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The combination of sarcopenia and obesity (sarcopenic obesity) is associated with the development of metabolic
syndrome and cardiovascular events. The molecular pathways that develop sarcopenic obesity have studied
intensively. Transmembrane protein 97 (TMEM97) is 176 amino acids conserved integral membrane protein
with four transmembrane domains that is expressed in several types of cancer. Its physiological significance in
adipose tissue and skeletal muscle has been unclear. We studied TMEM97-transgenic mice and mice lacking
TMEM?97, and our findings indicate that TMEM97 expression is regulated in adipose tissue and skeletal muscle
from obesity. TMEM97 represses adipogenesis and promotes myogenesis in vitro. Fat-specific TMEM97 trans-
genic mice showed systemic insulin resistance. Mice overexpressing TMEM97 in skeletal muscle exhibited sys-
temic insulin resistance. Mice lacking TMEM97 were protected against diet-induced obesity and insulin resis-
tance. These phenotypes are associated with the effects of TMEM97 on inflammation genes in adipose tissue
and skeletal muscle. Our findings indicates that there is a link between TMEM97 and chronic inflammation in

obesity.
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dipose tissue and skeletal muscle are important
organs involved in insulin sensitivity and body
weight regulation. White adipose tissue is the major site
for the storage of excess energy from food intake as
triacyl-glycerol (TAG). TAG is broken down into free
fatty acids and glycerol, and it is released to be supplied
to other tissues. Recent research has demonstrated that
adipose tissue secretes a number of bioactive proteins
and regulates systemic insulin sensitivity and energy
metabolism. Adipose tissue is now recognized as a
master regulator of the body’s energy balance and nutri-
tional homeostasis.
Obesity is defined as the expansion of white adipose
tissue. A positive imbalance between energy intake and
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energy expenditure results in the development of obe-
sity. Adipose tissue dysfunction is one of the causes of
obesity-induced insulin resistance. Adipose tissue dys-
function in obesity is characterized by adipocyte hyper-
trophy (a pro-inflammatory adipose tissue phenotype)
and fibrosis, which result in ectopic fat deposition and
inflammation in visceral adipose tissue [1,2]. Visceral
adipose tissue and skeletal muscle are known to interact
and share common inflammatory pathways in obesity.
Ectopic fat deposition in skeletal muscle enhances sys-
temic insulin resistance and metabolic abnormalities
[3,4]. It is thus important to identify the mechanisms
involved in adipose tissue dysfunction and impaired
skeletal muscle function.

Transmembrane protein 97 (TMEM?97), also known
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as meningioma-associated protein (MAC30), encodes a
conserved integral membrane protein of 176 amino
acids with four transmembrane domains. TMEM97 is a
member of the family of insulin-like growth factor
binding proteins, and it regulates cholesterol transport
[5-7]. Tmem97 mRNA is expressed in the fetal liver and
plays an important role in liver development and differ-
entiation [8]. It was recently reported that TMEM97 is
highly expressed in several types of cancers (breast,
esophagus, stomach, and colon cancers) and can act as
a tumor suppressor or oncogene in carcinoma [9,10].
The sigma-2 receptor is known to be an 18-to 21-kDa
membrane protein and highly expressed in the liver,
kidney and the central nervous system as well as in sev-
eral cancers. Recently the sigma-2 receptor was identi-
fied as TMEM97 using mass spectrometry from liver
samples [11]. However, there is no report about the
roles of TMEM97 in adipose tissue and skeletal muscle
of obesity-induced insulin resistance.

To investigate the functional roles of TMEM97 in
adipose tissue and skeletal muscle, we studied
TMEMO97-transgenic mice and mice lacking TMEM97.
Our results indicate that (i) TMEM97 is expressed in
mouse fat and muscle and is developmentally regulated,
and (if) TMEMO7 plays a significant role in adipogene-
sis and myogenesis. We also observed that mice lacking
TMEMO97 display increased systemic insulin sensitivity.

