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Abstract

Genetic deletion of Sam68, a pleiotropic adaptor protein prevents high-fat-diet-induced weight
gain and insulin resistance. To clarify the role of Sam68 in energy metabolism in the adult stage,
we generated an inducible Sam68 knockout mice. Knockout of Sam68 was induced at the age of
7-10 weeks, and then we examined the metabolic profiles of the mice. Sam68 knockout mice
gained less body weight over time and at 34 or 36 weeks old, had smaller fat mass without
changes in food intake and absorption efficiency. Deletion of Sam68 in mice elevated
thermogenesis, increased energy expenditure, and attenuated core-temperature drop during acute
cold exposure. Furthermore, we examined younger Sam68 knockout mice at 11 weeks old before
their body weights deviate, and confirmed increased energy expenditure and thermogenic gene
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program. Thus, Sam68 is essential for the control of adipose thermogenesis and energy
homeostasis in the adult.
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Introduction

The adipose tissues, including white adipose tissue (WAT), brown adipose tissue (BAT), and
beige/brite adipose tissue, play a major role in energy homeostasis (1). In rodents, WAT and
BAT represent 95% and 1-2% of the total body fat mass, respectively, and beige/brite
adipose is difficult to quantitate because beige/brite adipocytes are interspersed within WAT
and capable of transforming into brown-like adipocytes following cold exposure or
adrenergic stimulation, a process termed WAT “browning” (1). Characteristically, white
adipocytes carry a unilocular large lipid droplet and primarily store energy, whereas brown
and beige adipocytes contain multilocular small droplets and abundant mitochondria and
express thermogenic genes including UCP1 (uncoupling protein 1), which mediates
uncoupling of oxidative phosphorylation through proton leakage across the inner
mitochondrial membrane to generate heat, and PGC-1a (peroxisome proliferator-activated
receptor gamma coactivator 1-alpha), Cox8b (cytochrome c oxidase subunit 8B), Cidea (cell
death-inducing DNA fragmentation factor-like effector A) and ElovI3 (elongation of very
long chain fatty acids protein 3), which regulate mitochondrial biogenesis, oxidative
phosphorylation, and lipolysis, respectively (2, 3). Brown and beige adipocytes have similar
morphology and thermogenic capacity and respond similarly to neuroendocrine signals (4),
but differ in transcriptional signature and thermogenic plasticity; while brown adipocytes
constitutively express high levels of thermogenic genes and their thermogenic activity can be
further augmented, beige adipocytes express low levels of thermogenic genes in the basal
state and their thermogenic program can be robustly induced by external stimuli (5, 6),
during which the zinc-finger transcriptional factor PR domain containing 16 (Prdm16) acts
as a powerful driver of beige cell fate (7).

An important function of thermogenesis is maintaining body temperature during cold
exposure; for example, mice housed at room temperature (20-22°C) are under cold
stimulation and must therefore expend extra energy to defend their body temperature (8).
Traditionally, the presence of BAT was thought to be relevant only in rodents and human
infants. However, over the past decade, it has been unequivocally demonstrated that human
adults possess active brown and beige adipocytes (9, 10). It has now become clear that
brown and beige adipocytes are not simply heat-generating cells and they regulate energy
metabolism through sophisticated mechanisms (6, 11). In rodents, BAT and WAT
“browning” can facilitate weight loss and improve systemic metabolism, including glucose
tolerance and insulin sensitivity in obese animals (12, 13). In humans, both retrospective and
prospective studies demonstrate close associations of BAT activity with energy metabolic
states, an increased activity correlated with leanness and beneficial glucose and lipid profiles
(14, 15) and a decreased activity associated with ageing, obesity and metabolic diseases (13,
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16, 17). Therefore, enhancing BAT activity and WAT “browning” has been considered a
potential therapeutic strategy for combat of obesity and its associated metabolic disorders (8,
13), although debate remains regarding the extent to which they contribute to energy
expenditure and weight loss, optimal methods to maximize their recruitment and activity,
and potential effects of counter-regulatory mechanisms (18, 19).

