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Physiol Endocrinol Metal307: E983-E993, 2014. First published; recently identified protein (15

October 14, 2014; doi:10.1152/ajpendo.00234.2014.—REDDI (regu-
lated in development and DNA damage response 1héws pro-
posed to inhibit the mechanistic target of rapamycmplex 1
(mTORC1) during in vitro hypoxia. REDD1 expressieriow under
basal conditions but is highly increased in respdoseveral cata-
bolic stresses, like hypoxia and glucocorticoids. ldegr, REDD1
function seems to be tissue and stress dependent, d itsanole in
skeletal muscle in vivo has  been poorly characterizddere, we
investigated the effect of REDD1 deletion on skéletauscle mass,
protein synthesis, proteolysis, and mTORCL1 sigggbiathway under
basal conditions and after glucocorticoid administrati Whereas
skeletal muscle mass and typology were unchangezebatwild-
type (WT) and REDD1-null mice, oral gavage with dextmsone
(DEX) for 7 days reduced tibialis anterior and gastemius muscle
weights as well as tibialis anterior fiber sizeyoiml WT.  Similarly,
REDD1 deletion prevented the inhibition of  proteymthesis and
mTORC1 activity (assessed by S6, 4E-BP1, and ULkdsphoryla-
tion) observed in gastrocnemius muscle of WT madleWing single
DEX administration for 5 h. However, our results suggdsit
REDD1-mediated inhibition of mTORCL1 in skeletal muesid not
related to the modulation of the binding betwee®€Z%nd 14-3-3. In
contrast, our data highlight a new mechanism invbivemTORC1
inhibition linking REDD1, Akt, and PRAS40. Altogethethese re-
sults demonstrated in vivo that REDDL1 is requirdglucocorticoid-
induced inhibition of protein synthesis via mTOR@iwnregulation.
Inhibition of REDD1 may thus be a strategy to limitiscle loss in
glucocorticoid-mediated atrophy.

regulated in developmentand DNA damage response 1; protein
synthesis; mechanistic target of rapamycin; autophagy; glucocortico-
ids; proline-rich Akt substrate of 40 kDa

SKELETAL MUSCLE ATROPHY IS ACOMMON FEATURE  Of several
chronic diseases and is directly correlated witthepé quality
of life and mortality (30, 31). Muscle atrophy resuitom an
alteration of the balance between protein syntresisdegra-
dation (19, 34). For instance, glucocorticoids (3 ®sown for
promoting muscle wasting, increase the expressicaewdéral
genes that are involved in protein degradation, sisctie
transcription factor FOXO1 and the muscle-specibiquitin
ligase muscle RING finger
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endogenous as well as exogenous GCs have been shown
strongly induce regulated in development and DNéage 1
(REDDL1) expression in skeletal muscle (24, 39, ®BDD1 is
40) with a lowétv of
expression under basal conditions. In addition¢vated GC
conditions, REDD1 expression is greatly enhanceskireral
catabolic stresses, such as hypoxia (16), DNA dartEge
energetic stress (42), limb immaobilization (22)damfolding
protein response (49). REDD1 has been showed toilcora
to apoptosis, oxidative stress, and mechanistic tafgapa-
mycin complex 1 (mMTORCL1) regulation (14). mTORCais
multiproteic complex controlling mRNA translatiomrough
formation of the translation initiation complex éf-(3) and
activation of the ribosomal protein S6 (7). mTORa&&tivation
is regulated by Akt via phosphorylation of the mMTORC1
inhibitors tuberous sclerosis complex 2 (TSC2) araline-
rich Akt substrate of 40 kDa (PRAS40), leading tothei
sequestration by 14-3-3 proteins (9, 23, 37). Addds itself to
be phosphorylated on two residues  (88rand Thr¥§ to
become fully activated (1). Importantly, REDD1 has tbee
proposed to induce mTORCL inhibition during hypdxja
releasing TSC2 from 14-3-3 in cell culture (14)cbntrast, a
recent study showed that REDDI1-mediated inhibition of
MTORCL1 is not related to TSC2/14-3-3 dissociation bus
associated with Akt TRPEdephosphorylation in human em-
bryonic kidney (HEK)-293 cells (13). In addition pootein
synthesis, mMTORC1 also triggers proteolysis via @hagy
(ATG) inhibition through phosphorylation of the ATiGitiat-
ing protein ULK1 (17, 21). It has been shown that ULK1
promotes autophagic induction via beclin-1 phospllation
(36) and activation of the autophagosomal elongdtotor
LC3. Indeed, ULK1 complex inhibition partially reggses the
activation of LC3 following carbonyl cyanide-chlorophenyl-
hydrazione treatment (11). Interestingly, Molitorisadt (29)
showed that REDD1 promoted LC3 activation and chagp-
some formation in lymphocytes following adminisioat of the
synthetic GC dexamethasone (DEX). However, this mecha
nism needs to be confirmed in skeletal muscle SREBD1
function seems to be tissue dependent (40).