Material and Methods

Materials.  The coding region of mouse TMEM97
was isolated from 3T3-L1 adipocyte mRNA by reverse
transcription polymerase chain reaction (RT-PCR)
using TaKaRa EX Taq polymerase (Takara Bio, Shiga,
Japan) and subcloned into pCDH-puro lentiviral vector
(System Biosciences, Mountain View, CA, USA) for
expression in mammalian cells. pCDH-GFP + puro
lentiviral vector was purchased from System Biosciences
(Mountain View, CA, USA).

Cell culture.  3T3-L1 cells (American Type Culture
Collection, Rockville, MD) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Thermo Fisher
Scientific, Waltham, MA, USA) with 10% bovine calf
serum (BCS; Cytiva, Marlborough, MA, USA) in 5%
CO,. At2 days post-confluence, the cells were exposed
to DMEM/10% fetal bovine serum (FBS; Thermo
Fisher Scientific) with 1 uM dexamethasone (Sigma, St.
Louis, MO, USA), 5pg/ml insulin (Sigma), and

Acta Med. Okayama Vol. 76, No. 3

0.5 mM isobutylmethylxanthine (Sigma). Two days
later, the cells were maintained in medium containing
FBS only. In addition, C2C12 cells (American Type
Culture Collection) were cultured in DMEM/10% FBS
in 5% CO,. After the cells reached 80% confluence,
differentiation was induced by replacing the 10% FBS
with 2% horse serum (HS; Cytiva).

Lentiviral transduction. =~ TMEM97 or GFP con-
struct were transfected into 293T packaging cells using
the CalPhos Mammalian Transfection kit (Takara Bio,
Shiga, Japan) along with pCMY-dR8.91 and VSV-G
expressing plasmids. 3T3-L1 cells or C2C12 cells were
transduced with viral supernatants, and cells were
selected in puromycin.

Animals.  C57BL/6] mice were obtained from
Charles River Laboratories Japan (Yokohama, Japan)
and were fed a standard diet (MFE, Oriental Yeast Co.,
Tokyo). The mice were kept in a light-controlled room
at constant temperature with free access to food and
water. For the analysis of Tmem97 mRNA expression in
various tissues, we use 10-week-old male C57BL/6]
mice. The 16-week-old ob/ob mice, which are hyper-
phagic, obese, hyperinsulinemic, and hyperglycemic
due to a recessive mutation in leptin gene were pur-
chased from the Jackson Laboratory (Bar Harbor, ME,
USA).

To obtain diet-induced obesity (DIO) mice, we fed
C57BL/6] mice a high-fat diet (D12331; Research Diets
Inc., New Brunswick, NJ) for 12 weeks. Tmem97
knockout (KO) mice were obtained from the Mouse
Biology Program (University of California, Davis).
Homozygote animals were produced by breeding het-
erozygous pairs. Mice were maintained in a light-con-
trolled room at constant temperature with free access to
food and water and were fed either a standard chow diet
or a high-fat diet. Offspring were screened for genomic
integration by a PCR of tail DNA using the following
primers: Wild type (WT): forward 5-AGAGTAAA
GGGCTAGCCAGGAAACC-3; reverse 5-GGTGTC
ACACACCTTTAATCCCAGC-3, mutant: forward
5-ACTTGCTTTAAAAAACCTCCCACA-3, reverse
5-GGTGTCACACACCTTTAATCCCAGC-3.

All animal studies were approved by the Institutional
Animal Care and Use Committee of Okayama
University Graduate School of Medicine, Dentistry and
Pharmaceutical Sciences.

Generation of aP2-TMEM97 transgenic mice.
The TMEMY7 transgene was made with a 5.5-kb pro-
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motor of the adipocyte fatty acid binding protein (aP2),
a B-globin intron, the 0.5-kb murine TMEM97 cDNA,
and a human growth hormone poly-A signal. The lin-
earized 7.1-kb XhoI-NotI aP2-TMEMO97 construct was
microinjected into pronuclei of fertilized one-cell-stage
embryos of C57BL/6] mice using standard methods at
RIKEN CDB (Center for Developmental Biology;
Kobe, Japan). Eight founders were obtained. Offspring
were screened for genomic integration by a PCR of tail
DNA using the following primers: forward 5-CAC
TCCTACAGTCACATGGTCAG-3, reverse 5-GGAT
GTGCGAGACGAAGTAGA-3.

