tissue (iBAT) of
Cre+ mice. B) KEGG pathway enrichment in up- and down-regulated genes in iBAT of
Cre+ mice. C) Heatmap of all detected mitochondrially encoded genes in iBAT of Cre-
and Cre+ mice. D) Enriched gene ontology (GO) terms of biological process (BP) in
up- and down-regulated genes in BAT of Cre+ mice. E) Downregulated genes in iBAT
of Cre+ mice associated with the GO term protein folding. In C), *FDR<5%.

5 Discussion

5.1 RetSat is highly expressed in adipose tissue and stimulated by -AR

activation

Based on prior reports, RetSat has been implicated in metabolic activities, particularly
in liver and adipose tissue, and this project focuses on its function in BAT and
thermogenesis. As in WAT, RetSat has a high expression in BAT of mice. Due to
development and ambient changes, BAT in adult humans is degraded and difficult to
check out, but high expression of RetSat is observed in human neck brown fat from
limited studies (165). To avoid the side effects of B-AR on heart, specific B3A was
chosen to mimic SNS activity and norepinephrine signaling, the induced RetSat protein
in iBAT and ingWAT which are innervated by SNS confirm the previous regulation by
cold exposure (9). Since $3-AR plays a predominant role in adipocytes, non-selective
B-AR agonist was applied to stimulate, up-regulation of RetSat was found in primary
and immortalized brown and white adipocytes. The activated B3-AR enhances lipolysis
in adipose tissue, and RetSat” mice had hepatic lipid accumulation (6), thus RetSat is

more likely required for lipid mobilization.

5.2 Dynamic expression of RetSat and its action in brown adipocyte

differentiation

RetSat has a dynamic expression pattern in brown adipocyte differentiation, the same
as in white adipocytes. More notably, unlike classical adipogenesis markers Pparg2
and Fabp4, RetSat is obviously present in brown preadipocytes. The loss and gain of

RetSat function studies were employed to investigate its action in brown adipocyte
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differentiation. Unexpectedly, RetSat depletion does not impair adipogenesis, however,
Ucp1 and Elovi3 mRNA decreased with or nearly to significance, implying a stronger
effect of RetSat on thermogenic program in brown adipocytes. Since PPARYy activation
induced UCP1 (116), although the effect of ectopic expression is not so strong as in
white adipocytes, the mildly enhanced adipogenesis and thermogenesis in brown
adipocytes are at least partly due to PPARYy transcriptional activity promoted by RetSat

overexpression.

5.3 RetSat is required for thermogenesis gene expression in brown

adipocytes and white adipocyte browning

RetSat depletion was evidenced to decrease thermogenesis gene expression in basal
and activated/recruited conditions in brown and white adipocytes. Recruited/activated
BAT contributes more benefits to combat metabolic disease with respect to basal
condition (166). Cold inducible BAT recruitment resulted in decreased body fat mass
in the humans with low BAT activity (167), and B3-AR agonist Mirabegron specifically
delivered to iBAT of obese mice improved glucose homeostasis and prevented diet-
induced obesity (168). Particularly, because of tightly controlled by multiple regulatory
layers, mitochondrial UCP1 therein needs to be activated to produce heat (169), thus
this project also emphasizes the effect of RetSat on [(-adrenergic stimulated
adipocytes. Isoproterenol is used to activate brown adipocytes in vitro study, whereas,
thermogenesis agent (3-AR agonist) and browning agent (PPARy agonist) are both
required for white adipocytes browning program in culture (170). Similar to the effect
early in adipogenesis, Pparg2 mRNA expression did not change upon RetSat depletion
in mature brown adipocytes, in line with white adipocytes which are primarily
responsible for lipid storage and ablation of RetSat did not alter the expression of lipid
metabolism-related genes (4). It is noteworthy that the profound effect of RetSat on
UCP1 protein in vitro, which may allow for post-translated protein accumulation.
PPARYy is needed for 3-adrenergic signaling-mediated induction of brown adipocytes
(171), here the current data indicate its target gene RetSat effects brown-adipocyte-

specific gene expression and inducibility.