Src-associated-in-mitosis-of-68kDa (Sam68; also known as KH-domain—containing, RNA-
binding, signal-transduction—associated 1 [KRHDRBSL1]) is a member of the signal-
transducer-and-activator-of-RNA (STAR) family of RNA-binding proteins (20, 21) and
involved in numerous cellular functions, including RNA processing (22, 23), kinase and
growth-factor signaling (24, 25), transcription (26, 27), cell-cycle regulation, and apoptosis
(28, 29). The range of its activities is reflected in the diverse phenotypes observed in Sam68
knockout (Sam68~") mice, including an increased neonatal lethality and defects in
spermatogenesis and age-associated bone decalcification (30-32). Strikingly, their body
weight and adiposity were reduced and the mice were resistance to high-fat-diet induced
obesity and diabetes (33, 34). We have previously reported an increased thermogenesis in
Sam68~'~ mice (33). However, Sam68~~ mice also display an impaired adipose
differentiation (34) and increased neonatal lethality (32).Thus, it remains unknown if the
enhanced thermogenic program in Sam68~/~ mice is the result of skewed adipose
development or indeed an altered adipose metabolism.

In this study, we generated an inducible Sam68 knockout mouse line, and revealed that
ablation of Sam68 in the adult stage leads to reduced body weight, increased adipose
thermogenesis and energy expenditure. These results suggest that Samé8 is an essential
regulator of adipose metabolism and systemic energy homeostasis.

Materials and Methods

Mice

All animal studies in this report were approved by the Institutional Animal Care and Use
Committees (IACUC) of Northwestern University and the University of Alabama at
Birmingham and comply with relevant ethical regulations, including the National Institutes
of Health (NIH) “Guide for the Care and Use of Laboratory Animals”. Experiments were
conducted in C57BL/6J male mice that were fed at libitum and maintained under a 12:12-h
light:dark cycle. Sam687W mice were generated at the Transgenic and Targeted Mutagenesis
Laboratory in the Center for Genetic Medicine at Northwestern University by transfecting
C57BL/6N embryonic stem cells with a targeting vector pGK-Sam68fIoXEx5-8 \yhich was
constructed from the pGKneoF2L2DTA plasmid and harbors homologous sequences of the
Samé68allele and /oxPsites inserted into introns 4 and 8. After validation with Southern
blotting and sequencing of genomic DNAs, the Sam687W C57BI/6N mice were back-crossed
to C57BL/6J mice for 10 generations; then Sam68/f mice, produced by interbreeding
Sam687W heterozygote mice, were crossed with mice carrying CAGG-Cre-ER™ transgene
[B6.Cg-Tg (CAG-cre/Esrl*) 5Amc/J], Jax Lab, No. 004682) to generate CAGG-
Cre;Sam68" mice. For induction of Sam68 deletion, seven weeks-old CAGG-Cre;Sam687"
mice were fed a tamoxifen-containing diet (400 mg/kg tamoxifen citrate, 5% sucrose, 95%
Teklad Global, 16% Rodent Diet from Harland Teklad [TD130855]) for 3 consecutive
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weeks. Subsequently, the mice were returned to a diet of standard mouse chow provided by
the UAB Animal Resources Program (ARP) for another 24 or 26 weeks. Sam68” mice that
underwent same treatment were used as controls.

Quantitative magnetic resonance (QMR) analysis of body compositions

Body composition (total body fat and lean tissues) of mice was determined using an
EchoMRI™ 3-in-1 QMR machine (Echo Medical Systems, Houston, TX). A system test
was performed using a known fat standard prior to the measurements being taken. Mice
were weighed and then placed into a clear holding tube capped with a stopper that restricted
vertical movement, but allowed constant airflow. The tube was inserted into the machine and
the mouse scanned using a primary accumulation of 1 and measuring total body water in
addition to fat and lean mass.

Indirect calorimetry analysis

Oxygen consumption (VO2), carbon dioxide production (VCO2), energy expenditure,
respiratory exchange ratio (RER), and locomotor activity were acquired using an 8-cage
indirect calorimetry system (Labmaster; TSE Systems, Bad Homburg, Germany). Mice were
acclimated to the cages for 48 h prior to the measurement period of 48 h. During the entire
experiment, mice were individually housed in indirect-calorimetry chambers, fresh air was
supplied at 0.55L/min, and oxygen consumption and carbon dioxide production were
measured for 1 min every 9 min. Total energy expenditure represented the average hourly
energy expenditure over 48 h. Resting energy expenditure was calculated from the average
energy expenditure over three nonconsecutive 10-min intervals during which energy
expenditure was minimal, with at least 1 h between each period. Locomaotor activity was
determined with infrared beams for horizontal (X, y) activity.

