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Abstract: Itis widely accepted that body weight and adipose mass are tightly regulated by homeostatic mechanisms,
in which leptin plays a critical role through hypothalamic pathways, and obesity is a result of homeostatic disorder.
However, in C57BL/6J mice, we found that Rcan2 increases food intake and plays an important role in the develop-
ment of age- and diet-induced obesity through a leptin-independent mechanism. RCAN2 was initially identified as a
thyroid hormone (T3)-responsive gene in human fibroblasts. Expression of RCANZ2 is regulated by T3 through the
PI3K-Akt/PKB-mTOR-Rps6kb1 signaling pathway. Intriguingly, both Rcan2”™ and Rps6kb1”™ mutations were re-
ported to result in lean phenotypes in mice. In this study we compared the effects of these two mutations on growth and
body weight in C57BL/6J mice. We observed reduced body weight and lower fat mass in both Rcan2™~ and Rps6kb1™""
mice compared to the wild-type mice, and we reported other differences unique to either the Rcan2”™ or Rps6kb1™""
mice. Firstly, loss of Rcan2 does not directly alter body length; however, Rcan2”™ mice exhibit reduced food intake. In
contrast, RpsGkb1'/' mice exhibit abnormal embryonic development, which leads to smaller body size and reduced
food intake in adulthood. Secondly, when fed a normal chow diet, Rcan2™™ mice weigh significantly more than
Rps6kb1™™ mice, but both Rcan2™™ and Rps6kb1™ mice develop similar amounts of epididymal fat. On a high-fat diet,
Rcan2™ mice gain body weight and fat mass at slower rates than Rps6kb1™"~ mice. Finally, using the double-knockout
mice (Rcan2_’_ RpsGkb1"_), we demonstrate that concurrent loss of Rcan2 and Rps6kb1 has an additive effect on
body weight reduction in C57BL/6J mice. Our data suggest that Rcan2 and Rps6kb1 mutations both affect growth and
body weight of mice, though likely through different mechanisms.
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1 Introduction

Obesity increases the risk for type 2 diabetes,
cardiovascular disease, and early mortality, and over
the past several decades, has reached epidemic pro-
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portions worldwide (Kahn and Flier, 2000; Zimmet
et al., 2001; Eckel et al., 2005). The escalating prev-
alence of obesity puts tremendous pressure on public
health and economic systems in both developed and
developing countries. Understanding the physiological
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and molecular mechanisms that underlie the regula-
tion of body weight is a significant challenge in cur-
rent biomedical research. In recent years, many genes
have been identified that function to regulate body
weight, as evidenced through studies employing ge-
netic mouse models. Mutations in these genes alter
body weight of mice, often leading to lean or obese
phenotypes (Reed et al., 2008). Some of these genes
are linked to the leptin-melanocortin signaling system,
which is believed to play a fundamental role in con-
trolling energy balance (Garfield et al., 2009; de
Jonghe et al., 2011; van der Klaauw and Farooqi,
2015), while other genes are associated with separate
systems. Elucidating the complex interplay among
these genes can increase our understanding of
mechanisms of regulating body weight.

The Rcan?2 gene is involved in the regulation of
body weight (Sun et al., 2011). In mice, two splice
variants of Rcan?2 that display distinct tissue-specific
expression patterns have been identified (Mizuno
et al., 2004): Rcan2-3 is expressed predominately in
the brain, whereas Rcan2-1 is also expressed in other
tissues, such as the heart and skeletal muscle. Re-
cently, it was reported that loss of Rcan2 function in
mice did not affect their linear growth (Bassett et al.,
2012), but significantly ameliorated age- and diet-
induced obesity by causing a reduction in food intake
(Sun et al., 2011). Using double-mutant (Lep””*’
Rcan2™") mice, we demonstrated that Rcan? and
leptin regulate body weight through different path-
ways. Thus, we hypothesized that Rcan2 may in-
crease food intake and promote weight gain through a
leptin-independent pathway (Sun et al., 2011). RCAN2
was initially identified as a thyroid hormone (T3)-
responsive gene in human fibroblasts (Miyazaki et al.,
1996). Subsequent studies revealed that T3 regulates
RCAN2 expression through the PI3K-Akt/PKB-
mTOR-Rps6kb1 signaling pathway in vitro (Cao
et al., 2005). The protein kinase mTOR (the mam-
malian target of rapamycin) functions as an evolu-
tionarily conserved environmental sensor (Laplante
and Sabatini, 2012). Recently, a large number of
studies suggested a critical role for mTOR in the
regulation of energy homeostasis (Cota et al., 2006;
Mori et al., 2009; Roa and Tena-Sempere, 2010).
Rps6kbl (ribosomal protein S6 kinase 1, also known
as S6K1) is a key downstream effector of mTOR that
acts to integrate nutrient and insulin signals (Fingar

et al., 2002), and is a ubiquitously expressed serine/
threonine protein kinase that phosphorylates the 40S
ribosomal protein S6 in response to mitogens (Dufner
and Thomas, 1999). Rps6kb1 also phosphorylates a
unique set of diverse targets, many of which promote
protein production (Ma and Blenis, 2009). Rps6kbl
has been implicated in ribosomal biogenesis and
translational regulation, as well as in the control of
cell size, gene transcription, and feedback regulation
of insulin signaling (Magnuson et al., 2012). Intri-
guingly, mice with whole-body knockout of Rps6kb1
were reported to be resistant to age- and diet-induced
obesity (Um et al., 2004); however, Rps6kb1 "~ mice
exhibited decreased fat accumulation, which was
attributed to an enhanced metabolic rate. In addition,
Rps6kbI™™ mice exhibited small size and develop-
mental delays (Shima et al., 1998). Thus, although
Rcan2 was initially identified as an Rps6kbi-
regulated gene in vitro, the interaction between their
function of Rcan2 and Rps6kbl on murine body
weight regulation remains to be determined.

