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Mice lacking GOS2 are lean and cold-tolerant
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G,/G, switch gene 2 (GOS2) is a protein that was first identified in a search for lymphocyte G /G, switch genes. A direct
role for GOS2 in cell cycle regulation has proven elusive. Yet, there is prior evidence for G0S2 functioning in tumor sup-
pression, immune regulation and lipolysis. To explore definitively GOS2 functions, mice lacking GOS2 were generated
and characterized. GOS27~ mice were born at a Mendelian ratio and were phenotypically normal, with the exception of a
possible lactation defect. G0S2~/~ female mice carried viable pups to term, but could not typically sustain them beyond
48 h. G0S2 is shown here to be most highly expressed in adipose tissue. It is also expressed in liver, skeletal muscle, lung,
ventricles of the heart, and components of the kidney. GOS2 loss significantly decreased relative body weight gain as
compared with wild-type (WT) (G0S2**) mice, with a significant decrease in gonadal fat pad weight and a significant
increase in serum glycerol levels. This decreased relative body weight gain is not associated with a significant decrease in
food intake or increase in activity of GOS27~ mice. In fact, G0S27~ mice were significantly less active at night than G0S2**
mice. When fed with a high fat diet (45% fat diet), G0S2 loss did not prevent diet-induced obesity in mice. Intriguingly,
GO0S2 loss improved acute cold tolerance, augmenting expression of genes involved in thermogenesis. In summary, in
vivo roles for GOS2 were found in lactation, energy balance, and thermogenesis. This study provides a basis for tumor

suppressive effects of GOS2 by regulating lipolysis.

Introduction

G,/G, switch gene 2 (G0S2) was first discovered in a search
for lymphocyte G /G, switch genes that regulate cell cycle pro-
gression in cultured human mononuclear cells following lym-
phocyte mitogen lectin treatment.! However, a specific role for
GO0S2 in cell cycle progression from the G, phase of the cell cycle
has not yet been established. GOS2 is abundantly expressed in
adipose tissue, and is also expressed in other tissues such as liver
and hematopoietic cells.*> When acute promyelocytic leukemia
(APL) cells were treated with all-zrans retinoic acid to induce
differentiation and reduce tumorigenicity, GOS2 levels were
markedly induced.® Transcriptional regulation of GO0S2 is cell
context-dependent. For instance, GOS2 is a PPAR target gene in
adipocyte and hepatocytes, but its level is not inducible by PPAR
agonists in APL cells (unpublished data and Zandbergen et al.).

Several studies have found downregulated expression of GOS2
in a range of cancers, including clinical lung adenocarcinoma,
squamous cell carcinomas, and in cancer cell lines of lung, breast,
and colon origins.” Moreover, knockdown of GOS2 increased
E1A and ras-induced transformation of murine embryonic

fibroblasts, indicating a potential role of GOS2 in carcinogenesis.”
Hypermethylation of the GOS2 promoter was found in primary
head and neck squamous cell carcinoma, primary squamous lung
cancer, and also in squamous lung cancer cell lines.®'° This epi-
genetic silencing of GO0S2 in diverse types of cancer strengthens
the case for GOS2 acting as a tumor suppressor. In vitro modi-
fication of GOS2 levels has shown little impact on cell growth,
apoptosis or differentiation (unpublished data and Kusakabe
et al.).® A few cell lines have been described that are sensitive to
GOS2 overexpression but the functional relevance of these high
levels of GOS2 is unclear.”

Consistent with its abundant expression in adipose tissue,
GOS2 was recently found to be involved in lipolysis in vitro and
ex vivo by inhibiting the activity of adipose triglyceride lipase
(ATGL).? Lipolysis is triggered when energy needs exceed avail-
able nutrient levels and when there is an increased requirement
for lipid membrane substrates."! During lipolysis, triglycerides
(TAG), which are stored in cellular lipid droplets, are first hydro-
lyzed to diglycerides (DAG), then to monoglycerides (MAG),
and finally to glycerol. In each step, one fatty acid (FA) is released
as an energy substrate. The first and rate-limiting step of lipolysis
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Figure 1. Generation of GOS2-- mice. (A) Targeting strategy of G0S2-"- mice. Homologous recombina-
tion of the targeting vector with the wild type (WT) allele resulted in the replacement of the G0S2
coding region with a lacZ and loxP-flanked neomycin resistance gene cassette. (B) Genotyping of
WT (G0S2**), heterozygote (G0S2*-), and homozygote (G0S2--) mice with primers for G0S2 and lacZ.
(C) Immunoblot analysis of GOS2 protein expression with proteins from gonadal fat of G0S2** and
GO0S2-- mice. Actin served as loading control. (D) Evidence for lactation defects in GOS2-- mice. A rep-
resentative G0S2-- pup fed with a G0S2-- mother did not have a visible milk spot as seen in a pup