Although several studies have reported mTORCL itibib
concomitantly with an increase in REDD1 expresgiyn 16,
42, 48), the in vivo mechanism of REDD1-dependent

1 (MuRF1) (47). FurthermorenTORCL1 inhibition is poorly described. In additidnemains

to be tested whether REDD1 is responsible for taration of
the protein synthesis/degradation balance andutied in
skeletal muscle mass in stress conditions. Moreawernot
known whether REDD1 deletion affects muscle functad



typology, although it does not seem to affect gastrotne Feet were fixed with clamps to a platform, and kneege immobi-

muscle weight (50). lized using stainless-steel pins. The distal tenddmsuscles were
We showed here for the first time that REDD1 deficien attached to an isometric transducer (Harvard Bevems) using a silk
does not affect skeletal muscle mass and functiomaalb ligature. The sciatic nerves were proximally crushad distally

stimulated by bipolar silver electrode using supramak square-
wave pulses of 0.1-ms duration. All isometric measeneis were
made at an initial length of LO (length at whichxinaal tension was
obtained during the tetanus). Responses to tettimalation (pulse

conditions. In contrast, REDD1 deletion prevents DBX-i
duced skeletal muscle atrophy by suppressing mTO&@1
protein synthesis inhibition by a mechanism invodvAkt and

PRAS40. frequency from 50, 100, and 143 Hz) were successieglgrded.
Maximal tetanic force was determined. Finally, thiggue resistance
MATERIALS AND METHODS was assessed. The fatigue protocol consisted eateg contractions

(100 Hz for 500 ms, evoked once every 2 s) unéirtiuscle lost 30%

of its initial force. The fatigability was defindyy the time necessary
Whole body REDD1-null mice were generated by LeniGenet- 0 lose 30% of the initial force. After contractifeeasurements, mice

ics (The Woodlands, TX) specifically for Quark Pharmatazals ~ Were euthanized by cervical dislocation.

(Fremont, CA), as described previously (5), and aeepttoperty of . . .

Quark Pharmaceuticals. Wild-type (WT) and knockout JK@ice Protein Synthesis and Proteolysis Measurements

were generated from C57BI6 heterozygous-heterozygousosses.

Genotyping was performed from tail-derived genoBiMA, as de-

scribed previously (5). Mice were housed in staddages with free i iy Krebs-Henseleit buffer and then transfeieétesh medium of
access to food and water under a 12:12-h dark-tigtie. All animals e same composition containing 0.1% bovine seromain (99%
were _euthanlzed by ce_rV|caI dislocation and thﬂms_removed in thefatty acid free) and 0.5 mmol/lL-U[2C]phenylalanine (5.55 KBg/l)
morning at the same time frame of the day. Theperéxents were 571 1y \We verified that these experimental conditiarse not
performed according to European directives (86/668%) and ap- aggociated with major signs of muscle hypoxia ==tby VEGFa
Pr?"_ed by the Languedoc-R_OUSSIIIOH Regional  Commi{@mité .4 REDDI mRNA expression; data not shown). At the end of the
Reégional Languedoc-Roussillon). incubation period, muscles were weighed and homagdrin 10%
trichloroacetic acid (TCA). Homogenates were cénged at 10,000
g for 10 min at 4°C, and TCA-insoluble material (afirepresented

