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Mex3c Mutation Reduces Adiposity and Increases Energy Expenditure
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The function of MEX3C, the mammalian homolog of Caenorhabditis elegans RNA-binding protein muscle excess 3 (MEX-3),
was unknown until our recent report that MEX3C is necessary for normal postnatal growth and enhances the expression of local
bone Igf1 expression. Here we report the pivotal role of Mex3c in energy balance regulation. Mex3c mutation caused leanness in
both heterozygous and homozygous transgenic mice, as well as a more beneficial blood glucose and lipid profile in homozygous

transgenic mice, in both sexes. Although transgenic mice showed normal food intake and fecal lipid excretion, they had in-
creased energy expenditure independent of physical activity. Mutant mice had normal body temperature, Ucp1 expression in
brown adipose tissue, and muscle and liver fatty acid oxidation. Mex3c is expressed in neurons and is detectable in the arcuate
nucleus, the ventromedial nucleus, and the dorsomedial nucleus of the hypothalamus. Mex3c was not detected in NPY or POMC
neurons but was detected in leptin-responsive neurons in the ventromedial nucleus. Mex3c and Leptin double mutant mice were
growth retarded and obese and had blood profiles similar to those of 0b/ob mice but showed none of the steatosis observed in
ob/ob mice. Our data show that Mex3c is involved in energy balance regulation.

aenorhabditis elegans MEX-3 is an hnRNP K homology (KH)

domain-containing RNA-binding protein regulating RNA
targets such as pal-1 (13, 22, 23), rme-2 (6), and nos-2 (25). It is
involved in the cell fate specification process in C. elegans and in
totipotency maintenance of the germ line in adult worms (7, 13,
23, 40). Human and mouse genomes encode four MEX-3 homo-
logues: MEX3A, MEX3B, MEX3C, and MEX3D (3). They all have
two KH RNA-binding domains at the N terminus which are also
present in the C. elegans homolog and a zinc finger (ZNF) domain
at the C terminus which is absent in MEX-3 in C. elegans. MEX3A
and MEX3B colocalize with decapping factor DCP1a and Argo-
naute proteins in processing bodies (3), and the localization of
MEX3B is regulated by 14-3-3 protein (9). MEX3D, once called
TINO, is a BCL2 mRNA AU-rich element-binding protein that
negatively regulates the stability of BCL2 mRNA (12).

Mouse MEX3C is 99% identical to human, chimpanzee, and
bovine MEX3Cs. Linkage analysis and association studies suggest
that MEX3C contributes to genetic susceptibility of hypertension
(21), although the mechanism is unknown. Recently, we reported
that Mex3c mutation in mice causes growth retardation due to
IGF1 deficiency in developing bone (26). Mex3c is highly ex-
pressed in resting and proliferating chondrocytes, and IGF1 pro-
tein expression in these cells of mutant mice is significantly re-
duced, although Igfl mRNA expression in bones from mutant
mice is not changed. In the C57BL/6 background, 85% of ho-
mozygous mutant pups die soon after birth, whereas in the FVB/N
background, about 80% of the pups survive to adulthood, al-
though they are still growth retarded. Mutant male and female
mice are fertile, although Mex3c is highly expressed in the testis
and ovary. Mex3c is also highly expressed in the brain, but its
function in the nervous system is unknown.

While examining the postnatal growth of Mex3c gene trap
mice, we observed that in addition to growth retardation, ho-
mozygous mutant mice have reduced adiposity compared to age-
matched control mice. Mex3c expression is low in the liver, mus-
cle, and adipose tissues but high in the brain. The hypothalamus of
the brain plays a major role in the control of energy balance (35).
Nuclei in the hypothalamus, such as the arcuate nucleus (ARC),

4350 mcb.asm.org

Molecular and Cellular Biology p. 4350-4362

the ventromedial nucleus (VMN), and the dorsomedial nucleus
(DMN), contain multiple neurons that receive signals from insu-
lin and leptin and project to the other regions of the brain to
regulate food intake and energy expenditure (10, 11, 15). In the
ARG, neuropeptide Y (NPY) and Agouti-related peptide (AgRP),
coexpressed by NPY neurons, stimulate food intake and inhibit
energy expenditure (2, 5, 14, 36, 48). Gene products from pro-
opiomelanocortin (POMC) and cocaine- and amphetamine-reg-
ulated transcript (CART) coexpressed by POMC neurons sup-
press food intake and promote energy expenditure (29, 43).
a-Melanocyte-stimulating hormone (aMSH), a peptide from
proopiomelanocortin, is an agonist of the melanocortin-4 recep-
tor (MC4R) (18, 24, 38), while AgRP is an antagonist of MC4R (32).
Steroidogenic factor 1 (SF-1)-positive neurons in the hypothalamic
VMN are also important in controlling energy balance. SF-1 knock-
out mice have abnormal VMN and become obese, mostly from de-
creased activity rather than increased food intake (11, 34).

The observations of the lean phenotype of Mex3c mutant mice
and the high level of Mex3c expression in the brain prompted us to
examine the possible role of Mex3c in energy balance regulation.
Here we report that Mex3c mutation reduces adipose deposition
and increases energy expenditure in both heterozygous and ho-
mozygous mutant mice. We propose that Mex3c could be in-
volved in central energy balance regulation.

MATERIALS AND METHODS

Animals. Mex3c gene trap mice were described recently (26). Mice were
initially of mainly the C57BL/6 background, but after showing a high rate
of perinatal lethality in this background, they were backcrossed to the
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FVB/N background for 4 generations. Heterozygous +/tr (“t” indicates
the trapped allele) breeding pairs were used to obtain +/+, +/tr, and tr/tr
mice for the study. Lep®”° mice (49), Npy-GFP mice (which specifically
express green fluorescent protein [ GFP] in NPY/AgRP neurons) (44), and
Pomc-GFP mice (which specifically express GFP in POMC neurons) (10)
were purchased from the Jackson Laboratory. Double-positive transgenic
mice were obtained by crossing Mex3c """ females (mainly of the FVB/N
background) with the other transgenic males. Mex3c; ob/ob double mu-
tant mice were of a mixed C57BL/6 and FVB/N background. Doubly
heterozygous breeding pairs were used to generate double mutant mice.
Genotyping for Mex3c mutant mice was performed as described previ-
ously (1, 26). GFP-positive mice were identified by positive PCR amplifi-
cation of a product with the primers GFPF (ACGTAAACGGCCACAAG
TTC) and GFPR (AAGTCGTGCTGCTTCATGG). Genotyping for the
Lep®? allele was performed according to the protocol recommended by the
Jackson Laboratory.