(Fig. 1A). The lacZ gene was fused
in-frame with a GO0S2 start codon.
Embryonic stem cells that underwent
homologous recombination into the
GO0S2 gene were selected and injected
into blastocysts to generate G0S2*/-
mice. Genotypes of G0S2*"*, hetero-
zygous (G0S2*), and null (G0S27")
mice were confirmed by DNA analy-
sis of GOS2 and lacZ (Fig. 1B). To
establish the loss of GOS2 at the pro-
tein level, white adipose tissues, which
is known to have substantial G0S2
expression,” were independently har-
vested from G0S2** and G0OS2~/~ mice.
Immunoblot assays confirmed the
absence of GO0S2 protein in murine
G0S2”- mouse tissues (Fig. 1C).

GO0S2 mice were born at a normal
Mendelian ratio, and they had a nor-
mal phenotype, with the exception
that while GOS27~ mothers can carry
pups to term, the pups typically do
not survive beyond 48 h. Pups from
GO0S2 null mothers had no visible milk
spot as seen in pups from GO0S2*"* or
GO0S2*~ mothers (Fig. 1D). Fostering
these pups with murine G0S2*"* moth-

nursed by a GOS2** mother.

ers allowed them to survive at normal

is primarily mediated by ATGL."? G0S2 was recently found to
be a negative regulator of ATGL, inhibiting its activity by bind-
ing to the patatin-like lipolytic domain of the enzyme.? And this
inhibition is independent of CGI-58 activation, which is another
regulator of ATGL activity.? GOS2 knockdown increased lipol-
ysis, while GOS2 overexpression decreased lipolysis in vitro in
murine and human adipocyte cell lines as well as ex vivo in
murine fat pads.??

To explore directly the consequences of G0S2 loss in an ani-
mal model, knockout mice were generated and characterized.
GO0S2 null mice were born at a normal Mendelian ratio and are
phenotypically normal, with the exception of a potential lacta-
tion defect. GOS2 null mice have decreased relative body weight
with decreased fat pad weight. Notably, GOS2 loss also improved
acute cold tolerance. This was associated with enhanced expres-
sion of genes that regulate thermogenesis and FA oxidation. The
findings presented here define an in vivo role for GOS2 in energy
balance.

Results

Generation of G0S2~/~ mice

To investigate GOS2 function in vivo, mice lacking G0S2
were generated. In brief, the GOS2 coding region was replaced
by a lacZ and loxP-flanked neomycin resistance gene cassette
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ratios. GOS2 is involved in lipid metab-

olism, and lipids are energy sources in milk.”® It is then not sur-
prising that G0S2~~ mice had a lactation defect.

GO0S2 tissue distribution

The lacZ gene is fused in-frame with the GOS2 start codon,
and therefore is regulated by the GOS2 promoter. Three-month-
old male G0S2--, G0S2*~, and G0S2** mice were used and
diverse organs were subjected to lacZ staining to determine the
distribution of GOS2 expression. As indicated by lacZ staining in
G082~ mice, GOS2 was abundantly expressed in white adipose
tissue (WAT) and liver (Fig. 2). It was also expressed in skeletal
muscle, lung, heart ventricles, but not in the atrium of the heart
or components of the kidney, (Fig. 2). Brown adipose tissue
(BAT) also had abundant expression of GOS2 (data not shown).