Generation of HSA-TMEM97 transgenic mice.
The TMEMY97 transgene was made with a 2.2-kb
promotor of the human a-skeletal actin (HSA; a gift
from Prof. E. Hardeman, The University of New South
Wales, Sydney, Australia), the 0.5-kb murine TMEM97
cDNA, and a rabbit poly-A signal. The linearized 3.2-
kb XhoI-NotI HSA-TMEM97 construct was microin-
jected into pronuclei of fertilized one-cell-stage
embryos of C57BL/6] mice using standard methods
(RIKEN CDB). Thirteen founders were obtained.
Offspring were screened for genomic integration by a
PCR of tail DNA using the following primers: forward
5-CGAGCCGAGAGTAGCAGTTG-3, reverse 5-CG
AGCCGAGAGTAGCAGTTGTAGCTA-3.

Isolation of stromal vascular fraction from white
adipose tissue.  Adipocytes were isolated from epi-
didymal fat depots in Krebs-Ringer HEPES (KRH) buf-
fer by collagenase digestion as described [12].

Analysis of gene expression by QPCR.  Total RNA
was extracted from cells or tissues using TRIzol reagent
(Thermo Fisher Scientific) following the manufacturer’s
instructions. First-strand ¢cDNA synthesis was per-
formed using the PrimeScript™ 1st-strand ¢DNA
Synthesis Kit (Takara Bio). Total RNA was converted
into first-strand cDNA using oligo(dT) primers as
described by the manufacturer. The PCR was per-
formed using cDNA synthesized from 0.5 pg total RNA
in a StepOne Plus Real-Time PCR system (Thermo
Fisher Scientific) with specific primers and SYBR
Premix Ex Taq™ (Takara Bio). The relative abundance
of mRNAs was standardized using 36B4 mRNA as the
invariant control. The primers used are listed in the
Table.

Glucose and insulin tolerance tests.  For the glu-
cose tolerance test, mice were fasted for 12 h and then
injected subcutaneously with glucose (1.0 g/kg body
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weight). Blood samples were taken at regular time
points (0-120 min), and blood glucose levels were
determined with a portable glucose meter. For insulin
tolerance tests, mice were fasted for 4 h and handled
30 min prior to receiving a subcutaneous injection of
human regular insulin (2.0 U/kg body weight). Blood
samples were taken at regular intervals (0-120 min),
and blood glucose was measured as described above.

Histological analysis.  Epididymal adipose tissue
and liver tissue were fixed for 12-16 hr at room tem-
perature, embedded in paraffin, and stained with
hematoxylin and eosin (H&E). Skeletal muscle tissue
was frozen in isopentane cooled in liquid nitrogen.
Cross-sections of frozen muscle were stained for succi-
nate dehydrogenase (SDH) and cytochrome oxidase
(COX) activities as described [13].

Statistical analysis. ~ Unpaired two-tailed Student’s
t-tests and a one-way analysis of variance (ANOVA)
were used. Probability (p)-values <0.05 were considered
significant.

Results

TMEMO97 is expressed in mouse adipose tissue and
skeletal muscle and is regulated during differentiation.
To the best of our knowledge, there are no published
reports of TMEM97 expression or function in adipose
tissue and skeletal muscle. The present study’s QPCR
results demonstrated that Timem97 mRNA is expressed
in murine white adipose tissue (WAT) and skeletal
muscle (Fig.1A). The expression of Tmem97 mRNA
showed developmental regulation during adipogenesis
and myogenesis in cultured adipocytes and myocytes.
Tmem97 mRNA was expressed in pre-adipocytes and
was then repressed after the induction of differentiation
(Fig. 1B). C2C12 cells are an immortalized mouse myo-
blast cell line, and they differentiate into myotubes
under serum starvation. The expression of Tmem97
mRNA was induced during the differentiation of C2C12
cells (Fig. 1C).