Mice were housed in the animal facility of Wake Forest University
Health Sciences. Experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals (40a) and approved by
the Institutional Animal Care and Use Committee of Wake Forest Uni-
versity Health Sciences. Mice were kept in microisolator cages with 12-h
light-dark cycles and were fed ad libitum. Mice were fed a chow diet (Pro-
lab; PMI Nutrition International, Henderson, CO) during all experi-
ments.

Glucose and insulin tolerance tests. For glucose tolerance tests, mice
were fasted overnight for 16 h. Just before glucose injection, tail vein blood
glucose was measured with an Accu-Chek active meter and test strips
(Roche) to obtain a reading for time zero. The mice then received an
intraperitoneal injection of sterile 10% p-glucose (Sigma) at a dosage of 1
g/kg body weight. Blood glucose levels were measured 30, 60, 90, and 120
min after glucose injection.

For insulin tolerance tests, mice were fasted for 6 h. Just before insulin
injection, tail vein blood glucose was measured with an Accu-Chek active
meter and test strips (Roche) to obtain a reading for time zero. The mice
then received an intraperitoneal injection of 0.75 U/kg insulin (Novo
Nordisk) prediluted to 2.5 U/ml in 0.9% NaCl. Blood glucose levels were
measured 30, 60, 90, and 120 min after insulin injection.

For both assays, each group contained 5 or more animals. Data were
analyzed by analysis of variance (ANOVA).

MRI to determine fat composition. The fat composition of Mex3c
mutant mice was determined without anesthesia, using a Bruker LFO0 TD
system (Bruker Optics) operated by Virginia Polytechnic Institute and
State University. The fat composition of Mex3c and Leptin double mutant
mice was determined with a Bruker Biospin 7T micro-magnetic reso-
nance imaging (micro-MRI) scanner (Center for Biomolecular Imaging,
Wake Forest University Health Sciences) after mice were anesthetized
with 1.5% to 2% isoflurane. Images were analyzed using Image]J software
to measure the total fat volume in each mouse. A density of 0.92 g/ml was
used to calculate the weight of adipose tissue (27).

Blood biochemical assays. Plasma was collected from mice fasted for
6 h. Blood triglyceride and cholesterol concentrations were assayed with
kits from Cayman Chemical (Ann Arbor, MI). Insulin and leptin concen-
trations were assayed with enzyme-linked immunosorbent assay (ELISA)
kits from Mercodia (Uppsala, Sweden) and Millipore (Billerica, MA),
respectively. All assays were performed according to the manufacturer’s
instructions.

Body temperature. Core body temperature was monitored by mea-
suring the rectal temperature of conscious mice. Each mouse was assayed
at noon on two successive days, and the average was obtained for analysis.
A Thermalert model TH-5 temperature monitor (Physitemp, Clifton, NJ)
was used, with the probe placed in the rectum to a depth of 1 cm.

Food consumption. For determination of food intakes of 6- and 10-
week-old tr/tr mice, 2 or 3 mice were caged together during the assay, since
tr/tr mice quickly lost significant body weight when caged singly. Normal
control (+/+) mice and heterozygous mutant (+/tr) mice were singly
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TABLE 1 Primers used for real-time PCR

Gene Forward primer Reverse primer

Npy  TACTACTCCGCTCTGCGACA GATGAGGGTGGAAACTTGGA
Agrp  TGTGTTCTGCTGTTGGCACT GACTCGTGCAGCCTTACACA
Pomec  GTCCCTCCAATCTTGTTTGC TTTTCAGTCAGGGGCTGTTC
Cartpt GCCCTGGACATCTACTCTGC GTCGTCCCTTCACAAGCACT
Ppary TCTTAACTGCCGGATCCACAA GCCCAAACCTGATGGCATT
Pgcla CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC
Ucp2  GAGAGTCAAGGGCTAGTGC  GCTTCGACAGTGCTCTGGTA
Mex3c ATGCTGTCCCACGCCTAC AGTGCTTTAATTTTACAACC

CTGG
Socs3  GCCCCTTTGTAGACTTCACG  AACTTGCTGTGGGTGACCAT

caged in cages with lifted-wire bottoms and were allowed to adapt to the
environment for at least 1 week before food consumption was examined.
Food intake was monitored daily for 6 to 7 days, and the average for each
mouse was used for analysis. Food spilled on the bottom of the cages was
recovered and subtracted from food intake, which was then normalized to
lean mass if animals showed differences in fat composition.

Fecal lipid content. Feces were collected from mice in cages with lift-
ed-wire bottoms. Fecal lipids were extracted as described by Folch et al.
(16). Briefly, feces were collected from mice housed individually in cages
with lifted-wire bottoms over a 24-h period. Five-hundred-milligram ali-
quots of feces were cleaned and dried for 1 h at 70°C, incubated with 2 ml
of chloroform-methanol (2:1) for 30 min at 60°C with constant agitation,
and then centrifuged. Water (1 ml) was added to the supernatant and
then, following vortexing, phase separation was induced by low-speed
centrifugation (2,000 rpm for 10 min). The lower, chloroform phase was
then removed and transferred to a new tube, and the sample was evapo-
rated to dryness. The mass of the total lipid (typically 15 to 20 mg) was
obtained by subtracting the weight of the tube with lipid by the weight of
the same tube without lipid, weighed with a balance reading to 0.1 mg.

