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S6K1 in the Central Nervous System Regulates

Energy Expenditure via MC4R/CRH Pathways
in Response to Deprivation of an Essential

Amino Acid

Tingting Xia, Ying Cheng, Qian Zhang, Fei Xiao, Bin Liu, Shanghai Chen, and Feifan Guo

It is well established that the central nervous system (CNS), es-
pecially the hypothalamus, plays an important role in regulating
energy homeostasis and lipid metabolism. We have previously
shown that hypothalamic corticotropin-releasing hormone (CRH)
is critical for stimulating fat loss in response to dietary leucine
deprivation. The molecular mechanisms underlying the CNS re-
gulation of leucine deprivation—stimulated fat loss are, however,
still largely unknown. Here, we used intracerebroventricular in-
jection of adenoviral vectors to identify a novel role for hypotha-
lamic p70 S6 kinase 1 (S6K1), a major downstream effector of the
kinase mammalian target of rapamycin, in leucine deprivation stim-
ulation of energy expenditure. Furthermore, we show that the
effect of hypothalamic S6K1 is mediated by modulation of Crh
expression in a melanocortin-4 receptor-dependent manner. Taken
together, our studies provide a new perspective for understanding
the regulation of energy expenditure by the CNS and the impor-
tance of cross-talk between nutritional control and regulation of
endocrine signals. Diabetes 61:2461-2471, 2012

nergy homeostasis is maintained by a balance
between energy intake and energy expenditure.
The central nervous system (CNS), particularly
the hypothalamus, has been shown to play a criti-
cal role in the regulation of these events by sensing changes
in the concentrations of nutrients and hormones and co-
ordinating subsequent physiological responses (1-5). P70
S6 kinase 1 (S6K1), a major downstream target of the kinase
mammalian target of rapamycin (mTOR), is widely expressed
in the CNS, including the hypothalamus. Recent studies have
demonstrated a key role for S6K1 signaling in the regulation
of energy homeostasis in Drosophila (6), in mice deficient in
S6K1 (7,8), and in rats injected with S6K1 expression vector
in the mediobasal hypothalamus (9). A role for hypothalamic
S6K1 in the regulation of energy homeostasis and underlying
mechanisms, however, requires further investigation.
Corticotropin-releasing hormone (CRH) is a 41-amino
acid peptide, produced primarily in the paraventricular
nucleus of the hypothalamus (PVN), but also in additional
sites in the brain and peripheral tissues (10). Studies have
shown that intracerebroventricular administration of CRH
decreases food intake (11) and increases energy expenditure,
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possibly by increasing thermogenesis in brown adipose tis-
sue (BAT) and lipolysis in white adipose tissue (WAT)
(12). Melanocortin-4 receptor (MC4R), which is also ex-
pressed in the hypothalamus (13,14), is a component of the
CNS melanocortin signaling system (15). Accumulating evi-
dence has implicated MC4R in the regulation of energy in-
take and energy expenditure (15-17). MC4R also mediates
the regulation of energy homeostasis by hormones secreted
from peripheral tissues, including leptin, insulin, and ghrelin
(2). Despite the importance of MC4R in the control of en-
ergy balance, its downstream signaling pathways are not
well understood. Several studies have provided evidence
that MC4R and CRH are expressed in the same regions of
brain (18) and induce similar anorectic effects (11,16). It is
also known that CRH neurons in the PVN are innervated
by neuronal a-melanocyte—stimulating hormone terminals
(19). These observations suggest that MC4R may regulate
energy homeostasis by affecting Crh expression, although
this has yet to be experimentally confirmed.

We have previously shown that leucine deprivation de-
creases abdominal fat mass largely by increasing energy
expenditure (20,21), and that this effect is mediated by in-
creased Crh expression in the hypothalamus and activation
of the sympathetic nervous system (22). The molecular
mechanisms underlying the CNS control of leucine
deprivation—induced fat loss, however, are largely un-
known. Given the fact that hypothalamic S6K1 plays a
critical role in the regulation of energy balance and sensing
of amino acids (7-9,23-25), we hypothesized that hypo-
thalamic S6K1 may play a role in the regulation of leucine
deprivation-induced fat loss. The current study aims to
investigate these possibilities and elucidate the underlying
molecular and cellular mechanisms.

In the current study, we demonstrate a key role for hy-
pothalamic S6K1 in the regulation of energy expenditure
during leucine deprivation, based on the attenuation of leu-
cine deprivation-induced fat loss after intracerebroventricular
injection of adenoviral vectors expressing constitutively ac-
tive S6K1 (Ad-CAS6K1). Furthermore, we show that the ef-
fect of S6K1 is mediated by modulation of Crh expression in
the PVN. Finally, we use the MC4R antagonist SHU9119 to
demonstrate that S6K1 regulates Crh expression in an
MC4R-dependent manner. Taken together, our results sug-
gest a novel role for hypothalamic S6K1 in the regulation of
energy expenditure under leucine deprivation. This is the
first report, to our knowledge, demonstrating a role for S6K1
in regulating Crh expression in the hypothalamus.