TMEM?97 expression was induced in WAT and skel-
etal muscle from obese mice.  To investigate the roles
of TMEMY7 in adipose tissue and skeletal muscle from
obese mice, we investigated whether TMEM97 expres-
sion is regulated in DIO mice and ob/ob mice. The
expression of Trmem97 mRNA was induced in epididy-
mal fat from DIO and ob/ob mice (Fig.2A), and the
expression of Trmem97 mRNA was induced in skeletal
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Fig. 1  TMEM97 is expressed in adipose tissue and skeletal muscle and is regulated during adipogenesis and myogenesis. A, The

QPCR-based expression of TMIEM97 in tissues from male C57BL/6J mice. Data are the mean = SEM fold induction relative to Tmem97
mRNA expression in white adipose tissue (WAT); all values are normalized to 36B4 mRNA expression. n=5; B, TMEM97 expression
during the differentiation of 3T3-L1 cells. Note that the time scale is not linear; the shaded area indicates time points <24 hr. Data are
normalized to the 3684 mRNA expression and are expressed as the fold induction relative to Tmem97 mRNA on day 0. n=3; C,
TMEM97 expression during C2C12 differentiation. Data are normalized to 36B4 mRNA expression and are expressed as the fold induction

relative to the Tmem97 mRNA expression on day 0. n=3.

muscle from ob/ob mice (Fig.2B). Adipose tissue con-
tains adipocytes, immune cells, and vascular cells. To
examine which cell type(s) express TMEM97, we frac-
tioned epididymal fat into adipocytes and the stromal
vascular fraction (SVF), and we performed a QPCR to
measure the Tmem97 mRNA expression. Tmem97
mRNA was predominantly expressed in the SVF of the
epididymal adipose tissue (Fig.2C). Interestingly,
Tmem97 mRNA levels were induced in the mature
adipocyte fraction from ob/ob mice (Fig.2D). However,
Tmem97 mRNA expression was not induced in the SVF
from ob/ob mice (Fig.2E). These data suggest that
TMEMO97 plays a role in mature adipocytes of obese
mice.

TMEMO97 regulates adipogenesis and myogenesis.
We sought to determine whether TMEM97 plays a
functional role in adipogenesis. TMEM97 was intro-
duced by lentiviral transduction into 3T3-L1 preadipo-
cytes, which were then treated with dexamethasone,
methylisobutylxanthine, and insulin. The overexpres-
sion of TMEMY97 resulted in the inhibitions of adipo-
genesis and adipocyte gene expression (Fig.3A,B). We
next asked whether the overexpression of TMEM97
affects myogenesis. TMEM97 was introduced by lenti-
viral transduction into C2C12 cells, the differentiation
of which was induced by replacing 10% FBS with 2%
HS. The overexpression of TMEM97 resulted in
enhanced myogenesis and enhanced myocyte gene

expression on day 0 (Fig.3C,D). These data suggest a
specific role of TMEMY7 in adipogenesis and myogene-
sis.

Fat-specific overexpression of TMEM97 results in
systemic insulin resistance. = We next sought to extend
our in vitro findings to a more physiologically relevant
system. We generated aP2-TMEMO97 transgenic mice by
using a transgene consisting of the murine Tmem97
gene driven by the aP2 promoter, which is highly
expressed in adipose tissue (Fig.4A). The Tmem97
mRNA expression in epididymal fat from the aP2-
TMEM97 transgenic mice was significantly increased
compared to that in the wild-type (WT) mice (Fig.4B).
The total body weights of the aP2-TMEM?97 transgenic
mice were not significantly different from those of the
WT mice maintained on the standard chow diet
(Fig.4C). However, the aP2-TMEMO97 transgenic mice
demonstrated significantly impaired insulin tolerance
(Fig.4D). The QPCR analysis revealed that genes
related to inflammation were increased in the WAT
from aP2-TMEMO97 transgenic mice (Fig.4E). These
data suggest that TMEM97 overexpression induced adi-
pose tissue inflammation in the aP2-TMEM97 trans-
genic mice.