Metabolic studies. Indirect calorimetry and locomotor activity mea-
surements were performed using a Labmaster system (TSE Systems) at
Virginia Polytechnic Institute and State University. Animals were tested at
12 weeks of age, before +/+ and +/tr mice showed obvious differences in
body weight and fat composition. VO, consumption and VCO, produc-
tion in individual mice were measured using metabolic chambers, and the
respiratory exchange ratio (RER) was calculated to reflect energy expen-
diture. A photobeam-based activity monitoring system detected and re-
corded ambulatory movements. Energy expenditure (kJ/h) was calculated
using the formula VO, X [3.815 + (1.232 X RER)] X 4.1868 (45) and
normalized to the lean mass determined by MRI. All parameters were
measured continuously and simultaneously for 72 h after 36 h of adapta-
tion for singly housed mice. Three-day averages for each mouse were used
for analysis.

Assay of fatty acid and glucose oxidation. Red and white muscle tis-
sues from quadriceps and gastrocnemius muscles were isolated for anal-
ysis. Fatty acid oxidation in whole-tissue homogenates was assessed by
measuring and summing '*CO, production and '*C-labeled acid-soluble
metabolites from the oxidation of [1-'*C]palmitic acid (Perkin-Elmer,
Waltham, MA), as previously described (17). Neutral lipids were ex-
tracted, and incorporation of [1-'*C]palmitic acid was measured using
an AR 2000 TLC plate scanner (Bioscan, Washington, DC). Glucose
oxidation in whole-muscle homogenates was assessed by measuring
"“CO, production from the oxidation of [U-'*C]glucose (Perkin-
Elmer, Waltham, MA).

Quantitative RT-PCR. RNA extraction, reverse transcription (RT),
and quantitative PCR were performed as previously described (20, 26).
TagMan probes were used for mouse Ucpl and Hprtl (internal control)
real-time PCRs. For real-time PCR analysis of the rest of the genes, prim-
ers used with SYBR green mixture are listed in Table 1. Results are pre-
sented as means * standard errors of the means (SEM).
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FIG 1 Mex3c mutation reduces adiposity. (A and B) Body weight of control and mutant mice at 6 to 8 weeks of age (1 = 6/genotype) (A) and 5 months of age
(n = 6/genotype for males and n = 4/genotype for females) (B). (C and D) Magnetic resonance imaging analysis of 5-month-old female mice from panel B. (E)
Gonadal fat percentages of 5-month-old males. (F) Testes and gonadal fat pads of 5-month-old male mice. (G) Histological analysis of adipose tissue. Shown are
gonadal fat sections from 7-month-old males. Adipocyte size was reduced in #r/tr mice, regardless of sex and age. (H) Food intake of male mice at different ages.
For panels A to E, means and SEM are presented. *, **, and *** indicate P values of <0.05, <0.01, and <0.0001, respectively, compared with +/4 mice. #, P <
0.0001 compared with +/fr mice. Data were analyzed by Bonferroni posttests (A to D) or Tukey’s multiple-comparison tests (E) following ANOVA.

X-Gal and immunostaining of brain cryosections. Brains from
Mex3c™", Mex3c™"", Npy-Gfp; Mex3c /", and Pomc-Gfp; Mex3c™/" mice
were fixed with 4% paraformaldehyde (PFA) at 4°C for 2 h, immersed in
30% sucrose—phosphate-buffered saline (PBS) overnight at 4°C, and then
embedded in OCT for cryosectioning. To examine Mex3c expression in
leptin-responsive neurons, mice were fasted for 16 h and then injected
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intraperitoneally with 5 wg/g (body weight) mouse leptin (PeproTech,
Rocky Hill, NJ). One hour later, the mice were perfused with PBS for 10
min followed by 4% PFA for 10 min, and the brains were recovered for
cyrosectioning. The sections were processed as described previously be-
fore p-STAT3 antibody staining (39). X-Gal (5-bromo-4-chloro-3-indo-
lyl-B-p-galactopyranoside) staining of mouse brain cryosections (to ex-
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TABLE 2 Food intake of Mex3c mutant mice”
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Mean value = SEM for group (no. of mice in group)

Age Sex Food intake parameter +/+ +/tr tr/tr

6 wk Male g/day/mouse 5.1 = 0.1 (10) 5.3 0.2 (8)" 3.2+0.18 (7)*
Male g/day/g body weight 0.23 = 0.01 0.23 = 0.01° 0.20 £ 0.04

10 wk Female g/day/mouse 4.7 +0.10 (6) 5.0 = 0.15 (7)® 2.9 +0.17 (10)*
Female g/day/g body weight 0.23 £ 0.01 0.26 £ 0.01° 0.18 = 0.014

3 mo Female Daily food intake (g) 4.5 +0.24 (5) ND 3.3+ 0.17 (5)°
Female Food intake/lean mass 0.29 = 0.03 ND 0.28 = 0.01

“ With the exception of 6- and 10-week-old tr/tr mice, which were group caged, all other mice were singly caged for food intake assays. Data were analyzed by Tukey’s multiple-
comparison test following ANOVA (for 6- and 10-week-old mice) or by ¢ tests (for 3-month-old mice). P values of <0.05 were regarded as statistically significant. ND, data not

determined.

¥ No significant difference compared with +/+ mice.
¢ Significantly higher than the value for +/+ mice.

4 Significantly lower than the value for +/+ mice.

amine the expression of Mex3c by detecting (3-galactosidase activity) was
performed as described previously (26); in some cases, eosin counter-
staining was performed for better views of 3-galactosidase-negative areas.
For immunostaining, cryosections were fixed with 4% PFA, blocked with
Protein Block (Dako) for 1 h, and incubated with anti-B-galactosidase
antibody (Abcam; 1:500), with or without anti-B-III tubulin antibody
(Millipore; 1:1,000) or anti-p-STAT3 (Cell Signaling; 1:200) antibody, at
4°C overnight. After three 5-min washes in Tris-buffered saline with
Tween 20 (TBST), the sections were incubated with Alexa Fluor 594-
conjugated anti-rabbit secondary antibody or Alexa Fluor 594-conjugated
anti-rabbit and fluorescein isothiocyanate (FITC)-conjugated anti-
mouse secondary antibodies (Invitrogen; 1:300) at room temperature for
1 h. The sections were mounted in mount medium containing DAPI
(4',6-diamidino-2-phenylindole; Vector). Images were taken with an
Axio M1 microscope equipped with an AxioCam MRc digital camera
(Carl Zeiss) or with an Eclipse TE2000-U confocal microscope (Nikon).