Twenty-week-old female mice were used for all  experits in-  the protein fraction) was washed three times  with T00A to
volving DEX administration. eliminate free radioactivity. Th(_a re§ultant pe_IIE{SA_sglublllzed in1

Study 1: DEX-induced skeletal muscle atrophff. and KO mice _moI/I NaOH at 37_"C for c_ietermlnatlc_m of radloadl_y_vl_ncorporated
were given 200  g-kg-day * water-soluble DEX (D2915; Sigma- into mus_cle p_rot_eln fr_ac_tlor_l. Protel_n-bound r_adlomy_twas mea-
Aldrich, St. Louis, MO) or tap water (CTRL) by gaeafor 7 days. At sured using Il_qwd scmtlllapon counting. Pro_te_ynthess was calcu-
the end of the treatment period, the tibialis datefTA) and gastroc- |atéd by dividing the protein-bound radioactivity the specific
nemius (GAS) muscles were excised bilaterally, weifjHrozen in activity of the phenylalanine in the 1ncubat1_0n r_nedlum; it was ex-
liquid nitrogen, and stored at  80°C for further asal. The spleen Pressed as nanomoles of phenylalanine incorporated gram of
was also removed and weighed. muscle per hour. _ _

Study 2: DEX-induced molecular mechanisrigT and KO mice Proteolysis was measured by tyrosine release isdfie setup as
were treated with 1 mg/kg DEX or tap water (CTRi)dval gavage. above. Because tyrosine is neither _synthes_lze_d egnaded in mus-
Animals were euthanized 5 h after gavage, and Batand left GAS cle, the release of tyrosine into the incubationlime directly reflects
were quickly frozen in liquid nitrogen and stored 80°C for further N€t protein breakdown. Proteolysis was then estichy the sum of
analysis. Right GAS was used immediately for ~ deterriomaf net tyrosine release into the incubation mediumpotein synthesis

Animals

GAS was removed for measurement of protein metaboliam,
described previously (41). Briefly, muscles wereipcubated for 15

DEX Administration

protein synthesis and proteolysis (see below). after conversion of the rate of phenylalanine ipcoation into pro-
teins into tyrosine equivalents (43). Protein ddgten was expressed
Immunohistochemistry in nanomoles of tyrosine incorporation per grarmofkcle per hour.

Cross sections (10 m) were cut from TA using cryostat ~ miAestern Blotting
crotome at  20°C. Sections were stained with azorufdif® and . .
automatically analyzed for fiber cross-sectionabaguantification, as Frozen .GAS rlnuscles were plowgereld, horlnogenlzedsm byiffer
described previously (32). Briefly, sections werersed usinga (0 MM Tris: HCI, 100 mM NaCl, 5% glycerol, 1 mM ERTL mMO
NanoZoomer (Hamamatsu Photonics, Hamamatsu Cjign)avith a ECGTA, 50 mM* -glycerophosphate, 50 mM NaF, 1 mMN®., 1%

20 objective, and fiber cross-sectional areawas medswith 171ton X-100, and protease inhibitor cocktail) wiastprep-24 (MP
Definiens Developer 7.1 software (Definiens, MuniGermany). At Blgmedlcal, _Santa Ana, C.A)' and centrlfugt_ed at @0 gior 10 min
least 1,700 fibers per muscle were counted. (4 _C). Protein concentrations were determined frbms!upern_atant