RESEARCH DESIGN AND METHODS

Animals and diets. Wild-type C57BL/6J mice were obtained from the Shanghai
Laboratory Animals Co. Ltd. (Shanghai, China). Eight- to ten-week-old mice
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were maintained on a 12-h light/dark cycle at 24°C and provided free access to
commercial rodent chow and tap water prior to the experiments. Control
(nutritionally complete amino acid) and —leu (leucine-deficient) diets were
obtained from Research Diets, Inc. (New Brunswick, NJ). All diets were iso-
caloric and compositionally the same in terms of carbohydrate and lipid
component. As previously described (20,21), at the start of the feeding ex-
periment, mice were acclimated to a control diet for 7-10 days and then
randomly assigned to either control or —leu diet groups with free access to
either control or —leu diet, respectively, for 7 days. Food intake and body
weight were recorded daily. At the end of experiments, animals were killed by
CO; inhalation. WAT weight was recorded at the time they were killed. Hy-
pothalamus, WAT, and BAT were isolated, snap frozen, and stored at —80°C
for future analysis. These experiments were conducted in accordance with the
guidelines of the Institutional Animal Care and Use Committee of the Institute
for Nutritional Sciences.

Intracerebroventricular administration experiments. Intracerebroventricular
administration experiments were conducted as previously described (26). Three
days after recovery, mice infused with 1 pL of 0.1 mmol/L. SHU9119 (Tocris
Bioscience, Bristol, U.K.) or 1 pL PBS once daily at 5:00 .M. were maintained on
a control or —leu diet for 7 days. For CRH administration experiments, mice were
simultaneously injected with adenovirus expressing green fluorescent protein
(Ad-GFP) or hemagglutinin (HA)-tagged CAS6K1 (Ad-CAS6K1), implanted with
cannula, and allowed to recover for 3 days. After recovery, all the mice were
provided with —leu diet for 7 days. During this period, mice were injected with
1 pL of 1 pg/1 pL. CRH (Bachem, Bubendorf, Switzerland) or 1 pL artificial
cerebrospinal fluid as control once daily at 5:00 p.m. through the implanted can-
nula. Ad-CAS6K1 was constructed as previously described (27). Ad-CAS6K1 or
Ad-GFP control (1 uL 5 X 10° plaque forming units [pfu}/mouse) was adminis-
tered to mice by intracerebroventricular injection using a microsyringe. Mice were
killed on day 7.

Indirect calorimetry. Mice were maintained in a comprehensive laboratory
animal monitoring system (CLAMS; Columbus Instruments, Columbus, OH) for
20 h to allow them to adapt to this environment, and the volume of Oy con-
sumption and CO. production were continuously recorded during the next
24 h according to the instructions of the manufacturer. Regarding mice re-
ceiving intracerebroventricular injection or implanted cannula, mice were put
in CLAMS on day 5 after initiation of control or —leu diets.

Rectal temperature measurement. Rectal temperatures of mice were
measured at 3:00 p.m. (basal metabolic state) using a rectal probe attached to
a digital thermometer (Physitemp, Clifton, NJ).

Primary hypothalamic neuron isolation and treatments. Primary cultures
of hypothalamic neurons were prepared as previously described (22). On day
10, primary cultured hypothalamic neurons were infected with adenovirus
expressing S6K1-specific short hairpin RNA (shRNA) (Ad-shS6K1; 108 pfu/60
cm? cells) or scramble control shRNA, followed by treatment with 0.1 pmol/L
SHU9119 (Tocris) or control PBS for 24 h. Ad-shS6K1 or control vector was
generated with the BLOCK-T Adenoviral RNAi Expression System (Invi-
trogen) according to the manufacturer’s instructions. The sequence designed
for the knockdown of S6K1 was 5'- CACCGGGAGTTGGACCATATGAACTCGAA-
AGTTCATATGGTCCAACTCCC-3'. Regarding treatment with MTII (melano-
cortin agonist), primary cultured hypothalamic neurons were infected with
Ad-CAS6K1 (5 X 107 pfu/60 cm? cells) or Ad-GFP and then incubated in —leu
medium for 8 h in the presence or absence of treatment with 0.3 pwmol/L MTII
(Tocris) or PBS. The —leu medium was prepared from amino acid—free Dul-
becco’s modified Eagle’s medium (DMEM; Invitrogen) by adding back all the
amino acids contained in regular DMEM but without leucine only.

RNA isolation and relative quantitative RT-PCR. RNA isolation and
RT-PCR were performed as previously described (22). The sequences of pri-
mers used in this study are available upon request.

Western blot analysis. Western blot analysis was performed as previously
described (21). Primary antibodies (anti-phosphorylated S6 [p-S6] [Ser235/
236], anti-S6, anti-p-p70S6K1 [Thr389], anti-p70S6K1, anti—-p-cAMP-responsive
element-binding protein [p-CREB] [Serl33], and anti-CREB [Cell Signaling
Technology, Beverly, MA], anti-uncoupling protein 1 [UCP1], anti-HA, and
anti-MC4R [Santa Cruz Biotechnology], and anti—B-actin [Sigma-Aldrich]) were
incubated overnight at 4°C and specific proteins were visualized by enhanced
chemiluminescence (Amersham Biosciences).