Bomb calorimetry analysis

Mice were housed in new cages containing minimal bedding for a period of 72 h, following
which the mice were transferred to new clean cages. All feces produced during this period
were carefully collected from the bedding, weighed, and frozen until the bomb calorimetry
measurement. Fecal energy (gross energy [GE] of feces, kilocalories per gram) and the
energy density of the diets (GE of food, kilocalories per gram) were measured by bomb
calorimetry in the UAB Small Animal Phenotyping Core. Energy content was determined in
triplicate with a Parr1261 calorimeter (Parr Instrument Company, Moline, IL). The average
energy value was used for each sample and multiplied by the dry weight of sample to get
energy in or out. The food absorption efficiency (AE, %) was calculated using the following
equation:

Fecal Output (gin 96 h) X GE of Feces(%)

[Dry Food Intake (gin 96 h) x GE of Food(%)}

Dry Food Intake(gin 96 h) X GE of Food(%)

AE (%) =
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Cold stress and core body-temperature measurements

Histology

For cold exposure experiments, mice were placed in a designated cold room (4°C) with free
access to food and water. The core body temperature was monitored using a rectal probe
(ThermoWorks, ALPINE, UTAH, USA) at 0 (basal), 30 min and 1, 2, 4, and 6 h.

Hematoxylin and eosin (H&E) staining and immunohistochemistry were performed as we
previously described (33). Briefly, ingWAT, epiWAT, and BAT were fixed in 10% neutral
buffered formalin, embedded in paraffin, and cut into 7-um sections. For
immunohistochemical staining of UCP1, anti-UCP1 antibody (1:100, ab10983, Abcam,
Cambridge, MA) was used, and nuclei were counterstained with hematoxylin. The sections
were photographed under a light microscope (Olympus 1X83 Microscope, Olympus
America Inc.).

Western blotting

For protein extraction, 1x10 cells or 100 mg of frozen tissue were homogenized in 1 mL
RIPA lysis buffer (50 mM Tris-HCI pH 8.0, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 150
mM NacCl), which contains protease-inhibitor (Sigma, 4693132001) and phosphatase-
inhibitor (Sigma, 4906837001) cocktails. Samples were incubated with agitation for 30 min
at 4°C and centrifuged at 13000 rpm for 10 min at 4°C; then, supernatant was collected, and
the protein concentration was determined via bicinchoninic acid (BCA) assay (Pierce). For
immunoblotting, proteins in the supernatant were denatured by heating at 95°C for 10 min,
separated by SDS-PAGE, then transferred onto a polyvinylidene difluoride (PVDF)
membrane (Bio-Rad). The membrane was incubated in 5% non-fat milk blocking buffer
(tris-buffered saline [TBS]) for 1 h, incubated with primary antibody in TBS-containing 3%
bovine serum albumin (BSA) overnight at 4°C, washed 3 times with TBST (0.5 % Tween
20), incubated with secondary antibody, washed with TBST, then developed with Enhanced
Chemiluminescence Detection Reagents (ECL, Thermo Fisher). Protein signals were imaged
with a Bio-Rad ChemiDoc System. All antibodies used are reported in Supplementary Table
S1. The intensities of protein bands were quantified using NIH Image J software and
normalized to the values of p-tubulin.

Quantitative real-time polymerase chain reaction (QRT-PCR)

Total RNA was isolated with TRIzol Reagent and reverse transcribed into cDNA with
Reverse Transcription Reagents (Applied Biosystems); then, tissue mMRNA levels were
determined by qPCR (ABI3000; Applied Biosystems) with SYBR Green Real-Time PCR
Master Mix (Applied Biosystems). Duplicate reactions were performed for each sample, and
the relative mRNA expression level for each gene was calculated via the 2(-AACt) method
and normalized to B-actin. Primers are reported in Supplementary Table S2.