MEEF cell isolation and in vitro adipocyte differentiation. Mouse em-
bryonic fibroblast (MEF) cells were isolated from 12.5-day-old embryos
after removing the brain and dark red organs. The embryonic tissues were
finely minced with razor blades, treated with 2 ml/embryo 0.05% trypsin-
EDTA, and incubated with gentle shaking at 37°C for 15 min. Cell sus-
pension free of tissues was spun down in growth medium (minimum
essential medium alpha [MEM-a] with 10% fetal bovine serum [FBS] and
antibiotics) and plated in tissue culture dishes for growth. Passage 0 or
passage 1 mouse embryonic fibroblast cells were induced for adipogenic
differentiation as described previously (19). Cells were stained for lipid
vacuoles by Oil Red O 2 weeks after induction. Oil Red O staining of
differentiated adipocytes and liver cryosections was performed as de-
scribed previously (31).

TABLE 3 Fecal and fecal lipid excretion of Mex3c mutant mice?

RESULTS

Mex3cmutation causes leanness in mice. Although heterozygous
Mex3c gene trap mice (+/tr) had body weights similar to those of
+/+ mice at 6 to 8 weeks of age (Fig. 1A), they weighed signifi-
cantly less than +/+ mice at 5 months (Fig. 1B). This was due
mainly to reduced body fat deposition. Magnetic resonance imag-
ing analysis of 5-month-old female mice found significantly re-
duced total fat mass and increased lean mass percentages in +/tr
and tr/tr mice compared with +/+4 mice (Fig. 1C). Reduced body
weight in +/tr mice was fully accounted for by reduced fat depo-
sition, since their lean mass did not differ from that of +/+ mice
(Fig. 1D). Adiposity in male mutants was also reduced. Gonadal
fat of male +/¢r and tr/tr mice was significantly reduced compared
to that of +/+ mice (Fig. 1E and F). Homozygous Mex3c mutant
mice (¢r/tr) had reduced body weights compared to those of +/+
and +/tr mice, regardless of age, as they were growth retarded
(26). Although fat percentages of +/tr and tr/tr mice did not differ
statistically, tr/tr mice always had smaller fat depots than +/tr
mice (Fig. 1F). This lack of difference in fat percentage between
+/tr and tr/tr mice was most likely caused by the significantly
reduced body size of growth-retarded tr/tr mice. Indeed, other
internal organs of #r/tr mice did not show a similar degree of re-
duction compared with +/tr mice (see the testes in Fig. 1F). Adi-
pocyte sizes of +/+ and +/tr mice did not differ, but those of tr/tr
mice were significantly reduced (Fig. 1G). Reduced adiposity in
tr/tr mice was unrelated to background: in addition to the #r/tr

Mean value = SEM for group

Mouse group Fecal parameter +/+ +/tr tr/tr

Males Feces (g/day) 0.91 = 0.07 1.00 = 0.06 0.85 = 0.06
Feces/food intake 0.20 = 0.01 0.22 = 0.01 0.21 = 0.01
Fecal lipid content (%) 3.6 = 0.1 34+ 0.1 3.0 0.2

Females Feces (g/day) 0.65 £ 0.09 0.75 * 0.06 0.60 £ 0.06
Feces/food intake 0.18 = 0.02 0.19 = 0.02 0.17 = 0.01
Fecal lipid content (%) 34+02 3.5+02 2.7 028

“ Male mouse groups had 6 mice/genotype, and female mouse groups had 5 mice/genotype. Measurements were done at the age of 3 to 5 months. All mice were singly caged for
fecal collection. Data were analyzed by Tukey’s multiple-comparison test following ANOVA. P values of <0.05 were regarded as statistically significant.

b tr/tr female mice had a lower fecal lipid content than + /¢ mice.
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FIG 2 Normal adipogenesis and improved glucose and lipid metabolism in Mex3c mutant mice. (A) Similar adipocyte differentiation capacities of mouse
embryonic fibroblast cells from +/+ and tr/tr mice. Adipocytes were stained with Oil Red O to show oil drops. (B) Normal response to glucose challenge in +/tr
and tr/tr mice. (C) tr/tr mice showed an improved response to insulin. Blood glucose concentrations before glucose (B) or insulin (C) injection were significantly
different between groups, so all values for subsequent time points were normalized to those of time zero, which were set as 1. Means = SEM for 6 males (10 to
20 weeks old) per group are presented. * and ** indicate P values of <0.05 and <0.01, respectively, when #/tr mice were compared with +/+ mice by Bonferroni
posttests following ANOVA. (D) Reduced liver lipid storage in +/trand tr/tr mice. Liver cryosections from 5-month-old females were stained with Oil Red O and
counterstained with hematoxylin. Oil drops, which were reduced in size and number in +/¢r mice, and especially in t/tr mice, are stained red. The images shown

are representative of 5 mice per group.

mice of mainly the FVB background described here, tr/tr mice of
mainly the C57BL/6 background, a mixed C57BL/6 and 129/Sv
background, and a mixed C57BL/6 and FVB/N background all
had reduced adiposity. Adiposity of +/tr mice in these back-
grounds was not examined.

Mex3c mutant mice have normal food intake and fecal lipid
excretion. Daily food intakes of singly caged adult +/+ and +/tr
mice were similar (Table 2). Since +/¢r mice showed reduced body
weights compared to +/+ mice only after 5 months, we examined
food intakes of mice as a function of age. Neither +/+ mice nor
+/tr mice showed evident food intake changes during the ages of
2 to 8 months (Fig. 1H), consistent with our observations that lean
masses between +/+ and +/¢r mice were similar and that fat mass
accounted for the body weight difference. These data rule out the
possibility that the body weight difference between +/trand +/+
mice after 5 months could be the result of changed food intake.