Immunohistochemistry staining. Immunohistochemistry staining was per-
formed as described previously (23). In brief, brain coronal sections of 25 pm
were cut using a frozen microtome (Leica Microsystems, Bensheim, Germany)
and incubated with primary antibody (anti-p-S6 [Ser235/236]; Cell Signaling
Technology), and pictures were taken by using an Olympus BX61 microscope
(Olympus, Tokyo, Japan).

Immunofluorescence staining. Immunofluorescence staining was performed
as described previously (22). Brain sections were incubated with anti-CRH
(Santa Cruz Biotechnology) and anti—p-S6 (Ser235/236) antibody (Cell Sig-
naling Technology) overnight, followed by incubation with Alexa Fluor 555
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and 488-conjugated anti-goat antibody (Invitrogen) at room temperature for
1 h. Pictures were taken using a fluorescence microscope (BX61; Olympus)
and a Zeiss LSM 510 confocal microscope (Carl Zeiss Imaging, Oberkochen,
Germany).

Statistical analysis. All values are presented as mean = SEM. Differences
between groups were analyzed either by the Student ¢ test or one-way ANOVA
followed by the Student-Newman-Keuls (SNK) test, in which P < 0.05 was
considered statistically significant.

RESULTS

Leucine deprivation decreases S6K1 activity in the
hypothalamus. To investigate the possible involvement of
S6K1 in the regulation of fat loss during leucine deprivation,
we examined levels of phosphorylation of S6K1 and its di-
rect downstream target ribosomal protein S6, which reflects
the activation status of S6K1, in the hypothalamus of mice
maintained on a control or leucine-deficient diet for 7 days.
Consistent with the changes in the liver (27), levels of
p-S6K1 and p-S6 were significantly decreased in the hypo-
thalamus of leucine-deprived mice compared with control
diet-fed mice (Fig. 1A).

mTOR signaling in the PVN and arcuate nucleus (Arc) of
the hypothalamus has been shown to regulate energy ho-
meostasis (23,28). Here, we found that the levels of p-S6
were decreased in both the PVN and Arc of the hypothal-
amus in leucine-deprived mice compared with mice fed
a control diet, as shown by immunohistochemistry staining
(Fig. 1B).

Intracerebroventricular injection of Ad-CAS6K1
significantly reduces leucine deprivation—stimulated
fat loss. To investigate a role for S6K1 in the regulation
of fat mass under leucine deprivation, we intracere-
broventricularly injected mice with Ad-CAS6K1 or adeno-
viral vectors expressing GFP (Ad-GFP), and then maintained
the mice on a control or leucine-deficient diet for 7 days. As
predicted, overexpression of Ad-CAS6K1 in the hypothala-
mus (confirmed by Western blotting using an anti-HA-tagged
antibody) increased S6 phosphorylation (Fig. 2A4). Consistent
with our previous results (21), leucine deprivation signifi-
cantly decreased body weight (from day 3) (data not shown)
and fat mass compared with the control diet—fed group in
Ad-GFP-injected mice, both of which were largely prevented
by Ad-CAS6K1 (Fig. 2B and C). Ad-CAS6K1 did not have an
effect on body weight and fat mass in mice maintained on
a control diet (Fig. 2B and C). Lean mass, however, was not
affected by leucine deprivation or intracerebroventricular
injection of CAS6K1 (Fig. 2D).

Intracerebroventricular injection of Ad-CAS6K1
significantly decreases leucine deprivation-stimulated
energy expenditure. The blocking effect of upregulation
of S6K1 activity on leucine deprivation-induced fat loss
may result from an increase in food intake, or a decrease
in energy expenditure. Consistent with previous results
(21), we found that leucine deprivation decreased food in-
take in Ad-GFP-injected mice. A similar reduction in food
intake was observed in leucine-deprived mice injected with
Ad-CAS6K1, although these mice did not show a statistically
significant difference with mice fed a control diet and
injected with Ad-CA6K1 (Fig. 2E). Furthermore, Ad-CAS6K1
did not have an effect on food intake in mice maintained on
a control diet (Fig. 2F).

We therefore measured energy expenditure by indirect
calorimetry, rectal temperature, and physical activity. Con-
sistent with previous results, the total energy expenditure
(24-h O, consumption, normalized to lean body mass) was
markedly increased and the respiratory exchange ratio
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FIG. 1. Leucine deprivation decreases S6K activity in the hypothalamus. Mice were fed a control (+leu) or leucine-deficient (—leu) diet for 7 days.
Data are mean = SEM for at least two independent experiments with mice maintained on each diet for each experiment (n = 5 for each group).
Statistical significance was determined by the Student ¢ test. *P < 0.01, for the effect of —leu vs. control diet. A: Hypothalamic S6K1 and S6
proteins (top, Western blot; bottom, quantitative measurements of p-S6K1 and p-S6 protein relative to total S6K1 and total S6, respectively).
B: Immunohistochemistry staining for p-S6 in hypothalamus. Images shown are representative of several animals for each group. 3V, third ven-
tricle. (A high-quality digital representation of this figure is available in the online issue.)