Skeletal muscle-specific overexpression of TMEM97
results in systemic insulin resistance. ~ To investigate
the effect of TMEM97 on skeletal muscle function, we
generated HSA-TMEM97 transgenic mice by using a
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Fig. 2 TMEM97 expression was induced in obese mice. A, Tmem97 mRNA expression in WAT from obese mice. Tmem97 mRNA
expression was measured by a QPCR in epididymal fat from mice fed a high-fat diet and ob/ob mice. Data are normalized to the 3684
mRNA expression and are expressed as the fold induction relative to the mice fed a standard chow diet (*p<0.05) or wild-type (WT) mice
(¥p<0.05). Results are mean=+SD. n=5; B, Tmem97 mRNA expression in skeletal muscle from obese mice. Tmem97 mRNA expres-
sion was measured by a QPCR in skeletal muscle from mice fed a high-fat diet and ob/ob mice. Data are normalized to the 3684 mRNA
expression and are expressed as the fold induction relative to the mice fed a standard chow diet (*p<0.05) or WT mice (¥p<0.05).
Results are mean=+SD. n=5; C, Tmem97 mRNA expression was assessed in samples of fractioned fat pads from C57BL/6J mice.
SVF: stromal-vascular fraction. Results are the mean & SD fold induction relative to the Tmem97 mRNA expression in the SVF. n=5.
*p<0.05 vs. mature adipocytes; D, Tmem97 mRNA expression in mature adipocytes from ob/ob mice. Results are the mean + SD fold
induction relative to Tmem97 mRNA expression in mature adipocytes from WT mice. n=5. *p<0.05 vs. mature adipocytes from WT
mice; E, Tmem97 mRNA expression in the SVF from ob/ob mice. Results are the mean = SD fold induction relative to the Tmem97
mRNA expression in the SVF from WT mice. n=5. *p<0.05 vs. the SVF from WT mice.

transgene consisting of the murine Trmem97 gene driven  twitch (type I) fibers, which are mitochondria-rich and
by human a-skeletal actin, which is predominantly oxidative [13]. Our histological analysis of skeletal
expressed in skeletal muscle (Fig.5A). The Tmem97  muscle revealed that the SDH and COX staining was
mRNA expression in skeletal muscle from the HSA-  significantly decreased in HSA-TMEMY97 transgenic
TMEMO97 transgenic mice was significantly increased  mice (Fig.5E). The QPCR analysis demonstrated that
compared to that of the WT mice (Fig.5B). The total  genes related to inflammation were increased in the
body weights of the HSA-TMEMOY97 transgenic mice  skeletal muscle of HSA-TMEM97 transgenic mice
were not significantly different from those of the WT  (Fig.5F). These data suggest that TMEM97 overexpres-
mice maintained on the high-fat diet (Fig.5C). sion reduced mitochondrial function and induced
However, the HSA-TMEM97 transgenic mice demon-  inflammation in skeletal muscle from the HSA-
strated significantly impaired insulin tolerance =~ TMEMU97 transgenic mice.

(Fig.5D). SDH staining and COX staining detect slow- Global deletion of TMEM97 resulted in improved
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Fig. 3

TMEM97 represses adipogenesis and enhances myogenesis. A, 3T3-L1 pre-adipocytes were transduced with lentivirus express-

ing TMEM97 or GFP, and differentiated with dexamethasone, methylisobutylxanthine, and insulin (DMI). Cells were stained with oil red O
at 10 days post-DMI treatment; B, Cells shown in panel A were harvested at days 0, 6, and 10 post-DMI treatment, and a QPCR was
used to determine the levels of Pparg and Fabp4 genes relative to mRNA expression on day 0. n=3; C, C2C12 cells were transduced
with lentivirus expressing TMEM97 and differentiated by replacing 10% fetal bovine serum (FBS) with 2% horse serum (HS). Cells were
observed 4 days after replacing 10% FBS with 2% HS; D, Cells shown in panel C were harvested at day 0 and day 4 after replacing 10%
FBS with 2% HS, and a QPCR was used to determine the levels of Myg and Mck genes relative to mMRNA expression on day 0. n=3.

systemic insulin resistance in DIO mice. =~ TMEM97
KO mice were modestly protected against diet-induced
obesity. The body weights of the TMEM97 KO mice
were significantly lighter lower than those of the WT
mice maintained on a high-fat diet (Fig.6A). The epi-
didymal fat and liver weights in the TMEM97 KO mice
were not significantly different from those of the WT
mice maintained on a high-fat diet (Fig. 6B).
Interestingly, the TMEM7 KO mice showed
improved glucose and insulin tolerance after 12 weeks
of high-fat feeding (Fig.6C,D). DIO induced inflam-
mation and adipocyte dysfunction in adipose tissue.
Given that TMEMY97 plays a pro-inflammatory role in
adipose tissue and skeletal muscle, its deletion
improved DIO-induced inflammation in adipose tissue
and skeletal muscle. The results of the QPCR analysis
revealed that the mRNA expressions of Adipoq, Slc2a4,

and Pparg were increased and the mRNA expressions of
Ccl2, Il6, Tnfa, and Emrl were decreased in the epidid-
ymal fat from TMEM97 KO mice (Fig.6F). There was
no detectable difference in hepatic lipid content
between the WT and TMEM97 KO mice (Fig. 6E).