The present study was conducted to compare the
effects of loss of Rcan2 and Rps6kbl on growth and
body weight in mice from the C57BL/6J (B6) ge-
netic background. B6 mice develop an obese phe-
notype when allowed ad libitum access to a high-fat
diet (HFD), whereas B6 body weight remains nor-
mal on a normal chow diet (NCD); this closely par-
allels the phenomenon of human obesity (Surwit
et al., 1988; 1995; Fraulob et al., 2010). Therefore,
the B6 mouse is a robust model used for both
mechanistic studies and as a tool for developing
novel therapeutic interventions in diet-induced obe-
sity. Since the ovarian hormone estrogen plays a
critical role in the regulation of body weight in fe-
males (Wade, 1972), this study only involved male
mice to avoid any potential confounding impact of
estrogen on our data and conclusions. We compared
the effects of Rcan2” and Rps6kbl "~ mutations on
newborn pups, and monitored changes in body weight
and adipose mass in mice fed on NCD or HFD. To
further determine the relationship between Rcan2 and
Rps6kbl1, we evaluated weight gain and growth in the
double-mutant (Rcan2”~ Rps6kb1™") mice. Our re-
sults revealed that both Rcan2”™ and Rps6kbl '~
mutations have significant impacts on growth and
body weight in B6 mice, but through independent
mechanisms.
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2 Materials and methods
2.1 Animals

Rean2™™ (RBRC04891) and Rps6kbl™™ mice
(RBRC02385) were generated as described previ-
ously (Kawasome et al., 1998; Sun et al., 2011), and
imported from the RIKEN BioResource Center (To-
kyo, Japan). Although both of these mouse strains
were reported to have been backcrossed to B6 mouse
for more than ten generations in the documentation of
RIKEN BioResource Center, they were further
backcrossed to B6 for more than six generations after
arriving at our lab. Homozygous male Rcan2”~ and
Rps6kbI™™ mice were obtained by mating the relevant
heterozygous mice. Genotypes of pups were determined
by polymerase chain reaction (PCR) (Kawasome et al.,
1998; Sun et al., 2011).

To generate the double-knockout (Rcan2™”
Rps6kbI™") mice, Rcan2”™ mice and Rps6kbl™™
mice were crossed to produce the double heterozy-
gote Rean2"™ Rps6kbl™". These mice were then in-
tercrossed to produce double homozygotes.

Mice were maintained in individually ventilated
cage systems at Shandong University School of Life
Science, in an environment maintained at 22-24 °C,
with a 12-h light/dark cycle, and ad libitum access to
NCD (4% fat, 3650 kcal’kg (1 kcal=4.1868 KkJ),
SLACOM" Mouse Breeder, Pu Lu Teng Biotech-
nology Co., Shanghai, China) and distilled water,
unless noted otherwise.

2.2 Experimental design

The Rcan2”” mice and the Rps6kbl~ mice,
which were obtained from mating the relevant het-
erozygous mice, were divided into two groups: NCD
and HFD. At least 11 mice from each strain were
weaned onto the NCD and remained on this diet for
16 weeks; at least 9 mice from each strain were fed
HFD (60% fat, 5240 kcal/kg, D12492, Research Diets,
New Brunswick, New Jersey) for 16 weeks. Wild-
type (WT) littermates, which were obtained from the
above mating, were used as controls.

Eight double-mutant (Rcan2”~ Rps6kb1™"") mice
were obtained from mating the double heterozygotes.
Eight Rps6kbI™~ littermates, which were obtained
from the same mating, were used as controls. These
mice were weaned onto NCD at 4 weeks of age, and
remained on this diet for 16 weeks.

Two to four mice of the same age were housed in
a single cage, regardless of mouse genotypes. Body
weight was measured using a digital electronic bal-
ance once per week at a regular time (16:00—18:00).

The body weight of newborns was recorded at
postnatal day zero, before the pups began nursing.

2.3 Food intake measurements

Food intake on the HFD was assessed by
weighing food in the dispenser of each cage once
every two days for a period of 16 weeks, to determine
how much had been eaten. Referring to the method in
our previous study (Sun et al., 2011), mice were
housed individually in cages with a steel screen.

2.4 Body composition measurements

Mice were anesthetized with pentobarbital at
20 weeks of age, and white adipose tissue deposits
(retroperitoneal and epididymal; RWAT and EWAT,
respectively) and livers were dissected and weighed
using a digital electronic balance. The left tibia from
each animal was isolated and measured using a ver-
nier caliper.

2.5 Histological examination

Epididymal adipose tissues and livers were dis-
sected, fixed in 4% paraformaldehyde at 4 °C over-
night, and dehydrated via an ethanol series. Tissues
were embedded in paraffin, cut into 10-pm-thick
sections, and stained with hematoxylin and eosin
(H & E) for microscopic analysis. Digital images were
acquired with a Nikon YS100 light microscope. Ad-
ipocyte volume was determined using Imagel soft-
ware (National Institutes of Health, Bethesda, USA).

2.6 Pair-feeding studies

From four weeks of age, four mice of the same
genotypes were housed in single cages. Pair-feeding
was accomplished by measuring the food intake of the
ad libitum HFD-fed Rcan2”™ male mice every 24 h
and providing the same amount of food to the pair-fed
WT mice. Body weights were recorded weekly. After
16 weeks of pair-feeding, mice were sacrificed, and
fat pads and livers were removed and weighed.