(RER; V02/Vo2) was low during both dark and light phases
in the Ad-GFP group maintained on a leucine-deficient diet
compared with mice maintained on a control diet (Fig. 2F
and (). By contrast, the effects of leucine deprivation on
energy expenditure and RER were abolished in Ad-CAS6K1
mice (Fig. 2F and G). Consistent with changes in energy
expenditure, the increased body temperature by leucine
deprivation was significantly attenuated in Ad-CAS6K1 mice
(Fig. 2H). Overexpression of Ad-CAS6K1, however, also
decreased body temperature, but did not change oxygen
consumption in mice maintained on a control diet (Fig. 2H).
We did not see significant differences in physical activity in
any group (Fig. 2I).

We have previously shown that leucine deprivation in-

creases UCP1 expression in BAT (21). Here, we found its
expression, as well as its upstream regulator, peroxisome
proliferator-activated receptor vy coactivator la (PGC-1a)
(29), were blocked by Ad-CAS6K1, whereas Ad-CAS6K1
had no effect on these changes in mice maintained on a
control diet (Fig. 2J and K).
Potential regulation of Crh expression by S6K1 in the
hypothalamus. To test the possibility that CRH may me-
diate the effects of S6K1 in the hypothalamus, we con-
ducted an immunofluorescence double-staining experiment
and observed the colocalization of p-S6 and CRH at the
cellular level in the PVN of mice maintained on a control
diet (Fig. 3A4).

The potential regulation of Crh expression by S6K1 was
further investigated in Ad-GFP- or Ad-CAS6KI1-injected
mice maintained on control or leucine-deficient diets.
Furthermore, we have shown previously that increased
Crh expression in the hypothalamus of leucine-deprived
mice was stimulated by increased phosphorylation of
CREB (22). Here, we found that levels of Crh mRNA and
phosphorylation of CREB in the hypothalamus were sig-
nificantly increased by leucine deprivation in the Ad-GFP
group compared with those maintained on a control diet,
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whereas this induction of Crhk expression and CREB
phosphorylation was largely blocked by Ad-CAS6K1
(Fig. 3B and C).

Hypothalamic S6K1 regulates energy expenditure via
modulation of Crh expression under leucine deprivation.
To test whether hypothalamic S6K1 regulates leucine
deprivation-induced fat loss by modulating Crh expression,
we first intracerebroventricularly injected Ad-CAS6K1 (which,
as described above, decreases Crh expression) and ex-
amined whether subsequent injection of CRH could re-
verse the suppressing effect of Ad-CAS6K1 on leucine
deprivation—induced fat loss in mice maintained on a leucine-
deficient diet.

To validate the effect of intracerebroventricular injec-
tion of CRH, we examined mRNA levels of -adrenergic
receptors (Adrb3) in BAT, expression of which has pre-
viously been shown to be regulated by CRH (22). As pre-
dicted, CRH injection reversed the suppressing effect of
Ad-CAS6K1 on the mRNA levels of Adrb3 in BAT (Fig. 4A).
The possibility that CRH mediates the effect of S6K1 was
strengthened by our observation that intracerebroventricular
injection of CRH also reverses the suppressing effects of Ad-
CASG6K1 on leucine deprivation-induced body weight and fat
mass reduction (Fig. 4B and C). Because levels of CRH are
already increased in leucine-deprived mice, we expected that
this increased CRH may occlude the effect of injected CRH
on food intake. Consistent with this expectation, the re-
duction in food intake after CRH-only injection was very
small in mice maintained on a control diet (data not
shown). Food intake, however, was also not significantly
affected by intracerebroventricular injection of CAS6K1
under leucine deprivation (Fig. 4D). We therefore mea-
sured energy expenditure-related parameters and found
that intracerebroventricular injection of CRH increased
energy expenditure and decreased RER in Ad-CAS6K1
mice compared with control mice (Fig. 4F and F). Fur-
thermore, intracerebroventricular injection of CRH did not

DIABETES, VOL. 61, OCTOBER 2012 2463



CENTRAL S6K1 CONTROLS ENERGY BALANCE VIA CRH

| O +leu H -leu I

A Leu + - + - B

CAS6K1 - - v+ 9
n 300 & - 10
p-S6 . . :E, 2
©
SE |- ——— 5 200 | # S 0 |
s * £
g o
HA-tagged S6K1 — | 5100 | * S 0 ;
8 >
actin | - —— 3 "
0 @ .20"
CAS6K1 - + CAS6K1 = +
C ., 3o D 100 E2 0,
¢ = £ *
£ X 80 8
= £ 20 0 = £ 30r
£S £5 oo E
c 3 ) o 20
£ > c 3 40 | ‘o
€Es 1.0 T > o
o 9 83 S 1.0f
T2 o 20} ©
o = 2 g
< 0 0 < 9
CAS6K1 - + CAS6K1 - + CAS6K1 - +
F x1000 i H g
Light Dark  Total Light ~ Dark  Total P
’:6 ™ [ ‘5 38 *
< * # ®
o = # o
=4 # a 37 #
.| £ *
E 8 &
~ 2 _ 36
o £
> |3}
0 e 35
CAS6K1 = + = + = + CAS6K1 -~ +