Statistical analysis

Data are presented as mean + standard error of the mean (s.e.m.). Statistical significance was
evaluated via the unpaired two-tailed Student’s ¢test for comparisons between two groups
(GraphPad Prism8 Software), via analysis of variance (ANOVA) for comparisons among 3
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or more groups with one (one-way) or two (two-way) independent variables (GraphPad
Prism8 Software), or via analysis of covariance (ANCOVA) for comparisons where the
effects of uncontrolled independent variables (covariates) are taken into account (IBM®
SPSS Statistics 27 Standard Software). A p-value of less than 0.05 was considered
significant.

Ablation of Sam68 in adult mice leads to body weight reduction

Sam68-floxed (Sam687W) mice were generated via homologous recombination, back-
crossed onto C57BL/6J background, then serially bred with CAGG-Cre-ER™ mice to
produce mice carrying a tamoxifen-inducible Sam68 knockout mutation (CAGG-
Cre;Sam68™ (Figure 1A). At 7 weeks old, CAGG-Cre;Sam68”f mice and Sam687*
littermates were fed tamoxifen-containing chow for 3 consecutive weeks, then subsets of
animals in both groups were sacrificed to confirm that Sam68 protein expression was lost or
dramatically reduced in multiple tissues (i.e. liver, spleen, epiWAT, BAT, ingWAT, skeletal
muscle, heart, lung, and kidney) of CAGG-Cre;Sam68”f (Sam68'5°) mice (Figure 1B). The
remaining mice were continually monitored for changes in body weight for another 24 or 26
weeks, then evaluated for energy metabolism and gene expressions. We found that
tamoxifen treatment induced a transient reduction in the body weight of both groups to
similar degree (Figure 1C). Thereafter, the curves of body-weight gain diverged
progressively, and Sam68'O mice were 19% lighter than Sam687 littermates at 34 weeks
old (24 weeks after completion of tamoxifen treatment) (Figure 1C). Thus, Sam68 plays an
important role in maintaining the body weight in adult mice.

Ablation of Sam68 in adult mice leads to decreased adiposity

To gain a detailed understanding of the body-weight difference between Sam68%© and
Sam68” mice (Figure 2A), we analyzed their body compositions. Sam68/<C mice displayed
significantly reduced fat mass (by 40%) and lean mass (by 11%), as compared to Sam68/f
littermates (Figure 2B), and the reduction in fat mass was still significant after taking body-
weight difference into consideration (Figure 2C). Consistently, both white fat (ingWAT,
epiWAT and retroWAT) (Figure 2D) and brown fat (Figure 2E) depots were reduced in
Sam68™K0 mice. The liver weight was also lower in Sam68’50 mice (Figure 2F), but the
heart weight was similar between the two groups of mice (Figure 2G). Notably, the femur
and tibia lengths were similar between $am6850 and Sam68” mice (Figure 2H-1).
Collectively, these results suggest that the reduced body weight in Sam685° mice was
primarily attributable to the reduced fat mass.

Ablation of Sam68 in adult mice enhances energy expenditure

To understand the role of Sam68 in the whole-body energy balance, we performed indirect
calorimetry analysis in Sam68’XC mice and Sam68”" littermates at 34 weeks old. Food
intakes (Figure 3A) and food absorption efficiencies (Figure 3B) were similar between the
two groups of animals. Remarkably, under both light and dark phases, Sam68%C mice
display significantly higher oxygen consumption (Figure 3C). The respiratory exchange
ratios (RER) in Sam68’50 mice were slightly increased under light phase but significantly
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higher in the dark phase than Sam68” littermates (Figure 3D). Consistently, both total and
resting energy expenditures were markedly greater in Sam6850 mice than in Sam68""
littermates (Figure 3E-G), and this was not due to reduced lean mass in Sam68’50 mice as
ANCOVA indicates that energy expenditure increases were independent of changes in lean
mass between the two genotypes (Figure 3F-G). The locomotor activity in Sam68%C mice
was slightly increased, but the difference was not significant under both light and dark
phases (Figure 3H). Collectively, these results suggest that the reduced body weight in
S5am68'K0 mice is the result of increased energy expenditure.