Loss of GO0S2 decreased relative body weight gain and
reduced fat pad weight

Since GOS2 has a negative regulatory role on lipolysis in vitro
and ex vivo, the effects of GOS2 on body weight and body fat
were investigated in these mice. Male G0S2*"* and G0S27/~ mice
at 8 wk of age were fed with either control diet (10% fat diet) or
high fat diet (HFD, 45% fat diet) for 14 wk. Before being fed
with these special diets, G0S2*"* and G0S2”"~ mice had similar
body weights at 8 wk of age (data not shown). Body weights of
mice were normalized to individual initial body weights of mice
at 8 wk of age and evaluated during the course of the experi-
ment, and this normalized value was termed as relative body
weight. G0S2”~ mice fed with a control diet (10% fat diet) had
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a significant decrease in relative body weight as compared with
GO0S2*"* mice after 2 wk fed on the diet (Fig. 3A, upper panel),
while having similar food intake as compared with GOS2*"* mice
(Fig. 3A lower panel). There was one time point at the age of
week 19 that showed a trend of decreased relative body weight,
and this was related to an increased food intake of GOS2~~ mice
during that week (Fig. 3A). Although there was no difference in
the individual organ weights of heart, lung, pancreas, spleen, kid-
ney, testis, and brain, there was a trend of decreased liver weight
in GOS2 vs. GOS2*"* mice (Fig. 3C, left panel). Additionally,
the gonadal fat pad weighed significantly less than in controls,
and the inguinal and renal fat pads had a trend of decreased
weight in GOS27~ mice (Fig. 3C, right panel). Consistent with
a role for GOS2 in lipolysis inhibition, serum glycerol levels were
significantly elevated in G0S2”~ mice, and there was a trend
of increased serum free fatty acid (FFA) levels in G0S2~ mice
(Fig. 4).

G0S27~ mice had a trend toward increased O, consumption
in the dark

Because GOS27/~ mice had decreased relative body weight, but
similar food intake as compared with GOS2*"* mice, it was pos-
sible that they had an increased metabolism. O, consumption was
evaluated as an indicator of metabolism. Interestingly, there was a
trend toward increased levels of O, consumption in GOS2-/~ mice
exposed to the dark (Fig. 5A). These mice had a significantly
lower percentage of active time at some time points during the
dark cycle (Fig. 5C). Because of the recently shown role of G0S2
in lipolysis, the effect of GOS2 loss on energy substrate usages
(e.g., carbohydrates vs. lipids) was examined by evaluating the
respiratory quotient (RQ). Mice fed with HFD (45% fat diet)
showed a decreased RQ as compared with those fed with a control
diet (10% fat diet) (Fig. 5B), confirming more lipid usage as an
energy substrate. GOS27~ mice did not show a difference in RQ
as compared with GOS2*"* mice, both in the control diet (10% fat
diet) and HFD diet group (45% fat diet). This establishes that
G0S2""~ mice have similar energy substrate usage as GOS2*"* mice.

G0S2-'~ mice exhibit enhanced acute cold tolerance

The effect of GOS2 loss on another metabolism parameter,
thermoregulation, was examined. G0S2** and GO0S2”~ mice
were exposed to 4 °C ambient temperature for 3 h, and their
body temperatures were recorded immediately before and dur-
ing the cold exposure. G0S2~ mice fed with a 10% diet were
able to maintain their body temperature for longer times than for
GO0S2*"* mice (Fig. 6A), despite having reduced fat pad weight
(Fig. 3C, right panel). Beyond physical insulation (body fat and
fur), body temperature upon acute cold exposure is maintained
by both shivering (muscle-mediated) and non-shivering (primar-
ily BAT-mediated) thermogenesis."*"> No obvious differences in
mouse behavior or the muscle shivering intensity were observed
in these mice (data not shown). To assess differences in non-
shivering thermogenesis, key gene products that are involved
in thermogenesis and FA oxidation were examined in BAT fol-
lowing 3 h cold treatment of mice. We found out that uncou-
pling protein-1 (UCP-1), PPARy coactivator la (PGCl-a),
phytanoyl-CoA dioxygenase (PHYH), and cell death-inducing
DNA fragmentation factor-a-like effector A (CIDEA), were all
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Figure 2. GOS2 tissue distribution in various organs. Organs from 3 mo
old male G0S2-- and G0S2** mice were independently harvested and
lacZ stainings were performed in white adipose tissue (WAT), liver, skel-
etal muscle, heart, kidney, and lung tissues.

significantly elevated in GOS2~/~ mice (Fig. 6C). PPARa also had
a trend toward increased expression in G0S27/~ mice (P = 0.07)
(Fig. 6C). These elevated thermoregulatory species in BAT indi-
cate that GOS2~~ mice have enhanced non-shivering thermogen-
esis. GOS27/~ mice fed with a 45% fat diet also had improved cold
tolerance as compared with G0S2*"* mice (Fig. 6B).