Muscle typology was determined by the Kaiser  andBeo(6) using the BCA_assay ('”teTCh'm' Montlugon, France_)‘tyl-‘mlcro-
myosin-ATPase coloration method on sections  of ticefis and 9rams Of protein were subjected to SDS-PAGE onlaiiyle 4 —20%
surae, i.e., GAS and soleus (SOL) muscles. Myofibems feach precast gels (Bio-Rad, Hercules, CA) and transfetoenitrocellulose

| identified as being t | t HAZIDOT t ng Membrane. Membranes were blocked in 5% nonfat  dry imilk
][irg)ues;ge were ldentiiied as being type L ype Hor ype Tris-buffered saline for 1 h and then probed witimary antibody

' overnight at 4°C. Akt, phospho-Akt S&f3 phospho-Akt Th#® S6,
Muscle Contractile Properties phospho-S6 S&fY2* elF4E-binding protein-1 (4E-BP1), phospho-

4E-BP1 Thi¥”4¢ PRAS40, phospho-PRAS40 T#°p62 (all from
Gastrocnemius and soleus muscles were evaluattebigeasure- Cell Signaling Technology, Danvers, MA), LC3 (SigmadActh, St.
ment of in situ isometric muscle contraction in resg®to nerve Louis, MO), and REDDL1 (Proteintech, Chicago, IL) wesed at a
stimulation, as described previously (4). Mice wanesthetized using concentration of 1:1,000,-tubulin (Sigma-Aldrich) and 14-3-8
a pentobarbital solution (60 mg/kg ip), and supm@etal doses were (SC-1657; Santa Cruz Biotechnology, Dallas, TX) were used at
given as required to maintain deep anesthesiaglexperiments. 1:2,000,and ubiquitin (SC-8017; Santa Cruz Biotechnology), TSC2,



phospho-TSC2 S&F° ULK1, and phospho-ULK1 SeP7(Cell Sig-
naling Technology) were used at  1:500. The next daynionanes
were washed and incubated with horseradish perssidanjugated
secondary antibody at 1:3,000 for 1 h at room tenipeza Chemi-
luminescent horseradish peroxidase substrate (RidRoekford, IL)
was then added to the membranes  and exposed in @gpplh
developer.

Immunoprecipitation

Frozen GAS muscles were homogenized in CHAPS bysifer
(0.3% CHAPS, 40 mM HEPES, pH 7.5, 120 mM NacCl, 1 @bITA,
50 mM NaF, 1.5m M NaVO, 10 mM ‘-glycerophosphate, and
protease inhibitor cocktail) and centrifuged at000,g (4°C) for 10
min. Five-hundred micrograms of protein from sup&nt was di-
luted in a final volume of 500 | with the CHAPS beiff Precleared
lysates were incubated with either 5 g of anti-pdr313 (MA5—
12242; Pierce/Thermo Scientific, Rockford, IL) or 5 g of anti-mouse
IgG (IgGl1 Isotype control; Cell Signaling Technology) overnight at
4°C. Samples were then incubated for 1 h at 4°G @0 | of 20%
protein G sepharose beads (GE Healthcare, Waukeshg,ahdl
washed four times with CHAPS buffer before analyisisVestern
blot.

MRNA Expression Analysis

Total RNA was extracted from the TA muscle using BNeasy
fibrous tissue kit (Qiagen, Venlo, The Netherland®)NA was then
synthesized using a high-capacity cDNA reversestraption kit
(Applied Biosystem) from 1 g of total mMRNA. Purifit@n of cDNA
was performed using a PCR cleanup kit  (Promega, Madigvl).
Quantitative PCR was performed using KAPA 2
Master Mix on an Miniopticon thermocycler  (Bio-Rad)ydling
conditions were one cycle at 98°C for 30 s follovey40 cycles at
95°C for 1 s and 60°C for 15 s (64°C for BNIP3)skm index was
measured by increments of 0.5°C every 5 s (stadirgh°C, finishing
at 95°C). Each sample was run in duplicate. Seqseotthe mouse
forward and reverse primers  are listed in Table 1. suRe were
expressed using the comparative cycle thresholg) (@th _-tubulin
as the control gene because its expression remamgtthnged across
groups. The calculation of the relative changah@expression level
of one specific gene was performed by the> C+formula. We also
took into account the PCR efficiency of primers ie fbllowing
formula:

Table 1. Primers used for real-time quantitative PCR

SYBR @Gree

Subject’s gene expression
H#+ gene ef ficienc
N 7\

;ﬂi ~ -tubulin eﬁicienc)%gan_-tubulinWT CTRL Cy_ -tubulinsubject CT;I%

Fecal Corticosterone Metabolites

an WT CTRL Cy subject Cr ===

Corticosterone levels were assayed at base lewal fieces accord-
ing to Touma et al. (44). Briefly, all feces produahding a period
over 24 h were collected, dried for 1 h at 37°Q haomogenized in
80% ethanol (wt/vol 1:10). Supernatant was dilutetiwith kit assay
buffer and stored at  20°C. Corticosterone concentratas deter-
mined by using the Correlate EIAKit (Assay Desiga#gin Arbor,
MI) according to the manufacturer’s instructions. 0é&s were ex-
pressed based on the total feces collected oweregperiod and as
nanograms of corticosterone per gram of feces. The &i#sahas
28.6% cross-reactivity with deoxycorticosteronenetabolite of cor-
ticosterone. Therefore, the values measured regirisgely cortico-
sterone and these metabolites.

Statistical Analysis

Results are presented as means SE. Data were anblyzed
Student'st-test [absolute maximal force and fatigue resistdRae
1E), glucocorticoid receptor (GR) expression andicosterone lev-
els (Fig. ), and muscle weight (FigA3] and one- (REDD1 mRNA
levels within the different muscles; Fig. 1A) or two-way ANOVA
(with genotype and DEX treatment as the 2 factorsishét’s least
significant difference post hoc analysis was usedetermine differ-
ences between groups when ANOVAwas  significant. Sieais
analysis of fiber cross-sectional area distributi@s performed using
the 2test (Fig. &). Statistical significance was setfat  0.05.

RESULTS

REDD1-KO Mice Have No Distinct Muscle Phenotype
Under Basal Conditions

Like others (5), we did not observe any differencéhim
body weights of 6- to 25-wk-old males and femalesveen
WT and REDD1-KO mice (data not shown). In addititioia
length (WT: 18.62 0.15mm; KO: 18.39 0.14 mm) and
heart weight (WT: 137.3 4 mg; KO: 142.6 3.2 mg) were
similar in 25-wk-old WT and REDD1-KO males. We deter
mined the mRNA level of REDD1 in several muscle$\of

Gene Forward Primer (5=33 Reverse Primer (533
REDD1 CCAGAGAAGAGGGCCTTGA CCATCCAGGTATGAGGAGTCTT
REDD2 GAGCAAGATCCACTTTGCCTA AGGCGGGTACAATAACAGCA
MyHC | ATAGCAGGAAAGGGGCTGA GCCTCTCATCACGCATCTC
MyHC IIA AGGCGGAAAGAAGCTACCAT GTGGTGATCAGCAGCATTTC
MyHC IIX CATGTCCAAAGCCAACAGTG CTGAGCCAGCTTCTTCTTGG
MyHC 1IB CTGCAGGACTTGGTGGACA CTTGGCCAGGTTGACATTG
FOXO1 GCTGGGTGTCAGGCTAAGAG AGGGCATCTTTGGACTGCT
Foxo3a GGAAATGGGCAAAGCAGA AAACGGATCACTGTCCACTTG
MAFbx AGTGAGGACCGGCTACTGTG GATCAAACGCTTGCGAATC
MuRF1 TCCTGCAGAGTGACCAAGG GGCGTAGAGGGTGTCAAAC
BNIP3 CCTGTCGCAGTTGGGTTC GAAGTGCAGTTCTACCCAGGAG
LC3 AGCTTTGAACAAAGAGTGGAAGA CTCCCCCTTGTATCGCTCTA
LAMP2a GTGACAAAAGGACAGTATTCTACAGC CCAATAAAATAAGCCAGCAACA
Cathepsin L ACAGAAGACTGTATGGCACGAA GGATCATTCTCATGTTCTTCTCC
GR CAAAGATTGCAGGTATCCTATGAA TGGCTCTTCAGACCTTCCTT
_-Tubulin CTGGAACCCACGGTCATC GTGGCCACGAGCATAGTTATT