Ablation of Sam68 in adult mice leads to enhanced thermogenesis in BAT

Consistent with the smaller BAT (Figure 2E), Sam68'XO mice have reduced lipid stores in
brown adipocytes at room temperature (Figure 4A). Notably, Sam685C mice express higher
levels of UCP1 protein expression in BAT than Sam68 littermates (Figure 4B-C).
Consistently, the elevated UCP1 mRNA level was accompanied by increased expression of
multiple key thermogenic genes, including PGC-1a, Cox8b, Cidea, Elovl3, and deiodinase 2
(Dio2), but without a concomitant increase in adipose tissue marker genes, such as fatty
acid-binding protein 4 (Fabp4) and peroxisome proliferator-activated receptor gamma
(PPARYy) (Figure 4C-D). Consistent with the increased thermogenic program, Sam68'<©
mice were better protected from core temperature drop during acute cold exposure as
compared to Sam68" littermates (Figure 4E). Thus, deletion of Samé8 in adult mice
stimulates UCP1 activation, leading to enhanced thermogenic activity.

Ablation of Sam68 in adult mice leads to enhanced WAT browning

Interestingly, the adipocytes from both ingWAT and epiWAT are smaller in Sam685C mice
than in Sam68”f mice (Figure 5A). Since WAT browning can also enhance energy
expenditure and facilitate weight loss, we analyzed UCP1 expression in the ingWAT; UCP1-
positive adipocytes were much more abundant in $Sam685© mice than in Sam68”f controls
(Figure 5B). The mRNA and protein expression of thermogenic genes (e.g. UCP1, Prdm16)
were upregulated in ingWAT, as BAT, but not in epiWAT of Sam68'K° mice (Figure 5C-E).
Although PGC-1a mRNA expression was not changed, its protein level was much higher in
iNgWAT of Sam6850 mice than in Sam68”! littermates (Figure 5C-D). These results
suggest that ablation of Sam68 in adult mice triggers ingWAT browning.

Ablation of Sam68 in adult mice leads to increased energy expenditure and thermogenic
gene expression before their body weights deviate

Sam68™K0 mice at 34 or 36 weeks old display reduced body weight and elevated energy
expenditure. To verify that the increased energy expenditure in these mice was not cause by
altered body weight, we performed indirect calorimetry analysis in younger Sam68'50 mice
and Sam68™f littermate controls at age of 11 weeks (i.e., one week after completion of
tamoxifen treatment) when their body weights were comparable. While food intakes (Figure
6A) were similar between the two groups, Sam68%<C mice displayed a significantly higher
rate of oxygen consumption than Sam687f mice under both light and dark phases (Figure
6B). While RER between the two groups were equivalent (Figure 6C), both total and resting
energy expenditures were significantly greater in Sam68/%C mice than in Sam68/f
littermates (Figure 6D-E). Similar to the older mice, young Sam68KC mice exhibits slight
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increase in locomotor activity under dark phases (Figure 6F). As expected, the mRNA levels
of genes involved in thermogenesis and fatty acid oxidation in BAT (Figure 6G) and ingWAT
(Figure 6H) were also significantly elevated in young Sam685C mice compared to Sam68”*
controls. Collectively, our data demonstrate that acute deletion of Sam68in mice leads to
upregulated adipose thermogenesis and energy expenditure.

Discussion

In this study, we demonstrate that ablation of Samé8 gene in adult mice leads to reduced fat
mass and body weight due to elevated energy expenditure from adipose thermogenesis; thus,
Sam68 plays an essential role in the control of adipose metabolism and systemic energy
homeostasis. The reduced adiposity of Sam68~~ mice was linked to a defect in adipose
differentiation during development (34). However, in $am685C mice with acute ablation of
Sam68 at adult stage, we found that the expression of adipocyte marker genes, including
PPAR<y and Fabp4, are unaltered in all adipose tissues. Strikingly, Prdm16, a powerful driver
for brown and beige cell fate (7), is significantly upregulated in ingWAT, and the mRNA and
protein levels of multiple thermogenic genes were dramatically increased in both BAT and
ingWAT. Since the development of adipose tissue is largely completed at birth and only a
small portion of adipocytes are renewed each year in humans (approximately 8-9%) and
mice (35, 36), our results suggest that the primary function of Sam68 in adult is to suppress
adipose thermogenesis and browning. Notably, the increased thermogenesis in the BAT of
Sam68'K0 mice is characterized by markedly upregulation of Cox8b and Cidea, suggesting
that Sam68 may promote thermogenesis through regulating mitochondria and lipolysis (37).