Discussion

GOS2 is a gene product that is implicated in diverse cellu-
lar activities, and is frequently deregulated in cancer./'*1¢'®
However, its functions are still not well understood. To explore
GOS2 function in vivo, GOS27"~ mice were generated and charac-
terized (Fig. 1). GOS2 was abundantly expressed in the adipose
tissue and liver, and was also expressed in the skeletal muscle,
lung, the heart ventricles, but not the atrium of the heart and the
cortical region of the kidney (Fig. 2). Although G0S2-~ mice had
a similar food intake as compared with G0S2*"* mice, they had
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Figure 3. GOS2 mice showed decreased relative body weight and decreased fat pad weight. (A and B) Relative
body weight as compared with initial body weight (8 wk of age) of male G0S2** and G0S2-- mice during 14 wk
fed on a 10% fat diet (A, upper panel) or a 45% fat diet (B, upper panel). Food intake of GOS2** and G0S2-"- mice
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(left panel) and fat pad weight (right panel) of male mice fed a 10% fat diet (C) and 45% fat diet (D) (n = 8-9). Gon
Fat, gonadal fat pad; Ing Fat, inguinal fat pad; Ren fat, renal fat pad; BAT, interscapular brown adipose tissue. The
symbols * and ** depict statistical significance as P < 0.05 and P < 0.01, respectively.
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Figure 4. Serum glycerol and free fatty acid levels in GOS2** and G0S2"
mice. Serum from 5 mo old male G0S2** and G0S2-~ mice fed with 10%
fat diet were analyzed for (A) glycerol and (B) free fatty acid (n = 11-12).
Data are presented as mean = SE. The symbol * depicts statistical signifi-
cance as P < 0.05.

decreased relative body weight when fed with a 10% fat diet, and
had decreased gonadal fat pad weight (Fig. 3). Increased serum
glycerol and possibly FFA levels was also consistent with increased
lipolysis in the adipose tissue (Fig. 4). Although G0S2~~ mice
had a reduced percentage of active time in the dark, their O,
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regions are composed of car-
diac muscle (Fig. 2). This
implied that GOS2 was likely
involved in activities that are
specific for ventricular func-
tion in the heart, and further
studies are needed to eluci-
date the precise physiological
relevance of this differential
expression.

Defective lipid metabolism may play an important role in the
lactation defect as seen in GOS2~"~ mothers. Mice lacking adipo-
philin, another protein involved in TAG metabolism, also show
lactation defects and inability to sustain pups.” However, the
lactation defect upon GOS2 loss may be ATGL independent, as
there is to our knowledge no prior evidence for altered lactation
in ATGL deregulated mice. Studies are ongoing to investigate
mechanisms of potential lactation defects in G0S2~ mice.

In contrast to the in vitro and ex vivo studies that showed
substantial inhibition of adipose lipolysis upon G0S2 overexpres-
sion,” GOS2 loss exerted a moderate decrease in fat pad weight
decrease in vivo. And it did not prevent diet-induced obesity
when male G0S27~ mice were fed with 45% HFD (Fig. 3B).
This was surprising given the expected role of GOS2 as an inhibi-
tor of adipose lipolysis, and was in contrast to marked phenotypes
observed in mice with deregulated ATGL expression. ATGL-
deficient mice had a notable decrease in adipose lipase activity
and a substantial increase in adipocyte size, body fat content, and
body weight.'”” Mice with adipose-specific ATGL overexpression
also had a decrease in adipocyte size, body fat content, and body
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weight on HFD.?* GOS2 regulates
ATGL activity via a protein—protein
interaction, and not all ATGL in
adipocytes may be bound to G0S2,?
therefore GOS2 may only regulate a
fraction of total ATGL activity in
adipocytes. This may explain the
moderate effect on lipolysis in vivo.
In addition, there might be a com-
pensatory mechanism in adipocytes
following GOS2 loss, such as down-
regulation of CGI-58, which is the
positive regulator of ATGL, as well
as downregulation of HSL, TGH,
and TGH-2, which also have TAG
lipase activities.*