Young adult tr/tr mice quickly lost a significant amount of
body weight when caged singly, possibly because they were small,
had little fat, and had difficulty maintaining body temperature
when singly caged. Thus, #r/tr mice were caged in groups (2 or 3

4354 mcb.asm.org

mice/cage) to assay food intake. Absolute daily food intake for tr/tr
mice was significantly reduced compared to that for +/+ and
+/tr mice (Table 2), consistent with their significantly reduced
lean mass. Daily food intake normalized to body weight was not
changed in #r/tr males but was reduced in tr/tr females, which may
have been caused by the fact that tr/tr mice were caged in groups
for food intake analysis, whereas the other mice were singly caged.
To further test whether #r/tr mice had reduced food intake, they
were also singly caged for food intake assay at the age of 3 months,
when #r/tr mice were more tolerant to single caging. Food intakes
normalized to lean mass were not different between +/+ and tr/tr
mice (Table 2). The data suggested that neither +/tr nor tr/tr mice
had a reduced food intake.

Fecal excretion did not differ between +/+, +/tr, and tr/tr
mice (Table 3). Analysis of fecal lipid content showed comparable
residual lipids in feces of +/+, +/tr, and fr/ir male mice, and
female tr/tr mice even had reduced residual fecal lipids. The data
suggested that Mex3c mutation did not impair lipid absorption.
MEFs from 12.5-day-old control and mutant embryos were iso-
lated for in vitro adipogenesis assays. MEFs from +/+ and #r/tr
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TABLE 4 Blood glucose and lipid parameters of control and Mex3c mutant mice”

Mex3c Mutation Reduces Adiposity

Mean value = SEM for group (no. of mice in group)

+/tr

tr/tr

Measurement Sex +/+

Leptin (ng/ml) Male 3.56 = 1.07 (9)
Female 5.68 * 1.68 (10)

Glucose (mg/dl) Male 176.0 + 6.3 (6)
Female 175.7 £ 9.0 (5)

Insulin (jg/liter) Male 0.53 + 0.06 (8)
Female 0.82 = 0.17 (9)

Triglyceride (mg/dl) Male 124.2 £ 10.9 (9)
Female 147.1 = 8.8 (10)

Cholesterol (mg/dl) Male 127.4 £ 5.6 (9)
Female 92.4 +12.8 (10)

1.90 * 0.51 (5)
7.81 + 2.22 (6)

150.8 = 9.2 (6)
174.9 = 7.8 (5)

1.0 + 0.27 (5)
0.86 * 0.27 (5)

88.6 * 20.1 (5)
196.7 = 11.2 (5)°

137.5 = 18.4 (5)
109.6 = 3.1 (5)

0.44 * 0.13 (6)°
1.82 * 0.76 (7)°

113.8 = 6.1 (6)7
127.6 = 7.3 (5)¢

0.45 =+ 0.06 (8)
0.47 =+ 0.06 (8)

65.5 + 5.2 (9)°
97.1 = 9.4 (9)?

74.7 + 6.5 (8)°4
61.1 = 6.9 (9)>?

“ Mice were 5 months old. Blood glucose was measured after 16 h of fasting. Other measurements were obtained after 6 h of fasting.

b P < 0.05 for +/tr mice versus +/+ mice.
€ P < 0.05 for tr/tr mice versus +/+ mice.
@ P < 0.05 for tr/tr mice versus +/tr mice.

embryos both generated numerous large colonies with fully dif-
ferentiated adipocytes, excluding the possibility of impaired adi-
pogenesis in mutant mice (Fig. 2A).

MEX3C deficiency improves glucose and lipid profiles. Con-
sistent with greatly reduced adiposity in tr/tr mice and the obser-
vation that blood leptin concentrations are proportional to fat
mass (8), leptin levels in #/tr mice were significantly lower than
those in +/+ mice (Table 4). Although blood glucose levels were
not significantly different between +/+ and +/tr mice, they were
significantly reduced in #r/tr mice. Insulin levels did not differ
among the groups. tr/tr mice, but not +/tr mice, had lower blood
triglyceride and total cholesterol concentrations than those of
+/+ mice (Table 4). In summary, all of the parameters assayed
showed significant reductions in #r/tr mice compared to +/+
mice. The values for +/tr mice were not different from those for
+/+ mice, except for +/tr females, which showed higher triglyc-
eride levels than +/+ females. Due to the large intragroup varia-
tion and the relatively small group size for +/fr mice, the physio-
logical significance of this difference is not clear.

+/+, +/tr, and tr/tr mice showed similar responses to intra-
peritoneal glucose challenge (Fig. 2B). However, tr/tr mice had a
stronger response than that of +/+ mice in insulin tolerance as-
says, whereas +/fr mice had an intermediate response to insulin
that was not significantly different from that of +/+ mice (Fig.
2C). Liver cryosections from tr/tr mice had fewer oil drops than
those from +/+ mice (Fig. 2D). Oil drops in +/tr liver sections
also seemed decreased, but to a lesser degree than those in #r/tr
liver sections.

Mex3c mutation increases energy expenditure. Energy ex-
penditure was examined by indirect calorimetry for +/+ and +/tr
mice at 12 weeks of age, when body weight and body composition
were similar (Fig. 3A). The RER profile of +/tr mice was similar to
that of +/+ mice (Fig. 3B). Locomotor activity also did not differ
between +/+ and +/tr mice (Fig. 3C and D). However, +/tr mice
had significantly higher oxygen consumption (Fig. 3E and F) and
carbon dioxide production (Fig. 3G) than +/+ mice, during both
light and dark hours. Total energy expenditure was also higher in
+/tr mice than in +/+ mice, during both light and dark hours
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(Fig. 3H). tr/tr mice quickly lost significant weight when singly
housed in metabolic cages, and thus indirect calorimetry was not
performed on these mice. Although +/¢r mice showed a higher
energy expenditure, their body weight and adiposity were not dif-
ferent from those of +/+ mice at this age. This was most likely
because adiposity was low even in +/+ mice at this age, and a
difference would be detectable only at a later time, when adipose
tissue constitutes a larger part of the body weight.