In Sam68'K9 mice, we also observed a reduced lean mass, but the femur and tibia lengths
are unaltered. Thus, the reduced body weight in these mice may involve additional
mechanisms, nevertheless appears not due to growth retardation. Likewise, the reduced
adiposity in Sam68’5C mice is apparently distinct from lipodystrophy, which is associated
with metabolic disorders similar to those found in individuals with an excess of adipose
tissue (38, 39), whereas Sam68~~ mice are characterized with an improved systemic
metabolic profile (33, 34).

Adaptive thermogenesis is executed primarily in adipose tissues (8, 40), however can be
regulated by various neuroendocrine factors such as sympathetic nervous activity (41, 42). A
weakness of our report is yet to pinpoint the precise location where Sam68 exerts these
observed effects and whether they are originated within adipose tissues or secondary to
altered upstream neuroendocrine signals. Of note, Sam68 is abundantly expressed in tissues
(i.e., neurons, liver, muscle and macrophages) known to be involved in the regulation of
adipose thermogenesis (4). Further studies to generate multiple tissue-type specific Sam68
knockout mice and characterize their metabolic phenotypes are underway to reveal the
relative contributions of diverse tissues.

In conclusion, we present definitive evidence that Sam68 plays an essential role in the
control of adipose thermogenesis and energy expenditure in adult mice. Thus, inhibition of
Sam68 activity may have beneficial effects for combating obesity and associated metabolic
disorders.
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BAT
Cidea
Cox8b
Dio2
Elovi3
epiWAT
Fabp4
ingWAT

PGC-la

PPARYy
Prdm16
QMR
RER
retroWAT

Sam68

Brown adipose tissue

Cell death-inducing DNA fragmentation factor-like effector A
Cytochrome c oxidase subunit 8B

Deiodinase 2

Elongation of very long chain fatty acids protein 3
Epididymal white adipose tissue

Fatty acid-binding protein 4

Inguinal white adipose tissue

Peroxisome proliferator-activated receptor gamma coactivator 1-
alpha

Peroxisome proliferator-activated receptor gamma
PR domain containing 16

Quantitative magnetic resonance

Respiratory exchange ratios

Retroperitoneal white adipose tissue

Src associated in mitosis of 68kDa
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Figure 1. Ablation of Sam68 in adult mice leadsto body weight reduction.
(A) Sam68™" mice were generated by homologous recombination, back-crossed to

C57BL/6J background for 10 generations, then bred with CAGG-Cre mice to generate
CAGG-Cre;Sam68™ mice and Sam68™! littermates; induced Sam68 knockout (Sam68K9)
mice were obtained by feeding 7 week-old CAGG-Cre;Sam68”f mice with tamoxifen-
containing chow for 3 weeks, and similarly treated Sam68”f littermates were controls. (B)
Western blotting analysis of Sam68 protein expression in the liver, spleen, epididymal white
adipose tissue (epiWAT), brown adipose tissue (BAT), inguinal white adipose tissue
(ingWAT), skeletal muscle, heart, lung, and kidney of Sam685C mice and Sam68™
littermates after 3-week tamoxifen treatment. (C) Serial measurements of body weights in
S5am68'K0 and Sam687" mice. n=8-13. Data are expressed as mean + s.e.m. *p<0.05 (two-

way ANOVA).
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Figure 2. Ablation of Sam68 in adult mice leadsto reduced adiposity.
Sam681KO and Sam68f/T mice were analyzed at 34 weeks old (24 weeks after completion of