2.7 Western-blot analysis

The hypothalami of 2-month-old mice were
homogenized in ice cold cell lysis buffer (10 mmol/L
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Tris, pH 7.4, 1% Triton X-100, 150 mmol/L. NaCl,
1 mmol/L ethylenediaminetetraacetic acid (EDTA),
0.2 mmol/L phenylmethylsulfonyl fluoride (PMSF)).
Aliquots of 40 pg of protein were separated on 10%
sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels and transferred onto
Immobilon-P  polyvinylidene difluoride (PVDF)
membrane (Millipore Corporation, Bedford, MA,
USA). After blocking, the membranes were probed
with anti-Rps6kb1 (ab32529, Epitomics) or anti-actin
(P30002, Abmart) primary antibodies overnight at
4 °C, and with anti-rabbit horseradish peroxidase
(HRP) conjugated IgG secondary antibody (ZB-2301;
ZSGB-BIO) for 1 h at room temperature. The im-
munoreactive bands were visualized using enhanced
chemiluminescence system (ECL) detection reagents.

2.8 Real-time PCR

Total RNA was extracted from mouse hypo-
thalamus using TRIzol (Invitrogen, Carlsbad, CA,
USA). Complementary DNA (cDNA) was synthesized
from total RNA with a RevertAid first-strand cDNA
synthesis kit (Thermo Scientific, Waltham, MA,
USA). Real-time quantitative PCR (qPCR) was car-
ried out using the SYBR Green Premix Ex Taq
(TaKaRa Biotechnology, Dalian, China) and per-
formed using a Light Cycler 480 instrument (Roche
Applied Science, Indianapolis, IN, USA). Relative
gene expression levels were normalized against
f-actin, then averaged and expressed as mean+
standard error of the mean (SEM). Primers used for
gPCR experiments were described previously (Sun
etal., 2011).

(a) (b)
g &
& QSPO QS?Q

Rps6kh 1 s s—" a—

B-actin [Su————

2.9 Statistical analysis

Data were expressed as mean+SEM, and were
considered significant at P<0.05. Statistical analysis
of the data was performed using Student’s #-test and
one-way analysis of variance (ANOVA), followed by
Bonferroni’s multiple comparison correction, using
GraphPad Prism 5.01 (GraphPad Software, La Jolla,
CA, USA).

3 Results

3.1 Evaluation of Rcan2 and Rps6kbl1 expressions
in knockout mice

We initially determined if deletion of Rcan2 af-
fected the expression of Rps6kbl in vivo, or vice
versa. Our results showed that loss of Rcan2 did not
alter the protein expression of Rps6kbl (Fig. 1a);
likewise, absence of Rps6kbl did not directly influ-
ence the expression of Rcan2 (Figs. 1b and 1c). We
were unable to determine if loss of Rps6kb1 affected
the protein expression of Rcan2, due to lack of an
antibody to specifically detect murine Rcan2.

3.2 Effect of loss of Rps6kb1 and Rcan2 on mouse
birth weight

In order to determine the effect of these two
mutations on embryonic development, we monitored
the body weights of knockout pups through mating
the heterozygous mice. The average body weights of
the WT offspring in Rcan2”™ mating or Rps6kbl™"
mating were similar. Rps6kbI™~ pups weighed about
17% less than WT littermates, while the weight of
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Fig. 1 Expression of Rps6kb1 protein in Rcan2™™ mice and expression of Rcan2 mRNA in Rps6kbI™~ mice
(a) Expression of Rps6kbl protein in Rcan2” mice. Total protein was isolated from hypothalami of WT, Rean2"", and
Rcan2™"” mice and subjected to Western-blot probing for Rpsékb1 and B-actin (internal control). Genotyping of Rean2 is shown
for representative animals (top). (b) Expression of Rps6kb1 protein in Rps6kbI™~ mice. (c) Expression levels of Rean2-1 and
Rcan2-3 mRNA in Rps6kbl™ mice. Total RNA was isolated from hypothalami of WT and Rps6kbI " mice and subjected to
real-time quantitative PCR analysis using primers specific for Rcan2-1, Rcan2-3, and f-actin (internal standard). mRNA ex-
pression levels are reported as relative to expression from WT mice. n=4 in each group. All values are given as mean+SEM
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Rcan2”” pups was similar to that of WT pups (Table 1),
indicating that loss of Rps6kbi, but not Rcan2, sig-
nificantly affects mouse embryonic development.

Table 1 Body weights of newborn pups at birth

Body weights of newborn pups (g)

Genotype

Male Female

Rps6kbl™~ 1.16£0.01% (n=21) 1.15+0.02° (n=23)
Rean2™”™

Rps6kbl™" 1.16£0.02° (n=20) 1.14+0.02° (n=19)
Rean2™*

Rps6kbI™* 1.39£0.03° (n=24) 1.4120.03° (n=23)
Rean2™~

Rps6kbl™* 1.43+0.02° (n=29) 1.35+0.03° (n=14)
Rean2™* (WT)

Within the same sex, body weights not sharing the same super-
script letter are significantly different (P<0.05). Values are given as
mean+=SEM

3.3 Effect of loss of Rcan2 and Rps6kb1 on growth
and body weight in B6 mice on NCD

Smaller body size put the Rps6kbl™~ pups at a
disadvantage in their ability to compete for nursing,
which led to a lower survival rate compared to WT

01 O Rean2-

54 A Rps6kb1--
0

10 12 14 16 18
Age (weeks)

Tibia length (mm)

WT Rcan2’~  Rps6kb1-

littermates. In order to improve survival rate of these
small pups, we random moved some bigger pups
away, and retained single litters of 4-5 pups. This
approach substantially improved the survival rate and
increased the body weights of the Rps6kbl™~ pups.
Even so, Rps6kbI™™ pups still weighed significantly
less than WT mice at four weeks of age ((12.8£0.4) g
in Rps6kb1™"™ mice vs. (15.5+0.3) g in WT mice; P<
0.0001; Fig. 2a and Table S1), suggesting that early
postnatal overnutrition cannot completely compen-
sate for the negative impact of Rps6kbI loss on pre-
natal growth and development. However, when we
reduced the litter size of Rcan2”~ pups, we saw that
the weights of small litters of Rean2”~ pups were able
to exceed the weights of WT mice in litters with more
pups.