Interestingly, GOS27/- mice had a
decreased percentage of active time
during the night period (Fig. 4).
It is possible that GOS2 loss led to
decline in motor activity and/or
a decrease in the time mice were
awake in the dark. This may also be
independent of ATGL function, as
adipose-specific ATGL transgenic
mice did not have a difference in
locomotor activity.”® Despite the
lower percentage of active time,
GO0S27~ mice had a trend toward
increased O, consumption as com-
pared with GOS2** mice main-
tained in the dark. Therefore,
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Figure 5. O, consumption, respiratory quotient and percentage active time of G0S2" mice vs. GOS2**
mice. (A-C) Time course of (A) OZ consumption, (B) respiratory quotient, and (C) percentage active time
of G0S2** vs. G0S2-- male mice fed a 10% fat diet (left panel) or a 45% fat diet (right panel) during 24 h
with access to food and water ad libitum (n = 12). Data are presented as mean * SE. The symbol * depicts
statistical significance as P < 0.05.

physiological activities which are

not associated with locomotor activity, such as increased body
temperature in the dark, may play a key role in this increased
trend of energy expenditure. The acute cold tolerance test mea-
sures shivering and non-shivering mechanisms to maintain body
temperature. The observation of increased expression of genes
involved in thermogenesis and oxidation in BAT of G0S2~ mice
is consistent with increased non-shivering thermogenesis (Fig. 6).
BAT has been long recognized as the primary tissue responsible
for non-shivering thermogenesis upon cold exposure. Recently,
studies have shown that other tissues may also be involved in non-
shivering thermogenesis including WAT, where 3-adrenergic
receptor activation increases metabolic rate and body tempera-
ture, which seems to be independent of UCP-1 expression.** In
addition, overexpression of lipoprotein lipase in skeletal muscle
enhanced cold tolerance by shifting the muscle fiber type toward
the more oxidative type Ila and increasing fat oxidization capa-
bility. Muscle activity was also thought to be enhanced with
increased mitochondria content and increased total ATP capac-
ity in UCP-1 knockout mice.?® Therefore, although we did not
observe changes in shivering of GOS2-/~ mice, it is possible that
GO0S27"~ mice have enhanced heat generation in their muscles as
compared with GOS2** mice. In addition, non-shivering ther-
mogenesis in tissues other than BAT, such as WAT and skeletal
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muscles, may also be involved in the enhanced acute cold toler-
ance as seen in G0S2~/~ mice.

Whether the effect of GOS2 in vivo is through GO0S2 itself, or
through its interacting proteins, is still under investigation. The
in vitro effect of G0S2 on adipocyte lipolysis was through its
interaction with ATGL.? GOS2 has also been shown to interact
with the anti-apoptotic protein Bcl-2 when overexpressed in non-
squamous lung cancer cells and colon cancer cells, resulting in
apoptosis.” In hematopoietic progenitor cells as well as in human
APL cell line, GOS2 was also found to bind to nucleolin, which is
known to be involved in rRNA synthesis, chromatin remodeling
and cell proliferation.”?”?® This binding results in the cytoplas-
mic retention of nucleolin and decreased proliferation of these
cells.>*” Given accumulating evidence for GOS2 as a potential
tumor suppressor, we are planning to examine the in vivo effect
of GOS2 loss on tumorigenesis.