Analysis of fatty acid oxidation and brown fat gene expres-
sion. Fatty acid oxidation of muscle and liver, two organs involved
in lipid metabolism, was compared between +/+, +/tr, and tr/tr
mice, and no differences were found among the groups (Fig. 4A).
Muscle glucose oxidation levels were also similar among the
groups (Fig. 4B). Brown fat is involved in thermogenesis, and a
comparison of Ucpl expression in brown fat between +/+, +/tr,
and tr/tr mice did not reveal a significant difference (Fig. 4C).
Consistent with the lack of difference in UcpI expression, the body
temperature of +/tr and #r/tr mice did not differ from that of +/+
mice (Fig. 4D), although we confirmed an earlier report that fe-
male mice have a higher body temperature than that of male mice
(47). Ucp2 was reduced 50% in +/tr and tr/tr mice, which did not
explain the leanness. Expression of Pgc-1a,, a transcription coacti-
vator involved in mitochondrial biogenesis, was increased in
brown fat of tr/tr mice, but not in +/tr mice. The expression of
Ppary, a gene involved in lipid metabolism, did not differ among
the three genotypes.

Mex3cis expressed in neurons of the central nervous system.
Following up on our recent observation of relatively high expres-
sion of Mex3c in the brain (26), we examined its expression in
different areas of the brain by measuring 3-galactosidase activity.
X-Gal did not evenly stain all regions of the brain. In contrast, the
strongest punctate staining was observed in cells of CA1-3 and the
dentate gyrus of the hippocampus, while moderate staining was
observed in the cortex and the hypothalamus (Fig. 5A). To test
whether Mex3c-expressing cells in the brain are neurons, brain
cryosections were double stained with antibodies specific to 3-ga-
lactosidase (for Mex3c-expressing cells) and B-III tubulin (for
neurons) (37). All -galactosidase-positive cells were also positive
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FIG 3 +/tr mice have increased energy expenditure. (A) Similar body weights and body compositions of mice in indirect calorimetry assay. (B) Similar RER
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for B-III tubulin (Fig. 5B), suggesting that Mex3c-positive cells in
the brain are neurons.

A closer examination of (-galactosidase-positive cells in the
hypothalamus revealed that Mex3c was expressed in the ARC,
VMN, and DMN (Fig. 5C). NPY/Agrp and POMC neurons in the
ARCare known to be involved in energy expenditure control (2, 5,
14, 29, 36, 43, 48). The observation of Mex3c expression in the
ARC prompted us to examine whether NPY/Agrp and POMC
neurons could be involved in the leanness of +/tr and tr/tr mice.
When we compared hypothalamic Npy, Agrp, and Pomc expres-

4356 mcb.asm.org

sion between +/+ and tr/tr mice, Npy and Agrp mRNAs were not
significantly different between groups, but Pomic expression was
reduced to 25% of control levels (Fig. 5D). This expression pattern
could not explain leanness but is consistent with a feedback re-
sponse to the observed negative energy balance in the mutants,
suggesting that NPY/Agrp and POMC neurons do not play a ma-
jor role in this phenotype.

To examine whether Mex3c is expressed in NPY/Agrp or
POMC neurons in the ARC, Npy-Gfp; Mex3c"/" mice and Pomc-
Gfp; Mex3c*/™ mice were generated, in which NPY neurons and
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POMC neurons, respectively, were labeled by GFP. In the ARC of
Npy-Gfp; Mex3c™"" mice, over 90% of GFP-positive cells (NPY
neurons) were Mex3c negative (Fig. 5E). In the ARC of Pomc-Gfp;
Mex3c™" mice, Mex3c-positive cells and GFP-positive cells
(POMC neurons) were mutually exclusive (Fig. 5F). Thus, Mex3c
has no or low expression in over 90% of NPY/Agrp neurons and
100% of POMC neurons.

To examine whether Mex3c is expressed in other leptin-re-
sponsive neurons, fasted +/¢r mice were stimulated with leptin,
and leptin-induced p-STAT3 was examined for colocalization
with B-galactosidase (reflecting Mex3c-expressing cells). Leptin
but not vehicle (PBS) induced STAT3 phosphorylation (Fig. 6A).
In the arcuate nucleus, most p-STAT3-positive cells did not colo-
calize with (3-galactosidase-positive cells (our unpublished data).
However, in the VMH of the hypothalamus, p-STAT3 and 3-ga-
lactosidase double-positive cells were readily observed (Fig. 6B),
although p-STAT3-positive cells with negative galactosidase
staining were also observed (arrows). All cells positive for
p-STAT3 did not show nuclear localization, which could be re-
lated to the antibody and the procedure we used. Leptin-induced
p-STAT3 was also not exclusively nuclear in some other studies
(28, 39), including one that used the same procedure and antibody
as we did. The data suggest that at least some leptin-responsive
neurons express Mex3c.

Leptin deficiency abolishes leanness of Mex3c mutant mice.
The expression of Mex3c in leptin-responsive neurons in the hy-
pothalamus prompted us to examine the effects of leptin defi-
ciency in Mex3c mutant mice, and Mex3c and leptin double mu-
tant mice were generated. Because Mex3c™"™ mice showed an 85%
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rate of perinatal lethality in the C57BL/6 background, some
Mex3c"™"; Lep®™°" pups of a mixed C57BL/6 and FVB/N back-
ground might have been lost before weaning, since we obtained
only 5 double mutant mice among 220 pups of doubly heterozy-
gous parents, instead of the expected 14 mice. Growth of three
Mex3c""; Lep®”’*” mice who survived to adulthood was followed,
and they were still growth retarded, with a significantly shorter
stature than that of Mex3c™"; Lep®”°" mice, at adulthood (87.0 +
1.5¢cm [n = 3] versus 100.3 = 2.1 cm [n = 4]; P<<0.01). However,
starting 5 weeks after birth, Mex3c""; Lep®”°” mice were heavier
than Mex3c"™"; Lep*’* mice (Fig. 7A and B), mainly because of
increased fat deposition (Fig. 7C). Mex3c™""; Lep®”°” mice had
growth curves similar to those of Mex3c™™; Lep®°" mice
(Fig. 7A). Although Mex3c"""; Lep®”°” mice had significantly less
total fat mass than Mex3c*""; Lep®”°” and Mex3c™'*; Lep®”°"
mice, the relative percentages of fat were similar among the three
groups due to the shorter stature of Mex3c"™""; Lep®”’*” mice. Thus,
leptin deficiency in Mex3c""; Lep®”*" mice eliminated leanness
but not growth retardation.