REDD, regulated in development and DNA damage response; MyHC, mysoin heavy chain; MAFbx, muscle atrophy F-box; MuRF1, muscle RING finger 1;

GR, glucocorticoid receptor.



mice (Fig. ). We decided to focus on TA and GAS muscles

A B notably because of their high amounts of REDD1 mRINA
61 REDD1 _. 27 REDD2 the reproducibility in muscle weight  determinatiomplor-
5 4 ¢ '; tantly, REDD1 deletion was not compensated by arease in
5 4] be o 1°] REDD?2 expression, a functionally related proteirg(Fi 1B).
S b 2 We next sought to determine whether REDD1 deficiency
S ] ;‘E altered skeletal muscle mass under basal condititmsever,
% 3 0.5 1 TA and GAS muscles weights were not affected ir62-and
112 a z 13-mo-old REDD1-KO vs. WT males (Fig.CL. We then
0- T oL £ O0- explored the contractile phenotype of REDD1-KO messcl
S0 GAS Q WT Ko Neither myosin heavy-chain mRNA levels of TA musote
C typology of SOL and GAS muscles determined by ATPase
70 q TA 200 - GAS
> 60 - >
E E 1501 A
e e 5h 24h
o 40 4 [=]
T ‘T 100 -
2 304 2 DEX
% 20 1 % 50
S 10 A S acute 1mg/kg
E 0 - E 0 -
2mo 6mo 13mo 2mo 6mo 13 mo
7 days 1mg/kg/d
D
2 TA
<E 7 days 200pug/kg/d
Z=2 15
e
of ! B
I3 REDD1 REDD2
Sg % - -
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I 1A 11X 1B QO 50 A (@]
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g 100 A 2 ° 12 o 60
Q = 54 = s @
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Fig. 1. Characterization of muscle phenotype ipoese to regulated in development DE: 0- .,GO_J 0 -
and DNA damage (REDD)1 deletiBnmRNA expression of REDD1 in soleus WT KO WT KO

(SOL), tibialis anterior (TA),gastrocnemius (GAShaginiceps (Q),and extensor
digitorum longus (EDL) of wild-type (WT) mice. Bavégth different letters are
different from each otheP(.05), whereas values exhibiting the same letter
significantly different ¢ 5/group).B: REDD2 mRNA in TA muscle of WT and
REDD1-knockout (KO) micen7—-8/group).C: TA and GAS muscle weights of
6-, and 13-mo-old WT and REDD1-KO malé&s-{/group) D, top: myosin heav : : 3

chain (MyHC) mRNA expression in TA muscle of WT @REDD1-KO malesr{ )ﬁsa?le)dzvr\?.sgrﬁjIeR\IIEEIIDSID'riLAOmr::ize O(flﬂ-;tg(,m'ﬁe glv;tipgy\gféﬁ;). Otrreated
6-7/group) D, bottom fiber type distribution determined by the ATPasethod I} .\ i< are represented by hatched barg: glucocorticoid receptor (GR)
SOL and GAS muscles of WT and REDD1-KG femafes4/group).E: in situ RNA levels in TA muscle and fecal (éorticosteroné:TFRLWT and
maximal force and resistance to fatigue of triceppme (GA®L muscles) in wi

REDD1-KO mice 7- 8/group). *P 0.01 and ***P 0.01 vs.
and REDD1-KO females\( 7/group). Data are meanSE. corresponding CTRL. Data are means SE.