In summary, GOS27"~ mice are born at a normal Mendelian
ratio and are phenotypically normal except for an apparent lac-
tation defect in GOS27/~ mothers. GOS2~"~ mice have decreased
relative body weight, decreased fat pad weight, but were more
cold tolerant than G0S2*"* mice. Studies are underway to explore
how GOS2 loss in mice upregulates expression of thermogenic
genes in BAT, and how GOS2 loss leads to lactation defects. This
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Figure 6. GOS2- mice had improved cold tolerance. (A and B) Body tem-
peratures of 7-mo-old male mice fed with a 10% fat diet (A) and a 45% fat
diet (B) were determined during exposure to 4 °C for 3 h (n = 7). (C) Real-
time PCR analysis of gene products involved in thermogenesis and fatty
acid oxidation in brown adipose tissue (BAT) of GOS2** and G0S2~- mice
fed with a 10% fat diet following 3 h of cold exposure (4 °C) (n = 4). Data
are presented as mean * SE. The symbols * and ** depict statistical sig-
nificance as P < 0.05 and P < 0.01, respectively.

study provides a new engineered mouse model as a tool to study
GOS2 function in vivo, and extends the understanding of G0S2
function in lipid metabolism. As G0S2 is involved in lipid metab-
olism, cancer and immune regulation, this model will allow us
to explore whether these different functions of GOS2 are directly
linked to each other, and whether they are ATGL-dependent or
-independent.

Materials and Methods

Generation of G0S2~'~ mice
GO0S2*~ mice in the C57Bl/6 strain background were gener-
ated by the trans-National Institute of Health (NIH) Knockout
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Mouse Project (KOMP) and obtained from the KOMP
Repository. In brief, G0S2-null VGB6 embryonic stem (ES)
cells isolated from the C57Bl/6NTac mouse strain were gen-
erated by KOMP. The GO0S2 coding region was replaced by a
lacZ and loxP-flanked neomycin resistance gene cassette and
the lacZ gene was fused in-frame at the GOS2 ATG start codon.
Targeting was confirmed by PCR analyses and these cells were
injected into Albino C57Bl/6 blastocysts and transferred into
pseudo-pregnant recipient mice. Mice with a high degree of coat
color chimerism were bred with C57Bl/6 mice to test for germ
line transmission. F1 mice GOS2*~ were intercrossed to gener-
ate G0S2*"*, G0S2*~, and G0S2~~ mice. The GOS2™'~ genotype
was confirmed by PCR analysis of tail tip DNA using DNeasy
Blood and Tissue Kit (Qiagen, 69504) and HotStar taqg DNA
polymerase (Qiagen, 203203) with primers used as follow: G0S2
forward primer: 5-CTGCGGGAAG CGTGTGAAC-3/, reverse
primer: 5-ATCACAGTGC GTGCTGCAC-3'; lacZ forward
primer: 5'- GGTAAACTGG CTCGGATTAG GG-3/, reverse
primer: 5- TTGACTGTAG CGGCTGATGT TG-3'. Age- and
gender-matched mice were used for the described experiments.
All mice were housed in a standard pathogen-free facility on a
12 h light 12 h dark cycle and they had continuous access to
water and regular food chow (Harlan Laboratories). Protocols for
the animal studies were approved by Dartmouth’s Institutional
Animal Care and Usage Committee (IACUC).

Immunoblot analysis

To confirm knockout of GOS2 at the protein level, white
adipose tissue was harvested from 3 mo old male G0S2** and
G082~ mice, respectively. Tissues were immediately snap-frozen
and homogenized in radioimmunoprecipitation assay buffer to
extract proteins. Immunoblot assays were performed with proce-
dures, as previously described.?” GOS2 protein was probed with
an anti-G0S2 antibody® and actin was probed with an anti-actin
antibody (C19) (Santa Cruz Biotechnology, sc-1615).

Tissue isolation and lacZ staining

Male G0S2**, G0S2*~, and GO0S2”- mice were sacrificed
at 3 mo of age, according to IACUC-approved procedures.
Indicated organs were harvested and fixed in 4% paraformal-
dehyde (Electron Microscopy Sciences, 15713) on ice for 2 h
and then cryoprotected in 30% sucrose at 4 °C (Schwarz Mann,
909530) overnight.>® Tissues were then embedded in Tissue-Tek
O.C.T. compound (Ted Pella, 27050) and cryosections were each
made at a 10 pm thickness. Tissue slides were fixed with 4%
paraformaldehyde for 10 min at 4 °C. Slides were then washed
with phosphate buffered saline (PBS) and then rinsed with dis-
tilled water. Afterwards, slides were stained with 5-bromo-4-
chloro-3-indoyl-B-D-galactoside (X-gal, Invitrogen, B1690) at
37 °C in a humidified chamber. Tissue slides were then stained
with nuclear fast red solution (Sigma, N3020-100ML) for coun-
terstaining and were mounted with Permount medium (Thermo
Fisher, SP15-500).