5.4 Loss of RetSat function reduces mitochondrial respiration in

adipocytes

Since heat generation derived by proton leak is dependent on mitochondria UCP1
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(172), additionally, Cox7a1 is a subunit of Cytochrome ¢ oxidase located in terminal
component of the ETC, catalyzing oxygen reduction (173). The down-regulated Ucp1
and Cox7a1 encouraged us to analyze the effect of RetSat on mitochondrial respiration
in adipocytes. Loss of RetSat reduced basal respiration and induced oxygen
consumption, and impaired the responsiveness to increased energy demand in
adipocytes. Calorie restriction lowered the rate of ROS generation at mitochondria to
remedy obesity and aging-associated diseases, and the decreased Cytochrome c
oxidase IV (COX4) and Ucp1 mRNA, key masters of oxidative phosphorylation and
energy production, were found in BAT of calorie-restricted mice (174), where RetSat
MmRNA was also down-regulated (175). Thus, all these data suggest a vital role of

RetSat in adipocytes mitochondrial respiration.
5.5 The effect of RetSat BAT depletion on metabolic profile of mice

To our best knowledge, this is the first tissue-specific knockout mouse model to dissect
the role of RetSat in BAT. Due to the specificity of UCP1-Cre, RetSat was unaltered in
WAT and liver, the latter has the strongest expression across the organs. However, in
contrast to in vitro findings, when RetSat was abolished by ~90% in iBAT, UCP1 had
unchanged expression, as other thermogenesis makers, Cidea and Adrb3. Cidea is
thought to be a PPARYy target gene (176), enhancing PPARy binding to a UCP1
enhancer element to drive UCP1 transcription, and its depletion inhibited browning and
uncoupling in human adipocytes (177). It is worth noting that chronic and acute RetSat
loss of function exhibited inverse effects in adipogenesis and hepatic lipid storage (5).
Additionally, Tamoxifen inducible UCP1-ERCre derived BAT-specific PPARy knockout
in fully developed and adult C57BL/6N mice caused reduced UCP1 expression (171).
In current C57BL/6J mouse model, UCP1-Cre induced RetSat ablation initially
happened in embryonic cells, hence the stable brown adipocyte markers appear to
because of the compensatory effect may be derived by PPARYy or its other targeted
genes during development, and the effects of an acute RetSat deletion in BAT may
differ.

PPARYy loss of function in BAT of mice showed comparable body composition and
weight phenotype, but smaller brown adipocyte size (171), and RetSat globally deleted
mice had intact adipose tissue and mild body weight increase on diet (6, 8). Similar to
its function in brown adipocyte differentiation, RetSat ablated in BAT did not effect
adiposity and body weight with either normal chow or HFD. In accordance, lipoatrophy
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was not observed in the brown adipocytes of Cre+ mice. Consequently, RetSat has no
alteration on BAT development in vivo, which might be due to the white adipose tissue

and muscle are main components of body weight.

RetSat was the most frequently significant gene in an integrated analysis of 16 data
sets which aimed to solve the common mechanisms in insulin homeostasis (178).
RetSat whole-body knockout mice had similar responses to glucose and insulin
burdens (8). However, lower blood glucose, improved glucose tolerance, and
comparable insulin sensitivity were observed in acute liver-specific RetSat depletion
mice (140). Global glucose metabolism is implicated in a complex interorgan network
in body (140), and generally recognized that the contribution of adipose tissue is
smaller than liver or skeletal muscle (179). Besides fatty acid, BAT utilizes glucose as
substrate fuel to produce heat (180), and consumes far exceed liver and skeletal
muscle capacity upon cold exposure (180). In current study, RetSat deletion in BAT
resulted in an increased blood glucose level upon starvation, and slightly impaired
glucose disposal, resembling the effect of RetSat germline lack, the compensatory

effect might be from the liver to a certain degree.