Blood glucose and lipid parameters were also measured for
these animals. Whereas the limited sample size for each group
(3 for Mex3c*’*; Lep®™°" and Mex3c™'"; Lep®”°" mice, 2 for
Mex3c"™""; Lep®™°” mice) may have limited our ability to detect
possible differences between the three groups, blood glucose,
insulin, triglyceride, and cholesterol levels were all significantly
higher in mice with a mutant Leptin gene (Table 5) than in cor-
responding mice with the wild-type Leptin gene (Table 4), con-
firming the dominant effect of leptin deficiency over Mex3c mu-
tation. Consistent with leptin deficiency in Mex3c¢™™"; Lep®™?,
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Blue areas are DAPI-stained nuclei. Bars, 50 pm (E), 100 wm (F, left panel), and 50 wm (F, right panel).

Mex3c™""; Lep®”’*", and Mex3c"™""; Lep®”’*" mice, leptin was unde- However, Mex3c"”"; Lep®”°" mice had significantly less severe
tectable in the blood of these mice. Quantitative RT-PCR was  liver damage than Mex3c"’"; Lep®”*” and Mex3c™""; Lep®”°" mice
performed to examine whether Mex3c expression was regulated by ~ (Fig. 7E). Macrovesicular steatosis, characterized by a single large
leptin. Whereas the known leptin target gene Socs3 was success-  cytoplasmid lipid vacuole displacing the nucleus to the periphery
fully induced in the hypothalamus by leptin, Mex3c was unaf-  of the hepatocyte, occurred in almost 100% of hepatic lobules of
fected by leptin injection (Fig. 7D). 5-month-old Mex3c™/"; Lep®”°" mice, whereas it was absent in age-
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matched Mex3c"""; Lep®”*" mice. Hepatic damage in Mex3c*'";

Lep®™°" mice was intermediate between that of Mex3c™/"; Lep®”"
and Mex3c"™"™; Lep®°" mice. Thus, hepatic damage in Mex3c"’";
Lep®™°" mice was qualitatively milder than that in Mex3c™";
Lep°”*” mice, suggesting a modifying effect of Mex3c mutation on
the phenotypes of leptin deficiency.

DISCUSSION

We observed reduced adiposity in heterozygous (+/tr) and ho-
mozygous (tr/tr) Mex3c gene trap mice and increased energy ex-
penditure in +/tr mice. Although the energy expenditure of #r/tr
mice was not examined due to technical issues, it may have been
increased, since tr/tr mice were more severely affected than +/tr
mice in many of the parameters we examined, including adiposity,
adipocyte size, blood glucose levels, blood lipid levels, insulin sen-
sitivity, and hepatic steatosis in the ob/ob background. These ob-
servations also suggest a dosage-dependent effect of Mex3c on
energy balance: lower Mex3c expression favors a greater degree of
negative energy balance.

Liver-specific inactivation of IgfI causes a 75 to 80% reduction
of serum IGF1 and reduced fat deposition (41, 42). Although #r/tr
mice had 40% lower serum IGF1 levels than those of wild-type
mice (26), they did not have the hyperleptinemia, hyperinsulin-
emia, insulin insensitivity, and increased serum cholesterol ob-
served in liver-specific Igfl knockout mice (41, 46). Unlike +/tr
and #r/tr mice, which had increased oxygen consumption, liver-
specific Igfl knockout mice had unchanged oxygen consumption
(42). In addition, leptin deficiency in Mex3¢c mutant mice elimi-
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nated leanness but not growth retardation. Thus, IGF1 deficiency
is unlikely to underlie the metabolic effects of Mex3c mutation.
Since the Mex3c mutation affects both postnatal growth and adi-
pose deposition, creating a tissue-specific Mex3c knockout model
will be necessary to dissociate Mex3c’s effects on growth and me-
tabolism.

We postulate that the leanness of +/fr and tr/tr mice is caused
by increased energy expenditure but not by abnormal energy in-
take, as supported by the following. (i) Both +/tr and tr/tr mice
had normal food intakes. Although tr/tr mice consumed less food
each day due to growth retardation, no differences were observed
after controlling for lean mass. (ii) Fecal excretion and fecal lipid
content were not increased in +/tr or tr/tr mice, suggesting nor-
mal lipid absorption. (iii) Increased energy expenditure was ob-
served in +/tr mice. The leanness was unlikely to have been caused
by developmental defects, since (i) mouse embryonic fibroblast
cells from tr/tr mice had a similar adipogenic capacity to that of
cells from +/+ mice, suggesting that adipogenesis per se is not
affected by Mex3c mutation; (ii) +/tr mice did not show growth
retardation but had reduced adiposity at 5 months of age; (iii)
other internal organs, such as the heart, the liver, and the lungs,
were not reduced to the same degree in tr/tr mice; and (iv) leptin
deficiency in tr/tr mice eliminated leanness but not growth retar-
dation, suggesting that growth retardation and reduced adiposity
were not intimately related in Mex3c mutant mice.