I J K Lew * - * -

x100 Light Dark Total &

g 15 < 300 actin — e — —
E=] 2 ™
o _ [ 2 *
© 210 £ 200 = 300 T
S S T o - 2 #
%3 2 & > 200
£05 < 100 O s
S~ T S5 100
[&] [ e}
o =
- 0 0 s 0

CAS6K1 = + -+ - + CAS6K1 = + - + CAS6K1 = +

FIG. 2. Intracerebroventricular injection of adenovirus expressing constitutively active S6K1 (Ad-CAS6K1) in the hypothalamus attenuates
leucine deprivation-induced fat loss. Mice received intracerebroventricular injection of adenovirus expressing CAS6K1 (+CAS6K1) or GFP
(—CAS6K1) and then were fed a control (+leu) or leucine-deficient (—leu) diet for 7 days. Energy expenditure was measured by indirect calo-
rimetry. Data are means = SEM of at least two independent experiments (n = 6 for each group). Statistical significance was determined by one-way
ANOVA followed by the SNK test. *P < 0.05, for the effect of —leu vs. control diet within the same intracerebroventricular group; #P < 0.01, for the
effect of with vs. without Ad-CAS6K1 under —leu diet; &P < 0.01, for the effect of with vs. without Ad-CAS6K1 under control diet. A: Hypothalamic
HA-tagged S6K1 and S6 proteins (left, Western blot; right, quantitative measurements of p-S6 protein relative to total S6). B: Body weight change.
C: Adipose tissue mass in proportion to body weight. D: Lean mass in proportion to body weight. E: Average food intake. F: Oxygen consumption
(VO2; 24 h). G: RER. H: Rectal temperature. I: Physical activity. J: Ucpl and Pgc-1a mRNA in BAT. K: UCP1 protein in BAT (top, Western blot;
bottom, quantitative measurements of UCP1 protein relative to actin).
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FIG. 3. Potential regulation of Crh expression by S6K1 in the hypothalamus. Mice received intracerebroventricular injection of adenovirus
expressing constitutively active S6K1 (+CAS6K1) or GFP (—CAS6K1) and then were fed a control (+leu) or leucine-deficient (—leu) diet for 7
days. Data are means = SEM of at least two independent experiments (n = 6 for each group). Statistical significance was determined by one-way
ANOVA followed by the SNK test. *P < 0.05, for the effect of —leu vs. control diet within the same intracerebroventricular group; #P < 0.01, for the
effect of with vs. without Ad-CAS6K1 under —leu diet; &P < 0.01, for the effect of with vs. without Ad-CAS6K1 under control diet. A: Immuno-
fluorescence double staining of CRH (red) and p-S6 (green) in the PVN of mice maintained on a control diet. B: Hypothalamic Crh mRNA.
C: Hypothalamic CREB and S6 proteins (left, Western blot; right, quantitative measurements of p-CREB and p-S6 protein relative to total CREB
and total S6, respectively). (A high-quality digital representation of this figure is available in the online issue.)