In skeletal muscle, the histological analysis showed
that the SDH and COX staining was significantly
increased in the TMEM97 KO mice (Fig.6E).
Consistent with the histology analysis, the QPCR
results revealed that the mRNA expressions of Ucp3,
Ppard, and Pgcla were increased and the mRNA
expressions of Ccl2 and Tnfa were decreased in the skel-
etal muscle from TMEM97 KO mice (Fig.6G). Taken
together, these results suggest that global TMEM97
deficiency is sufficient for the improvement of DIO-
induced insulin resistance through the improvement of
mitochondrial function and the suppression of inflam-
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Fig. 4  Characterization of fat-specific TMEM97 transgenic mice. A, Structure of the aP2-TMEM97 expression vector. The DNA frag-
ments contained aP2 promoter, rabbit B-globin intron, coding region of TMEM97 cDNA, and hGH polyadenylation site (polyA); B,
Tmem97 mRNA expression in epididymal WAT, liver, and skeletal muscle of male WT and aP2-TMEM97 transgenic (aP2-Tg) mice (n=3).
Data are normalized to 36B4. *p<0.05 relative to WT mice. Results are mean = SD; C, Body weights of the male WT and aP2-Tg mice
maintained on the standard chow diet (n=10). Results are mean+ SD; D, Insulin tolerance test. Blood glucose in 20-week-old WT and
aP2-Tg mice fed the standard chow diet was determined at the indicated times after an intraperitoneal injection of a bolus of insulin.
(n=10). Results are mean = SD; E, QPCR analysis of the indicated mRNAs in epididymal WAT from 12-week-old WT and aP2-Tg mice
maintained on the standard chow diet (n=5) under fasting condition. All samples are normalized to 36B4. Results are mean + SD.
*p<0.05 relative to the WT mice.
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Characterization of skeletal muscle-specific TMEM97 transgenic mice. A, Structure of the human a-skeletal actin (HSA)-
TMEMB97 expression vector. The DNA fragments contained HSA promoter, coding region of TMEM97 cDNA, and BGH polyadenylation
site (polyA); B, Tmem97 mRNA expression in epididymal WAT, liver, and skeletal muscle of male WT and HSA-TMEM97 transgenic
(HSA-Tg) mice (n=3). Data are normalized to 36B4. *p<0.05 relative to the WT mice. Results are mean = SD; C, Body weights of male
WT and HSA-Tg mice on the standard chow diet (n=10). Results are mean = SD; D, Insulin tolerance test. Blood glucose in 20-week-old
WT and HSA-Tg mice fed the standard chow diet was determined at the indicated times after an intraperitoneal injection with a bolus of
insulin (n=10). Results are mean=+SD. *p<0.05; E, SDH and COX staining of frozen skeletal muscle sections from 12-week-old
mice; F, QPCR analysis of the indicated mRNAs in skeletal muscle from 12-week-old WT and HSA-Tg mice on the chow diet (n=5) under

fasting condition. All samples are normalized to 36B4. Results are mean &+ SD. *p<0.05 relative to the WT mice.
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at the indicated times after an intraperitoneal injection with a bolus of glucose (n=10). Results are mean = SD. *p<0.05; D, Insulin
tolerance test. Blood glucose in 18-week-old WT and KO mice fed the high-fat diet was determined at the indicated times after an intraper-

itoneal injection with a bolus of insulin. (n=10). Results

are mean +SD. *p<0.05; E, Hematoxylin and eosin staining of epididymal

WAT and liver from 12-week-old mice. SDH and COX staining of frozen skeletal muscle sections from 12-week-old mice; F, QPCR anal-
ysis of the indicated mRNAs in epididymal WAT and skeletal muscle from 12-week-old WT and KO mice on the high-fat diet (n=5) under
fasting condition. All samples are normalized to 36B4. Results are mean & SD. *p<0.05 relative to the WT mice.
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mation in adipose tissue and skeletal muscle.
Discussion