Our data suggest that Mex3c mutation might have affected cen-
tral nervous system regulation of energy expenditure in +/¢r and
tr/tr mice. This notion is supported by our observations of Mex3c’s
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from each mouse receiving the same injection was mixed for quantitative RT
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view. In panels A to D, means = SEM are shown.

low expression in peripheral tissues involved in lipid metabolism
yet high expression in neurons of the brain (26), especially in the
hypothalamic ARC, VMN and DMN, with important roles in en-
ergy homeostasis regulation (10, 11, 15). In addition, we observed
normal fatty acid oxidation in liver and muscle tissues from mu-
tant mice. Pgc-Ia expression in brown adipose tissue is not in-
creased in +/tr mice, although it is increased in tr/tr mice, and this
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increase could not explain the leanness, since whole-body Pgc-Ia
transgenic mice do not show changes in body weight or fat com-
position (30). It could be a feedback response to the tr/tr mouse’s
inefficiency in maintaining body temperature due to small size
and reduced fat. Similarly, the reduction in Ucp2 expression in
+/tr and tr/tr mice could be a response to their negative energy
balance, since the main function for Ucp2 is to reduce the gener-
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TABLE 5 Blood analysis of Mex3c and Leptin double mutant mice”

Mean value = SEM for group®:

Mex3c™'™; Mex3ct'™, Mex3c"™";
Measurement Lep®®t Lep®®°* Lep°?/o
Glucose (mg/dl) 299.3 £50.8 2353 *39.9 227.0 (225, 229)
Insulin (jg/liter) 68.6 = 19.2 43.7 £ 14.5 51.7 (82.0, 21.3)
Triglyceride (mg/dl) 2723 =48.2 218.8 £73.0 259.9 (213.3,306.5)
Cholesterol (mg/dl) 146.0 = 17.1 1759 = 16.1 142.5 (155.1, 129.9)

@ Samples were collected after 6 h of fasting. The Mex3c™™; Lep®?/°” and Mex3c /",
Lep®”°" groups each had three animals, and the Mex3c"™""; Lep”’* group had two.
Except for one Mex3c™""; Lep®”°? mouse which was female, the rest of the mice were
males. Statistical comparison between the three groups was not attempted due to the
small sample size.

b Except for Mex3c"""; Lep®®°” mice, for which the values for the two mice are listed
after the means.

ation of reactive oxygen species by uncoupling the overflow of
NADH and FADH, from glucose and lipid oxidation (33). The
observations that Mex3c mutant mice had a normal body temper-
ature and that brown adipose tissue had relatively low Mex3c ex-
pression (our unpublished data) also argue against a major role of
brown adipose tissue in the leanness of Mex3c mutant mice. Al-
though energy expenditure is increased in Mex3c mutant mice,
other mechanisms may also contribute to the leanness of Mex3c
mutant mice. For example, central nervous system leptin has
lipolytic actions on adipocyte metabolism when the autonomic
innervation of fat tissue is intact (4).

Data from double mutant mice showed that leptin deficiency
completely abolished the metabolic effects of Mex3c mutation,
although Mex3c had a modifying effect on the phenotype of leptin
deficiency. Several possibilities can explain these observations. (i)
MEX3C, an RNA-binding protein, could regulate mRNAs encod-
ing proteins modulating leptin signaling. Many proteins, such as
SOCS3, PTP1B, SH2B, and SHP1, can regulate leptin signaling. If
MEX3C regulates known and unknown molecules involved in
leptin signaling, then the leanness of Mex3c mutants is expected to
be eliminated in the absence of leptin. The expression of Mex3cin
the ARC, VMN, and DMN of the hypothalamus, which are posi-
tive for leptin receptors (15), especially in leptin-responsive neu-
rons, provides the anatomical basis for this possibility. Although
Leptin and Mex3c double mutant mice were obese, they had
milder liver damage than that of mice with only Leptin mutation.
This suggests that Mex3c also functions independent of leptin sig-
naling. Thus, if MEX3C regulates leptin signaling, it must also
regulate additional molecules outside the leptin signaling path-
way. (ii) MEX3C does not regulate leptin signaling but regulates
other signaling pathways involved in energy balance, such as in-
sulin signaling, and the leanness effects of Mex3c mutation could
be overridden by the lack of leptin signaling. Whatever mecha-
nisms are responsible, it is possible that Mex3c is involved in cen-
tral regulation of energy balance.

Most NPY/Agrp and POMC neurons in the ARC expressed
undetectable Mex3c, and the expression pattern of Npy, Agrp, and
Pomc in tr/tr mice could not explain the observed leanness. In-
stead, the data suggest a normal feedback response to reduced
adiposity, meaning that NPY/Agrp and POMC neurons in the
ARC are unlikely to be involved in the leanness of Mex3c mutant
mice. Other Mex3c-positive neuron types in the ARC, VMN, and
DMN could have been affected by the mutation. Damage to SF-
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1-positive neurons in the VMN causes obesity, mainly through
abnormal energy expenditure rather than increased food intake
(11, 34). It is unknown whether the SF-1-positive neurons are also
Mex3c positive; this possibility exists, since Mex3c is expressed in
leptin-responsive neurons, where the SF-1-positive neurons are
found.

Several important issues are raised by this study and need to be
addressed in future research. First, if the central nervous system is
involved in the leanness of Mex3c mutant mice, what are the iden-
tities of the Mex3c-positive neurons involved in the process? The
evident effects of Mex3c mutation on energy balance (leanness
even in heterozygous mice) highlight the important roles of these
neurons in this process. Although the identity of Mex3c-positive
neurons remains unknown, MEX3C could be a useful marker to
define new groups of neurons in the brain which may play impor-
tant roles in energy homeostasis. Second, what are the target
mRNA molecules regulated by MEX3C and involved in energy
balance? Identification of MEX3C-regulated mRNAs will greatly
improve our understanding of how energy balance is regulated at
the molecular level.

Without inhibiting food intake, Mex3c mutation produced
multiple beneficiary effects on glucose and lipid metabolism. Mu-
tant mice had lower blood glucose and blood lipid concentrations
and increased insulin sensitivity. In addition, Mex3c mutation
ameliorated the hepatic steatosis seen with leptin deficiency.
These effects of Mex3c mutation might explain why the human
MEX3C locus is associated with hypertension (21). Although
Mex3c mutation causes growth retardation during development,
MEX3C and its targets could be promising drug targets for con-
trolling age-associated obesity and obesity-associated metabolic
syndromes.
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