affect physical activity significantly, but increased rectal medium, and examining MC4R expression. We found that
temperature and UCP1 expression in BAT in Ad-CAS6K1 MCA4R protein levels were regulated by S6K1 in a dose-
mice compared with control mice (Fig. 4G—J). dependent manner (Fig. 6C).
Hypothalamic S6K1 regulates energy expenditure by To demonstrate a direct link between S6K1/MC4R and
modulation of Crh expression in an MC4R-dependent Crh expression, we examined whether activation of Crh
manner. The possible involvement of MC4R, a G protein— expression mediated by decreased S6K1 activity after ex-
coupled, seven-transmembrane receptor, in mediating the posure to Ad-shS6K1 could be abrogated by SHU9119 in
hypothalamic S6K1 regulation of Crh expression during primary cultured hypothalamic neurons and found that was
leucine deprivation was investigated by examining MC4R the case (Fig. 6D and E). On the other hand, Ad-CAS6K1-
protein levels in the hypothalamus, which were found to be mediated repression of Crh expression was relieved by
significantly elevated by leucine deprivation (Fig. 54). A MTII treatment in primary cultured neurons incubated in
role for MC4R in regulating Crh expression was then eval- leucine-deficient medium (Fig. 6F and G).
uated by intracerebroventricular injection of the MC4R
antagonist SHU9119 or PBS as control daily in mice main-
tained on a control or leucine-deficient diet. We found that DISCUSSION
intracerebroventricular injection of SHU9119 not only sig- The CNS, particularly the hypothalamus, has been shown
nificantly attenuated leucine deprivation—induced body to play an important role in maintaining energy homeostasis
weight and fat mass reduction (Fig. 5B and C) but also by integrating signals from nutrients and hormones (1,2,4).
blocked leucine deprivation—increased rectal temperature In our current study, we demonstrate a novel role for hy-
and UCP1 expression in BAT (Fig. 5D-F). pothalamic S6K1 in the regulation of energy homeostasis
Consistent with a possible role for MC4R in regulating during leucine deprivation and provide important infor-
Crh expression and functions downstream from S6K1, we mation that elucidates the underlying mechanisms.
found that leucine deprivation—stimulated Crh expression S6K1, an evolutionarily conserved nutrient-sensing en-
and MCA4R protein levels in the hypothalamus were blocked zyme, phosphorylates the 40S ribosomal protein S6 to
by SHU9119 and intracerebroventricular injection with Ad- regulate the translation of 5'-terminal oligopyrimidine tract
CASG6K]1, respectively (Fig. 6A and B). The effect of S6K1 on  (5'TOP) -containing mRNA transcripts and is a downstream
MC4R expression was further investigated by infecting target of mTOR (30). In addition to a large number of studies
primary cultured hypothalamic neurons with different investigating a role for mTOR in the regulation of energy
concentrations of adenovirus expressing S6Kl-specific homeostasis (23,28,31,32), which provide indirect evidence
shRNA (Ad-shS6K1, as confirmed by Western blot using for a role of S6K1 in the regulation of energy homeostasis,
anti-S6K1 antibody), or Ad-CAS6K1 in leucine-deficient recent studies have also provided evidence for a role of S6K1
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FIG. 4. Hypothalamic S6K1 regulates leucine deprivation-stimulated energy expenditure via CRH. Mice received intracerebroventricular injection
of adenovirus expressing constitutively active S6K1 (+CAS6K1) or GFP (—CAS6K1), followed by injection of 1 pL artificial cerebral spinal fluid
(—CRH) or 1 pL of 1 pg/1 pL CRH (+CRH) once daily via an implanted cannula, synchronized with maintenance on a leucine-deficient (—leu) diet
for 7 days. Data are means = SEM of at least two independent experiments (n = 6 for each group). Statistical significance was determined by the
Student ¢ test. *P < 0.01, for the effect of with vs. without CAS6K1 in the absence of CRH; #P < 0.01, for the effect of with vs. without CRH in mice
receiving CAS6K1. A: Adrb3 mRNA in BAT. B: Body weight change. C: Adipose tissue mass in proportion to body weight. D: Average food intake.
E: Oxygen consumption (VOgz; 24 h). F: RER. G: Physical activity. H: Rectal temperature. I: Ucpl mRNA in BAT. J: UCP1 protein in BAT (top,
Western blot; bottom, quantitative measurements of UCP1 protein relative to actin).
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FIG. 5. MC4R regulates energy expenditure during leucine deprivation. Mice receiving daily intracerebroventricular injection of 1 pL of 0.1 mmol/L
SHU9119 (+SHU) or 1 pL PBS (—SHU) via cannula implantation were maintained on a control (+leu) or leucine-deficient (—leu) diet for 7 days.
Data are means + SEM of at least two independent experiments (n = 6 for each group). Statistical significance was determined by one-way ANOVA
followed by the SNK test. *P < 0.01, for the effect of —leu vs. control diet within the same intracerebroventricular group; #P < 0.01, for the effect
of with vs. without SHU under —leu diet; &P < 0.01, for the effect of with vs. without SHU under control diet. A: Hypothalamic MC4R protein (top,

Western blot; bottom, quantitative measurements of MC4R relative to actin). B: Body weight change. C: Abdominal fat mass in proportion to body
weight. D: Rectal temperature. E: Ucpl mRNA in BAT. F: UCP1 protein in BAT (top, Western blot; bottom, quantitative measurements of UCP1

protein relative to actin).

in the regulation of energy balance in mammals (7-9,24,25).
S6K1~" mice, for example, are protected against age- and
diet-induced obesity due to their reduced ability to store
lipids (7), whereas overexpression of S6K1 in mediobasal
hypothalamus has been shown to reduce body weight due to
reduced food intake (9).

Studies have shown that mTOR/S6K1 signaling is regu-
lated by leucine availability (23,30,33,34). For example,
mTOR activity is increased by elevated extracellular levels
of leucine (33), and intracerebroventricular administration
of leucine into the Arc stimulates S6K1 phosphorylation in
the hypothalamus of rats (23). By contrast, removal of
leucine from tissue culture media decreases phosphoryla-
tion of S6K1 (35), and S6K1 activity is decreased in the liver
of mice under leucine deprivation (27). Consistent with
these results, we found that leucine deprivation decreases
S6K1 activity in the hypothalamus. A role for S6K1 in the
regulation of energy homeostasis during leucine deprivation
was demonstrated by the ability of intracerebroventricular
injection of Ad-CAS6K1 to attenuate energy expenditure
and fat loss induced by leucine deprivation. Our study thus
provides a new perspective for understanding the role of
S6K1 in the hypothalamus in the regulation of energy ho-
meostasis.