Starting from four weeks of age, a cohort of mice
was placed on the NCD and their growth was moni-
tored. Rps6kbI™ mice were significantly lighter than
WT and Rean2™™ mice at the initial measurement, and
their body weight never caught up over the duration
of the monitoring period (Fig. 2a). There were no
significant differences in growth rates between WT

"
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Fig. 2 Phenotypes of WT, Rcan2™", and Rps6kbI”~ mice fed NCD
(a) Growth curves of WT, Recan2”, and Rps6kb1™~ mice fed NCD. Body weights of 13 Rcan2™", 11 Rps6kb1™", and 21 WT
male mice were analyzed from postnatal Week 4 to Week 20. Y P<0.05, " P<0.001, ™" P<0.0001 (Rcaan/f vs. WT);
## p<0.0001 (Rps6kbI™™ vs. WT); © P<0.05, ™" P<0.001, ™" P<0.0001 (Rps6kbI™~ vs. Rcan2”"). (b) Representative ex-
amples of 20-week-old WT, Rcan2™", and Rps6kbI™~ males. (c) Mean tibia lengths of 13 20-week-old WT, 7 Rcan2™™ and
11 Rps6kbI™™ males. =" P<0.0001. (d) Mean weight of epididymal white adipose tissue in 13 WT, 7 Rean2™", and 11
Rps6kbl™ males at 20 weeks of age. ~ P<0.05, ™ P<0.001. All values are given as mean+SEM
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and Rcan2”™ mice before 10 weeks of age; however,
after 10 weeks of age, WT mice gained weight more
quickly (Fig. 2a). At 20 weeks of age, Rcan2” ™ mice
weighed about 11.4% less than WT mice ((28.9+£0.5) g
in Rean2”™ mice vs. (32.6+0.6) g in WT mice; P<
0.0001), but about 9.1% more than Rps6kbl”~ mice
((28.940.5) g in Rcan2” mice vs. (26.5+0.3) g in
Rps6kbI™™ mice; P<0.001; Fig. 2a, Fig. 2b, and
Table S1). Tibia lengths of Rcan2”™ mice were sim-
ilar with those of WT mice ((18.224+0.02) mm in
Rcan2”™ mice vs. (18.35£0.06) mm in WT mice;
P=0.12), while about 5.2% longer than those of the
Rps6kbl”" mice ((18.22+0.02) mm in Rcan2”™ mice
vs. (17.32+0.07) mm in Rps6kbl”~ mice; P<10;
Fig. 2c and Table S1). The sizes of the epididymal fat
pads, which are considered to be highly correlated
with total amount of body fat (Rogers and Webb,
1980; Eisen and Leatherwood, 1981), were markedly
reduced in Rcan2”™ mice compared to those of the
WT mice (about 44% reduction), but were similar in
size to the epididymal fat pads of the Rps6kbI™~ mice
(Fig. 2d and Table S1). These data indicate that loss
of Rcan2 only reduces body weight, but not body
length, whereas loss of Rps6kbl reduces not only
body weight, but also body length.

3.4 Effect of loss of Rcan2 and Rps6kb1 on growth
and body weight in B6 mice fed HFD

Body growth is also influenced by diet compo-
sition, so a group of mice was placed on HFD and
growth was monitored. At four weeks of age, the
Rps6kbI”~ mice were smaller than WT mice; the
slower growth of Rps6kbl”~ mice continued up to
20 weeks of age ((35.6+1.4) g in Rps6kbI™~ mice vs.
(48.6+0.9) g in WT mice; P<10"'; Fig. 3a, Fig. 3b,
and Table S2). Interestingly, up to 13 weeks of age,

Rps6kbI™™ mice were also smaller than Rean2” ™ mice.

After 13 weeks of age, however, the body weights of
Rps6kbl™™ mice increased more quickly and, at
20 weeks of age, the weight of Rps6kbl”~ mice was
similar to that of Rcan2”™ mice ((35.6+1.4) g in
Rps6kbI™™ mice vs. (35.0+1.5) g in Rcan2”™ mice;
P=0.77; Fig. 3a, Fig. 3b, and Table S2). At the be-
ginning of these measurements, Rcan2”~ mice had
similar initial weights to WT mice (P=0.16), but the
growth rate of Rcan2”” mice was slower than that of
WT males. The weights of Rcan2” ™ mice were sig-
nificantly different from weights of WT mice begin-

ning at 7 weeks of age, the average weight difference
reaching about 13.6 g at 20 weeks of age ((35.0+1.5) g
in Rean2™™ mice vs. (48.6+0.9) g in WT mice; P<10;
Fig. 3a, Fig. 3b, and Table S2). Consistent with the
results from NCD (Fig. 2c¢), tibia lengths of Rean2™"
mice were similar to those of WT mice ((18.13%
0.07) mm in Rean2”™ mice vs. (18.27£0.05) mm in
WT mice; P=0.10), while about 6.4% longer than
those of the Rps6kbl”™ mice ((18.13+0.07) mm in
Rean2”” mice vs. (17.03£0.07) mm in Rps6kbl ™~
mice; P<10"*; Fig. 3¢ and Table S2). Although the
weights of Rps6kbl”~ mice were not different than
those of the Rcan2”™ mice at 20 weeks of age
(Fig. 3a), anatomical analyses demonstrated that
white fat deposits (including epididymal and retro-
peritoneal white adipose tissue) and livers of
Rps6kbI™ mice were significantly heavier than those
of Rean2”"” mice (Fig. 3d and Table S2). On the other
hand, while the Rps6kbl”~ mice were significantly
lighter than WT mice, their epididymal fat deposits
were of similar size (P=0.57; Fig. 3d and Table S2).