5.6 RetSat is necessary for core body temperature maintenance upon

acute cold exposure

Large mammals have a series of neural, vascular, and metabolic responses to cold
exposure (181), and non-shivering thermogenesis, which occurs in BAT, was initially
defined as a cold-induced increase in heat generation and not related to shivering
activity of muscle (182). BAT-specific PPARy knockout mice had unaltered body
temperature upon long term cold challenge but blunted $3-adrenergic responsiveness
(171). RetSat ablated in BAT resulted in impaired thermogenesis capacity upon acute
cold exposure, the effect disappeared under the long-term cold environment, which
might be interpreted by the following reasons: 1) BAT activity is completely controlled
by sensory and SNS innervation (183), and the neuroanatomical study indicated
thermogenesis is dependent on coordinated and multiple redundant control (184). 2)
Lipolysis in BAT is regularly recognized to be necessary for cold-induced
thermogenesis, however, WAT is the major organ for lipid storage, and Schreiber et al.
reported fatty acid supply for energy consumption and cold-induced thermogenesis
severely depends on ATGL in WAT, but not BAT (185). 3) When facing cold stress,

adults have sufficiently developed skeletal muscle mass to preserve body temperature
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through shivering thermogenesis which is the primary heat source, such as physical
exercise (186). In obesity-resistant mice, upon the insufficient adrenergic non-
shivering thermogenesis in BAT, non-shivering thermogenesis in skeletal muscle
adaptively augmented, and mediated by sarcolipin-induced uncoupling of
sarco(endo)plasmic reticulum calcium ATPase pump activity (187). Based on shivering
and non-shivering thermogenic activities, BAT and muscle are both forceful sources to
maintain body temperature, even skeletal muscle might contribute more. The relative
contribution of BAT and compensation of other organs are matters worth to be
considered. To address these hypotheses, the experiments could be repeated at
thermoneutrality, where UCP1 expression and BAT activity are repressive, to exclude
any compensatory effects (23). In particular, pan-adipose tissue specific RetSat
depletion mouse model is meaningful to further study its effect in adipose tissue.
Additionally, non-invasive infrared thermography is used to specifically and accurately
detect UCP1-mediated BAT thermogenesis in vivo (188) and avoids the

thermoregulation caused by thermoprobe insertion.
5.7 Potential mechanism of RetSat in BAT upon transcriptome analysis

Mitochondrial DNA is a small part of DNA located in eukaryotic cell mitochondria (189),
and its molecular adaptation to meet high energy demand has been found in large
mammals facing extreme energetic challenges (190). The cellular biogenesis process,
specifically OXPHOS, is regulated by both mitochondrial and nuclear genomes (191),
further, BAT thermogenesis is shaped by mitochondria—nuclear interactions (192). The
reduced expression of some genes from the mitochondrial DNA which produces
OXPHOS subunits is concomitant by the defective thermogenesis gene transcription

in nuclear in BAT-specific RetSat knockout mice.

Some areas on the mitochondrial surface make close contact with the ER membrane,
known as mitochondria-associated membranes (MAMs) which is the site of physical
and functional communication, the mice lacking ER-associated protein degradation
were more sensitive to cold with deficient mitochondria function (193). The unfolded
protein response (UPR) is the cellular response to an accumulation of unfolded or
misfolded proteins in the endoplasmic reticulum lumen and is activated in the BAT of
cold-exposed mice (194). Interestingly, the subcellular location of RetSat is
endoplasmic reticulum membrane, and its deficiency caused repressive expression of

protein folding associated genes in iBAT. On the other hand, ER Stress stimulated
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PPARy degradation and suppressed UCP1 expression in adipose tissue (195). These
data imply RetSat might take a role in bridge between mitochondria and endoplasmic

reticulum.
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