Diet-induced obesity

Male mice at 8 wk of age were fed a 10% fat diet (control
diet) or 45% fat diet (high fat diet [HFD], 39.4% lard and 5.6%
soybean oil) ad libitum (Research Diets, D12450B and D12451,
respectively) for 14 wk. Body weight and food intake were
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monitored once a week. Relative body weight was calculated by
normalizing body weight of each mouse to its initial body weight,
given that each GO0S2 engineered line (+/+, -/-) varied in their
respective body weights at the beginning of these experiments.

Serum analysis

Serum parameters were analyzed for mice fed with 10% fat
diet ad libitum. Free FA levels were measured using a free FA
quantification kit (BioVision, K612-100) and glycerol levels were
measured using a free glycerol assay kit (BioVision, K630-100)
according to the manufacturer’s protocols.

Metabolic measurements

O, consumption, CO, production, RQ, and active time were
each measured at 23 °C ambient temperature for 24 h with
access to food and water ad libitum with a 7 am-7 pm light on
and 7 pm—7 am light off cycle in a metabolic chamber. Inner
dimensions for the metabolic chamber were 10 x 10 x 8 cm and
a motion sensor piezosensor’’ was embedded in gel in the base.
After 2 h acclimation in the metabolic chamber, individual O,
consumption and CO, production were recorded every 1 s by
an O, analyzer S-3A/1 (Applied Electrochemistry) and CO, ana-
lyzer CD-3A (Applied Electrochemistry), respectively. Activity
was measured concurrently through the piezosensor. RQ is the
O, consumption divided by the CO, production. Mean hour O,
consumption, CO, production, RQ, and active time were deter-
mined for each mouse.

Cold exposure assays

Individual mice were placed in a 4 °C cold room for 3 h in the
absence of food in a cage. Body temperature was independently
measured at 0 (right before entering the cold room), 30, 60, 90,
120, 150, and 180 min after cold exposure using a rectal probe
(Traceable Type K Thermometer, Thermo Fisher).

RNA extraction and real-time PCR assays

Brown adipose tissues were harvested right after mice were
exposed to 4 °C ambient temperature for 3 h and were snap-
frozen in liquid nitrogen. Total RNA was isolated from brown
adipose tissue using the RNeasy Plus Universal Kit (Qiagen,
73404). Reverse transcription and real-time PCR assays were
performed, as previously described.®> Primer sequences are
as follows: uncoupling protein-1 (UCP-1), forward primer:

primer: 5-CAACATGCTC AAGCCAAACC AACA-3'; reverse
primer: 5-CGCTCAATAG TCTTGTTCTC AAATGGG-3';
phytanoyl-CoA  dioxygenase (PHYH)
5" TACTGCCTTC TCCCCGAGAT-3’; reverse primer:
5'-CGGGATGTCT TCTTGCCAAC -3'; cell death-inducing
DNA fragmentation factor-a-like effector A (CIDEA) for-
ward primer: 5-GGCCGTGTTA AGGAATCTGC-3'; reverse
primer: 5-GTATGTGCCC GCATAGACCA-3'; PPARa for-
ward primer: 5-TATCTCACCG GGAGGCGTT-3'; reverse
primer: 5-~AGAGCGCTAA GCTGTGATGA-3'; GAPDH for-
ward primer: 5-~AGGTCGGTGT GAACGGATTT G-3'; and
reverse primer: 5-TGTAGACCAT GTAGTTGAGG TCA-3'.
Data were normalized to GAPDH levels.

Statistics

Two-tailed # test were used for statistical analysis with
Microsoft Excel software and with P < 0.05 considered as statisti-
cally significant.

forward  primer:

Note Added in Proof

While this paper was under review, Zhang et al.** reported on

mice null for the GOS2 gene. Consistent with our data they also
saw an attenuation of weight gain and adiposity in mice lacking

G08S2.
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