All strains of mice gained more weight and had
heavier fat pads on HFD compared to NCD. Relative
gain in body weight of mice maintained on HFD
compared to NCD was determined by dividing the
body weights of mice fed on HFD by the weights of
mice fed on NCD at 20 weeks of age (Black et al.,
1998). The relative weight gain ratio was 1.49 in WT
mice ((48.6+0.9) g on HFD vs. (32.6+0.6) g on NCD),
1.34 in Rps6kbl”™ mice ((35.6+1.4) g on HFD vs.
(26.5+0.3) g on NCD), and 1.21 in Rean2”™ mice
((35.0+1.5) g on HFD vs. (28.9+0.5) g on NCD). This
indicates that, although Rps6kbl™"~ mice were shorter
than Rcan2”" mice in body length (Figs. 2¢ and 3c),
they gained weight more quickly on HFD.

To identify possible causes of differential body
weight gain, we measured the food intake of WT,
Rcan2””, and Rps6kbl”~ mice for a period of
16 weeks. WT mice ingested more food than
Rps6kbl™"~ mice and Rean2”™ mice from the start of
the measurement (Fig. 3¢). Rcan2” mice tended to
consume more food than Rps6kbl”~ mice during the
first 10 weeks of the measurement, but this difference
was not statistically significant (Fig. 3e). Cumulative
food intake results showed that Rcan2”™ mice ingested
similar amounts of food compared to Rps6kb1~~ mice;
these were significantly lower compared to the cu-
mulative food intake of WT mice (Fig. 3f).
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Fig. 3 Phenotypes of WT, Rcan2™", and Rps6kbI”~ mice fed HFD
(a) Growth curves of WT, Rean2™", and Rps6kbI™~ mice fed HFD. Body weights of 11 Rean2™", 9 Rps6kb1™", and 12 WT
males were analyzed from postnatal Week 4 to Week 20. * P<0.05, ™ P<0.001, ™" P<0.0001 (Rcan2™~ vs. WT);  P<0.001,
## P<0.0001 (Rps6kb1™ vs. WT); © P<0.05, ™ P<0.001, * P<0.0001 (Rps6kbl™~ vs. Rcan2™"). (b) Representative ex-
amples of 20-week-old WT, Rcan2”~ and Rps6kb1™ males. (c) Mean tibia lengths of 12 WT, 9 Rean2™ and 8 Rps6kbl ™~
males at 20 weeks of age. ™ P<0.0001. (d) Mean weight of epididymal and retroperitoneal white adipose tissue (EWAT and
RWAT, respectively) and liver in 12 20-week-old WT, 9 Rean2 ™, and 8 Rps6kb1~ males. ” P<0.05, ™ P<0.001, ™" P<0.0001.
(e) Biweekly food intake measured from postnatal Week 5 to Week 20 in 4 WT, 4 Rean2”, and 6 Rps6kb1™ ™ mice. * P<0.05,
™ P<0.001 (Rcan2™™ vs. WT); ¥ P<0.05, ¥ P<0.001 (Rps6kbl™~ vs. WT). (f) Cumulative food intake measured from

postnatal Week 4 to Week 20 in 4 WT, 4 Rean2™", and 6 Rps6kbI™ mice. ™™ P<0.0001. All values are given as mean+SEM

3.5 Histological analysis of epididymal white ad- Rps6kbI”™ mice compared to Rcan2”” mice, and
adipocytes from both knockouts were smaller than

adipocytes from WT mice (Figs. 4a and 4b).
Histological analysis was performed to charac- Consumption of the HFD led to an increase of
terize the morphologic differences in EWAT and liver  adipocyte size in all three strains of mice (Figs. 4a and
between the three strains of mice at 20 weeks of age,  4b); however, there were apparent histological dif-
on either NCD or HFD. In the NCD-fed groups, the  ferences. We found no differences in EWAT mass
mean size of adipocytes in EWAT was larger in  between WT and Rpsékblf/f mice (Fig. 3d), but the

ipose tissue and liver
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Fig. 4 Histological analysis of epididymal white adipose tissue (EWAT) and liver