tamoxifen treatment). (A) Gross morphology (/eft panel) and body weight measurements
(right panel). (B) Body compositions (fat mass and lean mass) were assessed by quantitative
magnetic resonance (QMR). (C) Relationship between fat mass and body weight. (D-G)
Gross morphology (/eft panel) and weight measurements (right panel) of (D) epiWAT,
ingWAT, retroperitoneal white adipose tissue (retroWAT), (E) brown adipose tissue (BAT),
(F) liver and (G) heart. (H-1) Gross morphology (/eft panel) and length measurements (right
panel) of the femur (H) and tibia (I). n=7-11 per group. Data are expressed as mean + s.e.m.
*p<0.05, **p<0.01, ***p<0.001, NS, not significant. (A-B and D-I: unpaired two-tailed ¢

test; C: ANCOVA).
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Figure 3. Ablation of Sam68 in adult mice leadsto increased energy expenditure.
Sam681KO mice and Sam68f littermates at 34 weeks old were analyzed. (A) Food intakes

were measured by indirect calorimetry system. (B) Food absorption efficiency were assessed
by bomb calorimeter. (C-H) Indirect calorimetry assessments of (C) oxygen consumption
(VO2), (D) respiratory exchange ratio (RER), (E) total energy expenditure, (F) relationship
of energy expenditure and lean mass at light (/eft panel) and dark (right panel) phases, (G)
resting energy expenditure (/eft panel) and relationship of resting energy expenditure and
lean mass (right panel), and (H) locomotor activity. n=6-7 per group. Data are expressed as
mean + s.e.m. *p<0.05, **p<0.01 (A-B and /eft panel of G: unpaired two-tailed #test; C-E
and H: two-way ANOVA; F and right panel of G: ANCOVA).
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Figure 4. Ablation of Sam68 in adult mice leads to increased thermogenesisin BAT.
(A-D) BAT was isolated from 36-week-old Sam681KO mice and Sam68f littermates. (A)

H&E staining of paraffin-embedded sections. Scale bar = 50 uM. (B) Immunohistochemical
staining of UCP1 protein. Scale bar = 50 uM. (C) Representative Western blotting (/eft
panel) and quantification (right panel) of protein levels of Sam68 and thermogenic markers.
(D) mRNA levels of genes involved in thermogenesis and fatty acid oxidation were
quantified by gRT-PCR and normalized to that of p-actin. (E) Rectal body temperature
measurements in 36-week-old Sam68/%0 and Sam68f/f mice after cold (4°C) exposure for 0
(basal), 30 min, 1, 2, 4, and 6 h. n=7-8 per group. Data are expressed as mean + s.e.m.
*p<0.05, **p<0.01, ***p<0.001 (right panel of C and D: unpaired two-tailed ¢test; E: two-
way ANOVA).
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Figure5. Ablation of Sam68 in adult mice enhances the browning signature of WAT.
Inguinal and epididymal WATs were isolated from 36-week-old Sam68'<O mice and

Sam68f littermates. (A-B) H&E staining (A) and immunohistochemical detection of UCP1
protein expression (B) in paraffin-embedded WAT sections. Scale bar = 50 uM. (C)
Representative Western blotting (/eft panel) and quantification (right panel) of protein
expression of UCP1 and thermogenic genes in ingWAT. (D-E) gRT-PCR quantification of
MRNA expression of thermogenesis and fatty acid oxidation genes in ingWAT (D) and
epiWAT (E), respectively. mRNA expression was normalized to the level of B-actin. n=7-8
per group. Data are expressed as mean + s.e.m. *p<0.05, **p<0.01, ***p<0.001 (unpaired
two-tailed ¢test).
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Figure 6. Ablation of Sam68 in adult mice leadsto increased energy expenditure and
ther mogenic gene expression before their body weights deviate.

Eleven week-old Sam68iKC mice and Sam68f littermates (one week after completion of
tamoxifen treatment) were analyzed. (A-F) Indirect calorimetry analysis of (A) daily calorie
intake, (B) oxygen consumption (VO2), (C) respiratory exchange ratio (RER), (D) total
energy expenditure, (E) resting energy expenditure, and (F) locomotor activity. n=7 per
group. (G-H) gRT-PCR analysis of mRNA expression of thermogenesis and fatty-acid
oxidation genes in (G) BAT and (H) ingWAT, respectively. n=4 per group. Data are
expressed as mean * s.e.m. *p<0.05, **p<0.01 (A, E, and G-H: unpaired two-tailed #test; B-
D and F: two-way ANOVA).
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