We have been interested in the metabolic role of
TMEM97, and our present findings demonstrated that
TMEMY7 is expressed in adipose tissue and skeletal
muscle and plays an important metabolic role in adi-
pose tissue and skeletal muscle from obese mice.
TMEM?97 was induced in the adipose tissue and skeletal
muscle by a high-fat diet, and it appears to act as an
“accelerator” of inflammatory gene expression. This is
suggested by our observations that (i) the overexpression
of TMEMY7 in fat or skeletal muscle enhanced the
expressions of inflammatory genes, and (i) the global
ablation of TMEM97 had the opposite effect.
Consistent with these findings, the mice with an over-
expression of TMEMO7 in fat or skeletal muscle were
systemic insulin-resistant, and the mice with a global
deletion of TMEM97 were protected against diet-
induced obesity and insulin resistance.

TMEM97 was identified as a meningioma-related
gene [10,14]. TMEMO97 has been studied mainly in the
context of cancer cells. Trmem97 mRNA is expressed in
the human fetal liver but not in the human adult liver,
suggesting that is has an important role in the growth
and differentiation of human liver [8]. It has been
reported that TMEM97 exhibits altered expression in
several types of cancer; for example, the level of
TMEMO97 expression is low in most pancreatic cancer
cells, whereas TMEMOY7 is highly expressed in several
types of cancers (breast, esophagus, stomach, and
colon cancers), indicating that TMEM97 acts as a
tumor suppressor or oncogene in different types of
carcinomas [9]. A recent study using genome-wide
expression profiling in combination with targeted RNAi
screening identified TMEM97 as an SREBP target gene
that enriches endo-/lysosomal compartments and binds
Nieman-Pick C1 protein in sterol-depleted cells. This
study indicated that TMEM97 plays a role in cholesterol
and lipid metabolism [6,7].

The mechanisms by which TMEM97 regulates func-
tional roles of adipose tissue and skeletal muscle remain
unclear. Several research groups have reported that
myokines and adipokines regulate metabolic pathways
and inter-organ crosstalk in autocrine, paracrine, and
endocrine manners [15]. One possibility is that
TMEM97 is responsible for controlling effects of myok-
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ines and adipokines. Further studies are required to
investigate the mechanisms underlying the functions of
TMEM97 in adipose tissue and skeletal muscle.

Sarcopenic obesity, the combination of sarcopenia
and obesity, is defined as reduced skeletal muscle mass
and muscle strength in parallel with increased adiposity.
Increased fat mass causes skeletal muscle atrophy and
impairs mitochondria function in skeletal muscle.
Recent studies suggested that sarcopenic obesity is asso-
ciated with an increased risk of metabolic syndrome
and cardiovascular events [4,16]. There is significant
interest in developing drugs as therapy for sarcopenic
obesity. The molecular pathways by which sarcopenic
obesity develops have been under intensive study.
TMEM97 appears to play a critical role in mitochon-
drial function and inflammation of adipose tissue and
skeletal muscle from obesity. TMEM97 may thus play
key roles in the development of sarcopenic obesity.

In summary, our data suggest that TMEMO97 acts on
metabolic physiology in at least two organs, i.e., adi-
pose tissue and skeletal muscle. We observed that
TMEM97 repressed adipogenesis in adipose tissue.
Mice overexpressing TMEM97 specifically in adipose
tissue showed induced systemic insulin resistance. In
skeletal muscle, TMEM97 promoted myogenesis. Mice
overexpressing TMEMO97 specifically in skeletal muscle
exhibited induced systemic insulin resistance. Mice
lacking TMEM97 showed reduced diet-induced insulin
resistance. TMEM97 appears to play a critical role in
adipose tissue and skeletal muscle from obesity.
TMEM97 may play key roles in metabolic function
independent of its effects on cancer biology and choles-
terol metabolism.
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