(a) EWAT morphology. Rcan2”", Rps6kbl™", and WT mice were fed either NCD or HFD from postnatal Week 4 to Week 20;
animals were humanely sacrificed and histological analysis was performed on EWAT samples. Representative H & E stains
of EWAT from each of the six treatment groups are presented. Arrows indicate the presence of crown-like structures in the
HFD-fed WT and Rps6kbI™~ mice. Scale bar: 100 um. (b) Average size of adipocytes. Adipocyte size was determined using
ImagelJ software. Statistics were performed in each diet group using one-way ANOVA, and individual group differences
were measured using Bonferroni correction. ~ P<0.0001. All values are given as mean+SEM. (c) Liver histology.
Rean2” 5, Rps6kb17/ ~, and WT mice were fed either NCD or HFD from postnatal Week 4 to Week 20; animals were hu-
manely sacrificed and histological analysis was performed on liver samples. Representative micrographs of H & E-stained
liver sections demonstrate much more severe steatosis in livers of HFD-fed WT mice than Rps6kb] "~ mice, while Rean2 ™
mice did not suffer hepatic steatosis, even on HFD. Scale bar: 100 um
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mean size of adipocytes in WT mice was a little
smaller compared with Rps6kbl”~ mice, and the
EWAT adipose tissue of WT mice contained more
crown-like structures (CLSs) than that of Rps6kbl "
mice (Figs. 4a and 4b). EWAT adipocytes of Rcan2 ™'
mice were significantly smaller than those of WT
mice or Rps6kb1~"~ mice, on either NCD or HFD, and
we detected very few CLS in the EWAT tissue of
Rcan2”” mice (Figs. 4a and 4b).

All the three strains of mice fed NCD had
well-organized liver structure, and no apparently
obvious features of steatosis (Fig. 4c). On HFD, the
extent of liver steatosis was associated with the
weight of liver; Rps6kbl™™ mice displayed steatosis
and WT mice displayed more severe steatosis than
Rps6kb1™"~ mice, while there was no hepatic steatosis
detected in Rcan2”™ mice on HFD (Fig. 4c). In-
creased liver weight and steatosis were previously
reported to be associated with the loss of EWAT
during the course of HFD feeding (Kolak et al., 2007),
and in our study the liver histological results in these
mice were closely correlated with morphologic
changes in the EWAT.

665

3.6 A pair-feeding between WT mice and Rcan2™~
mice on HFD

According to the results on HFD (Fig. 3), WT
mice ingested more food than Rcan2”” mice and
gained more weight and fat deposits, but their body
lengths were similar. To determine whether the
weight differences between WT and Rcan2”™ mice
were solely due to differential food consumption, we
performed pair-feeding experiments for a period of
16 weeks. Our results showed that if WT mice con-
sumed the same amount of HFD as Recan2”~ mice,
their body weight trajectories were nearly identical
(Fig. 5a), and they gained similar amount of weight
during the 16-week monitoring period ((19.2+1.2) g
in WT mice vs. (19.6+1.2) g in Rean2”” mice; P=0.80;
Fig. 5b and Table S3). Dissection results revealed that,
after long-term pair-feeding, WT mice and Rcan2™~
mice contained similar amounts of adipose deposits,
including EWAT, RWAT (P=0.19 and 0.73, respec-
tively; Fig. Sc and Table S3), and liver (P=0.37;
Fig. 5d and Table S3). These results showed that both
weight gain and body composition of WT mice
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Fig. 5 A pair-feeding study between WT and Rcan2”~ mice on HFD
(a) Growth curves of the WT and Rcan2”™ mice after a 16-week pair-feeding study. (b) Mean weight gain measured from
postnatal Week 4 to Week 20 in WT and Rean2” ™ mice. (¢, d) Mean weights of epididymal and retroperitoneal white adipose
tissue (EWAT and RWAT, respectively; c) and of liver (d) in WT and Rcan2” mice after pair-feeding for 16 weeks. n=4

animals for each groups. All values are given as mean+SEM
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resembled those of Rcan2”~ mice on HFD, if WT mice
consumed similar amounts of food as Rcan2” ™ mice.

3.7 Growth of double-knockout (Rcan2™™ Rps6kbI™")
mice fed NCD

The above results showed loss of Rcan2 or
Rps6kb1 affects growth and body weight in mice, but
the phenotypes were different, thus we hypothesized
that these two mutations affect growth through dif-
ferent mechanisms. In order to confirm our hypothe-
sis, we generated double-mutant (Rcan2™~ Rps6kb1™")
mice. Double-mutant newborns weighed significantly
less than Rcan2”™ newborns, but had weights similar
to the Rps6kbl”"~ newborns (Table 1). These results
demonstrated that loss of Rps6kbl, but not Rcan2,
affected embryonic development in mouse. The
weights of animals fed NCD were monitored starting
from 4 weeks of age. Double-mutant mice weighed
significantly less than Rps6kbl™~ mice from the be-
ginning of the experiment, and never caught up during
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the whole monitoring period (Fig. 6a). Starting from
about 13 weeks of age, double-mutants manifested
slower weight gain, and at 20 weeks of age, dou-
ble-mutant mice weighed 3.3 g less than Rps6kbl™~
mice ((24.6+0.5) g in double-mutant mice vs. (27.9+
0.5) g in Rps6kbI™ mice, P<0.0002; Fig. 6a and
Table S4). Tibia length measurements showed that
the bones of double-mutant mice were similar to those
of the Rps6kbI™™ mice ((17.13+0.14) mm in dou-
ble-mutant mice vs. (17.33+0.08) mm in Rps6kbI™~
mice; P=0.18; Fig. 6b and Table S4); however, the
size of white adipose deposits (including epididymal
and retroperitoneal fat pad) and livers were signifi-
cantly smaller in double-mutant mice compared to
those of Rps6kb1 ™~ mice (Fig. 6¢, Fig. 6d, and Table S4).
These data showed in the Rps6kbI™~ genetic back-
ground, loss of Rcan?2 resulted in further reduction of
body weight and adipose mass in mice, suggesting
that Rcan? and Rps6kbl independently regulated
murine growth and body weight.
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Fig. 6 Phenotypes of double-mutant (Rcan2™~ Rps6kb1™"") mice
(a) Growth curves of Rps6kbI™~ and double-mutant mice fed NCD. The body weights of 8 Rps6kbI™~ and 8 double-mutant
males were measured from postnatal Week 4 to Week 20. * P<0.05, ™ P<0.001. (b) Mean tibia lengths from 8 Rps6kb1 ™~ and
8 double-mutant males. (c, d) Weights of epididymal and retroperitoneal white adipose tissue (EWAT and RWAT, respec-
tively; c) and of liver (d) from 8 Rps6kbI”~ and 8 double-mutant males. * P<0.05, ™ P<0.001. All values are given as