BAT oxidizes fat to produce heat, a process that is
stimulated by increased expression of UCPs. The role
of UCP1 in thermogenesis regulation of body weight is
demonstrated by the resistance of UCPl-ablated mice to

diabetes.diabetesjournals.org

develop obesity (36,37) and the observation that upregula-
tion of UCP1 increases thermogenesis and energy expen-
diture (38). It has been reported that Ucpl mRNA
expression in response to overfeeding or cold exposure is
upregulated due to increased activities of the sympathetic
nervous system mediated by PGC-1a (29). We have shown
previously that leucine deprivation stimulates fat loss by
increasing expression of UCP1 and PGC-1a in BAT (21).
Here, we show that these changes were largely blocked
by intracerebroventricular injection of Ad-CAS6K1. Con-
sistent with our observations, decreased fat accumulation in
S6K1~~ mice was found to be caused by an enhanced
metabolic rate, as demonstrated by increased oxygen con-
sumption and UCP1 expression in BAT (7). Our study,
however, provides the first direct evidence, to our knowl-
edge, for a role of S6K1 in the hypothalamus in regulating
UCP1 expression in BAT.

CRH has been shown to be important in the regulation
of energy homeostasis (11,12,39). It is known that Crh ex-
pression is positively regulated by Gs (guanine nucleotide—
binding protein)-mediated increases in adenylate cyclase
cAMP-dependent activation of PKA (cAMP-dependent pro-
tein kinase) and phosphorylation of CREB (40) and nega-
tively regulated by glucocorticoid receptors (41). The
possibility that hypothalamic S6K1 regulates energy ex-
penditure via CRH during leucine deprivation was con-
firmed by our observations of 1) colocalization of CRH and
p-S6 in the PVN, 2) the blocking effect of overexpression of
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FIG. 6. Hypothalamic S6K1 modulates Crh expression via MC4R. A and B: Mice receiving intracerebroventricular injection of adenovirus
expressing constitutively active S6K1 (+CAS6K1) or GFP (—CAS6K1), or daily intracerebroventricular injection of 1 pL of 0.1 mmol/L SHU9119
(+SHU) or 1 pL PBS (—SHU) via cannula implantation, were maintained on a control (+leu) or leucine-deficient (—leu) diet for 7 days. Data are
means = SEM of at least two independent experiments (n = 6 for each group). Statistical significance was determined by one-way ANOVA followed
by the SNK test. *P < 0.01, for the effect of —leu vs. control diet within the same intracerebroventricular group; #P < 0.01, for the effect of with vs.
without SHU or Ad-CAS6K1 under —leu diet. C-G: Primary cultured hypothalamic neurons infected with adenovirus expressing S6K1-specific
shRNA (+shS6K1) or control scramble shRNA (—shS6K1) in the absence or presence of 0.1 pmol/L. SHU9119 (+SHU) or PBS (—SHU), or infected
with Ad-S6K1 (+CAS6K1) or Ad-GFP (—CAS6K1), were then incubated in —leu medium in the absence or presence of 0.3 pmol/L MTII (+MTII) or
PBS (—MTII). The titer for ShS6K1 and CAS6K1 in C are from 103 to 107 pfu/60 cm? cells. Data are representative of at least two independent
experiments or are mean = SEM for at least two independent experiments. Statistical significance was determined by ANOVA followed by the SNK
test. *P < 0.05, for the effect of with vs. without Ad-ShS6K1 or Ad-CAS6K1 under the same treatment; #P < 0.05, for the effect of with vs. without
Ad-ShS6K1 after SHU treatment in D and E, or for the effect of with vs. without Ad-CAS6K1 after MTII treatment in F and G. A: Hypothalamic Crh
mRNA. B: Hypothalamic MC4R and p-S6 proteins (left, Western blot; right, quantitative measurements of MC4R protein relative to actin).
C: MCA4R protein. D: S6K1 protein (top, Western blot; bottom, quantitative measurements of S6K1 protein relative to actin). E: Crh mRNA. F: p-S6
protein (top, Western blot; bottom, quantitative measurements of p-S6 protein relative to their total protein). G: Crh mRNA.