meant+SEM
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4 Discussion

In this report we describe the effects that loss of
Rcan2 and Rps6kbl have on growth and body weight
in mice from the B6 genetic background. Consistent
with results reported (Um et al., 2004; Sun et al.,
2011), both Rean2”™ and Rps6kbI™~ mutations re-
duced body weight and fat mass in mice. However,
these two knockout strains displayed unique pheno-
typic traits. Firstly, while loss of Rcan2 did not lead to
a significant change in body length, Rcan2”™ mice
exhibited reduced food intake. On the other hand, loss
of Rps6kb1 greatly affected embryonic development,
and led to smaller body size and reduced food intake
in adulthood. Secondly, the manifestations of these
two knockout mice were different in mice fed either
HFD or NCD. On NCD, Rcan2”™ mice weighed sig-
nificantly more than Rps6kbI”~ mice, but the epi-
didymal fat pads of these mice were of similar sizes.
On the HFD, Rps6kbI”~ mice gained body weight
and fat mass more quickly than Rcan2”™ mice. Fi-
nally, using the double-mutant (Rcan2”~ Rps6kb1™")
mice, we observed an additive effects of the Rean2™”
and Rps6kbI™ mutations on body weight of mice fed
NCD. Therefore, our results suggest that Rcan? and
Rps6kbl regulate growth and body weight through
different mechanisms.

Growth, defined as an increase in size and body
weight, is one of fundamental aspects of development
(Baker et al., 1993). Mammals eventually reach a
body size limit determined by the rate and duration of
the growth process, which is mostly genetically con-
trolled. However, body weight is not only controlled
by genetic factors, but also by environmental factors,
such as diet composition (Hill and Peters, 1998). Thus,
we tried to control these environmental factors, es-
pecially diet composition, and then monitored body
weight trajectory to determine the impact of loss of
the target genes on growth. Additionally, we also used
tibia length as an indicator of body size. When com-
parisons of body weight trajectories between WT and
knockout mice are sought, plots of whole-body
weight vs. developmental time, as well as records of
tibia length, will provide adequate, although coarse,
overall indexes of the effects of these mutations on
mouse growth.

Although we had reported that inactivation of
the Rcan2 gene ameliorated the age- and diet-induced

obesity by causing a reduction in food intake, we
simultaneously observed that Recan2”™ mice weighed
significantly less than the WT mice starting at three
weeks of age. Moreover, tibia lengths, which repre-
sent whole-body size, were about 2% shorter in
Rean2”” mice than in WT mice at 22 weeks of age
(Sun et al., 2011). So, it is unclear whether reduced
body size is the cause of altered food intake, or vice
versa, in Rcan2”” mice. In the present study, we
found that if we reduced the pup number in the mouse
litters, the weight differences between Rcan2”~ and
WT mice at the time of weaning disappeared, and
differences of tibia lengths also disappeared in
adulthood. Recently, it was reported that early post-
natal undernutrition leads to shorter body size in mice
(Kappeler et al., 2009). Thus, we hypothesized that
the reduced tibia lengths of Rcan2”™ mice was pos-
sibly caused by the nutritional status, rather than the
direct effect of Rcan2”” mutation on development.
We further confirmed this hypothesis by a pair-
feeding experiment on HFD. When Rcan2” ™ and WT
mice were given ad libitum access to HFD for a pe-
riod of 16 weeks, we observed tremendous differ-
ences in body weight and body composition. How-
ever, when WT mice were only allowed to ingest the
same amount of food as Rcan2” ™ mice, the weight
gain and body fat mass in WT mice were not different
from those of the Rcan2”™ mice. These data suggest
that, even on HFD, the tremendous difference in body
weight and body composition between WT mice and
Rcan2”” mice may solely result from differential
food intake. Therefore, our results further verify that
there is an Rcan2-dependent mechanism that in-
creases food intake and promotes weight gain in mice.