S6K1 by Ad-CAS6K1 on leucine deprivation—induced Crk  of the MC4R agonist a-melanocyte—stimulating hormone or
expression, and 3) the ability of exogenous CRH to sup- MTII (a synthetic melanocortin agonist) influence energy
press the effects of Ad-CAS6K1 on energy expenditure and balance in animal models (15,16). Several studies have also
fat mass during leucine deprivation. This is the first study to  provided important hints of regulation of Crh expression by
report that hypothalamic S6K1 acts as an upstream regu- MC4R (44), but this possibility has not been investigated
lator for Crh expression and thereby regulates peripheral specifically.
energy expenditure under leucine deprivation. Our results In this study, we showed that MC4R protein levels in the
also extend the role of S6K1 as a nutrient sensor to affect hypothalamus are increased under leucine deprivation and
whole-body energy availability through cooperating with that this increase could be blocked by overexpression of
endocrine signals in the hypothalamus. S6K1 via intracerebroventricular injection of Ad-CAS6KI.
Based on our previous observation that Crh expression Furthermore, we used the MC4R antagonist SHU9119 to
under leucine deprivation is stimulated by a Gs-dependent demonstrate that MC4R regulates Crh expression in the
pathway (22), we explored the possible involvement of hypothalamus, as well as energy expenditure and UCP1
MCA4R in the regulation of energy expenditure during leu- expression in BAT during leucine deprivation. In addition,
cine deprivation. MC4R, a component of the CNS melano- we showed that Crh expression is regulated by S6K1 in an
cortin signaling system, has previously been shown to be MC4R-dependent manner in primary cultured hypothalamic
important in regulating energy balance (42,43). For exam- neurons under leucine deprivation. Taken together, these
ple, both knockdown of MC4R expression (15-17) and in- results suggest that hypothalamic S6K1 regulates energy
creased MC4R activity by intracerebroventricular infusion expenditure by modulation of Crh expression in an
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MC4R-dependent manner in response to leucine depriva-
tion. The blocking effects of SHU9119 on Crh expression,
body weight, and adiposity in mice under leucine depri-
vation, however, were not complete, suggesting the exis-
tence of additional pathways involved in this regulation.
Consistent with other reports (11,16,18), we found that
SHU9119 treatment also attenuates the reduction in food
intake under leucine deprivation (data not shown), which
may also contribute to decreased fat loss in these mice.
Finally, the molecular mechanisms underlying S6K1 regu-
lation of MC4R expression, however, are still unclear. We
speculate that S6K1 regulates MC4R expression at the
level of translation, rather than transcription, as we did not
observe increased Mc4r mRNA expression under leucine
deprivation (data not shown). These possibilities will be
investigated in future studies.

In contrast to previous reports showing that activation
of S6K1 signaling in the hypothalamus decreases food in-
take in rats (9,45,46), we did not observe an effect of
CASG6K1 on food intake in mice maintained on a control or
leucine-deficient diet. The source of this inconsistency is
unclear but may reflect a difference in the species, meth-
ods of S6K1 activation, time points examined, and/or
methods of measuring food intake. In support of this
possibility and consistent with our results, food intake is
not altered in S6K1-deficient mice compared with control
mice (7). Similar to differential effects of food intake, the
effects of S6K1 on energy expenditure and body weight are
also not always the same (7,9,45,46). Therefore, a role of
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hypothalamic S6K1 in regulating energy intake and energy
expenditure could be very complicated, and special at-
tention needs to be paid when evaluating possible roles for
S6K1 in energy homeostasis regulation under different
situations.

At present, the identification of the upstream regulator
of S6K1 in the hypothalamus during leucine deprivation is
poorly understood. GCN2 is an amino acid sensor that is
activated in response to essential amino acid deprivation
(47), which we have recently shown to play a role in
regulating lipid metabolism and insulin sensitivity (20,27).
Studies have shown that leucine deprivation decreases
mTOR activity in liver, HepG2 cells, and primary hep-
atocytes and that the decreased mTOR activity is medi-
ated by GCN2 (27,48). Although not yet demonstrated in
brain, we think this is a plausible pathway for the re-
sponse to leucine deprivation. This possibility will be in-
vestigated in our future studies.

In summary, our data suggest a novel role for hypotha-
lamic S6K1 in regulating fat loss by modulating energy
expenditure during leucine deprivation. By regulating
expression of CRH in an MC4R-dependent manner, hypo-
thalamic S6K1 has a profound effect on the energy expen-
diture and overall energy homeostasis (Fig. 7). Because
deficiencies of essential amino acids almost always occur in
conjunction with deficiencies of other nutrients, we specu-
late that S6K1 in the hypothalamus may act as a master
regulator of metabolic adaptation to nutrient deprivation,
including deprivation of any other essential amino acid.

~
~
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¢ “Hypothalamus ™

—_—

expenditure

FIG. 7. Hypothalamic S6K1 regulates energy expenditure via MC4R-dependent modulation of CRH under leucine deprivation. Dietary leucine
deprivation inhibits hypothalamic S6K1 activity, which in turn increases the G protein—coupled, seven-transmembrane receptor MC4R protein
levels and stimulates Gs activity. These events increase intracellular cAMP levels, which stimulates cAMP-dependent protein kinase (PKA)-
mediated phosphorylation and activation of CREB. In the nucleus, Crh transcription is stimulated by the binding of phosphorylated CREB at the
cAMP-responsive element site in its promoter. After translation and modification, CRH is secreted as a polypeptide and activates the sympathetic
nervous system to stimulate energy expenditure and thermogenesis in the whole organism.
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It remains unclear which part of the hypothalamus is re-
sponsible for the fat loss during leucine deprivation.
Our results suggest that S6K1 expressed in PVN might be
important for regulating energy expenditure during leucine
deprivation. Since additional regions along ventricles of the
brain might be affected by intracerebroventricular injection
of adenovirus (data not shown), we cannot exclude a role
for other regions of the brain in this study. Such possibilities
will be investigated in the future.
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