Consistent with the results reported (Shima ez al.,
1998), the body weights of Rps6kb1~~ newborns were
significantly lower than those of WT newborns, a
phenotype that suggests intrauterine growth re-
striction (IUGR). The genetic backgrounds of the
mice used in these two studies were different, which
suggests that Rps6kb1 plays an essential role in mu-
rine embryonic development regardless of mouse
genetic background, although it is unclear how loss of
Rps6kb1 affects embryonic development. Recently, it
was suggested that impaired placental development,
as indicated by defects in the spongiotrophoblast and
labyrinthine layers, may be responsible for [UGR of
Rps6kbI™" mice (Um et al., 2015). On the other hand,
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deletion of Rps6kbl resulted in reduced cell size in
mice (Ohanna et al., 2005; Um et al., 2015), thus it
may be reasonable to propose that body size is re-
duced in proportion to the altered cell size. In the
subsequent postnatal developmental process, our
results showed that Rps6kbI ™~ mice displayed shorter
body size and reduced food intake. It is unclear
whether reduction of food intake in Rps6kbI™~ mice
directly resulted from the deficiency of Rps6kbl or
was merely proportional to diminished body size. It
has been suggested that hypothalamic Rps6kbl sig-
naling plays a key role in the control of food intake
and energy homeostasis (Blouet et al., 2008; Cota
et al., 2008; Dagon et al., 2012), although Smith
et al. (2015) recently reported that Rps6kb1 signaling
in pro-opiomelanocortin (POMC) and agouti-related
protein (AgRP) neurons does not play a major role in
feeding behavior or in the control of body weight.
These conflicting studies suggest that the role of
Rps6kbl in regulation of body weight and food intake
requires further investigation. The phenotypes of
Rps6kbl™™ mice described here were different from
those described previously (Shima et al., 1998; Um
et al., 2004), which reported that, in adulthood, the
body size of Rps6kbI™™ mice almost caught up with
that of WT mice. The food intake of the Rps6kbl '~
mice was similar to that of the WT mice, but energy
expenditure was increased in the Rps6kbl™~ mice,
leading to a lean phenotype (Um et al., 2004). These
discrepancies can possibly be attributed to the source
of the mutant mice or to differences in the genetic
background of the mice used in these studies. Our
mice were generated on the uniform B6 background,
and obtained from RIKEN BioResource Center
(Tokyo, Japan); knockouts were prepared by target-
ing exon 9, which encodes a part of the catalytic
domain (Kawasome et al., 1998), whereas the mutant
mice in the study by Shima et al. (1998) were from
the B6*1290la hybrid background, and were pre-
pared by replacing 1.2 kb of the genomic sequence
encompassing the conserved Ser/Thr kinase catalytic
subdomains VIII-X with a neomycin resistance
cassette.

The histological analysis of EWAT in knockout
and WT mice maintained on HFD indicated reduced
CLSs in the Rean2”™ mice compared to either WT or
Rps6kb1™™ mice. CLSs, which are clusters of mac-
rophages that have been recruited to the periphery of a

dead or dying adipocyte, are an indicator of adipocyte
death in models of diet-induced obesity (Weisberg
et al., 2003; Cinti et al., 2005; Strissel et al., 2007).
Adipose tissues are the main organs to store triglyc-
erides, and their storage capacity depends on the ex-
pansion of the adipocytes (Monteiro et al., 2006;
Smith et al., 2006). However, adipocyte death is sig-
nificantly correlated with adipocyte expansion. It was
reported that the frequency of adipocyte death in
EWAT increased progressively in the duration of
HFD feeding, and after 16 weeks of HFD feeding, the
rate of adipocyte death reached a maximum level in
B6 mice (Strissel et al., 2007). After 16 weeks, both
adipocyte number and mean adipocyte size decreased,
and fat deposit weight reduced by about 40%. Thus, at
Week 16, the rate of adipocyte death exceeded the
rate of tissue repair, resulting in net adipocyte and
EWAT loss (Strissel et al., 2007). In our present study,
the duration of HFD feeding was just 16 weeks. Thus,
the reduced EWAT weight and increased CLS num-
ber in WT mice suggested that the frequency of adi-
pocyte death was higher in WT mice than in Rean2™"
or Rps6kb1™™ mice.

Body weights and adipose mass are widely ac-
cepted to be tightly regulated by homeostatic mecha-
nisms, in which leptin, an adipocyte secreted hor-
mone, plays a critical role through hypothalamic
pathways (Flier, 2004; Schwartz and Porte, 2005;
Morton et al., 2006). Even so, obesity has reached
epidemic proportions globally over the past several
decades, along with high circulating leptin levels.
This phenomenon has been considered as a result of
homeostatic disorder. However, in B6 mice, a golden
animal model of human obesity (Surwit et al., 1988;
1995; Fraulob et al., 2010), we found that Rcan2
increases food intake and promotes weight gain
through a leptin-independent mechanism (Sun et al.,
2011). In this study, we demonstrated that if WT mice
ingested the same amount of food as Rcan2”~ mice,
the weight gain and body fat mass in WT mice were
equal to those of Rcan2”™ mice. Additionally, HFD
feeding alone also promotes weight gain, which is
independent of Rcan2 gene. The interplay between
the Rcan2 gene and HFD feeding leads to a rapid
weight gain, which plays an important role in the
development of diet-induced obesity. Thus, our
findings coincide with the results of epidemiological
studies that obesity is a result of the interaction of
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genetic and environmental factors (Lissner and
Heitmann, 1995; Bray and Popkin, 1998) and, there-
fore, provide novel insights into the mechanisms of
obesity epidemic. On the other hand, in the present
study, loss of Rps6kb1 also resulted in a reduction of
body weight and fat mass in B6 mice. However, ac-
cording to the body weight trajectories of WT and
Rps6kbI™™ mice (Fig. 2a, Fig. 3a, Table SI, and
Table S2), the reduced body weight and fat mass in
Rps6kbI”" mice seem to be primarily due to a de-
crease of body size, rather than to an effect of
Rps6kb1 mutation on energy homeostasis.

It has recently been reported that about 30% of
the genetic manipulations in mice affect body weight,
manifesting as lean or obese phenotypes (Reed et al.,
2008). Body weight is affected by multiple factors,
such as body size, energy expenditure, physical ac-
tivity, food intake, and psychological stress. To
carefully define the relevance of specific genes to
these factors in the control of body weight regulation
will facilitate our understanding of the mechanisms of
obesity. Here we compared the effects of the Rcan2 ™'
and Rps6kbI™™ mutations on murine growth and body
weight under carefully controlled conditions. Our
data suggest that Rcan2 and Rps6kbI regulate growth
and body weight through different mechanisms. Our
approach was not complicated, and can be applied in
other genetic settings to provide useful data and in-
formation to deepen our understanding of the mech-
anisms of body weight regulation.
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