Fig. 2. REDD1 and REDD2 expression in responsesi@ahethasone (DEX)
treatmentA: representative blots of REDD1 in GAS muscle 5 24d after
ingle (acute) DEX administration (1 mg/kg body ev after a 7 days of
eatment with 1 mg-kg*day * or 200 g-kg*-day %, with the last dose
elng administrated 5 or 24 h before muscle sampleB: REDD1 and
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activity were different in REDD1-KO vs.  WT (Fig. O). Moreover, there was no difference in basal corticoster
Finally, we measured the in situ contractility of  thieeps excretion between WT and REDD1-KO mice (FigC)2
surae (GAS  SOL muscles) in REDD1-KO and WT female Finally, because 200 g/kg of DEX was sufficient to in-
mice. Again, maximal force and resistance to fatiggeew  crease REDD1 protein content, and to get closeredttera-
similar in both genotypes (Fig.E). Together, our results peutic dose, we treated female WT and REDD1-KO mite
showed that REDD1-KO mice did not  exhibit any evidenR00 g-kg -day T DEX for 7 days. This treatment led to a
muscle phenotype under basal conditions. statistically similar loss of spleen mass (Table 2) imW

( 18%) and KO mice (  24%), suggesting that animals re-
REDD1-KO Mice are Resistant to DEX-Induced Skeletal  ceived equal amounts of DEX, as proposed by of@rEX
Muscle Atrophy administration induced a significant loss of bodgight only in

. 0 - I

We next challenged the animals with DEX adminigtrato \r;\/;srsmsceeefq instﬁ)evlsj.lg;-}t{rlga;[aadbI\/evg)r.ni-lt;g?/viaes ;gggwmt;lpedy
induce skeletal muscle atrophy. We used only fermide for a significant decrease in the mass  of both TA(  12% vs
DEX experiments because females/women are moremesp CTRL) and GAS muscles ( 10% vs. CTRL). In contrBsEX '
sive to DEX-mediated mu_scle atrophy compared widheisf had no effect on muscle weight of REDDl-Kb micey(RA).
men (2, 25). We gave a single do_se of DEX (1 mgV@!gN.T We also measured fiber cross-sectional area (Osei TA
females. Whereas REDDI protein content  was signifizan ¢ \y1 ang  REDD1-KO mice. Consistently with muscle
increased 5 h after thg adm|n|strat|or_1, it was geiable 24 h weight, TA of DEX-treated WT mice showed a signifitan
after the treatment (Fig. A2. Concerning the 7 days of treat- decrease in mean fiber CSA( 17% vETRL: Fig. 38)

ment, we checked that REDD1 expression was stillditale : P P
with a similar kinetic (i.e., 5 vs. 24 h; Fig. 2A). Importantly, the together with a shift in fiber CSA distribution tevd smaller

rise in REDD1 protein content was dose dependent (200

togékgrz g;iyn;vesésle%gi-ég;gg/{ ?ng)-zzv/;g and was related rapje 2. Body and spleen weights of WT and REDD1-KO
REDD2 mRNA after acute DEX administration to rulg o a mice after DEX or water administration for 7 days

potential compensation by REDD2 in KO mice. On the-co wT WT DEX KO KO DEX
trary, REDD2 expressionwas reduced in GAS muscle of 5 -aw

treated REDD1-KO mice compared with CTRL, wherea&s th (ostartingBw) 95.8 0.8 884 0.8 955 1.6 925 1.1
decrease failed to reach significance in WT treatdchals Spleen, mg 846 56 617 2 89.1 6.6 66.1 2.3%*
(P 0'1.1; Fig. 2B). Since DEX effe.cts are dependent on GR Values are means SE. BW, body weight; WT, wild type; KO, knockout;
expression, we checked to determine whether ot$10tRNA  pex  dexamethasone.P*  0.05, P 0.01, and *#  0.001 vs.
level was different between WT and KO mice (Fig. C)2 corresponding control; n 8 —10/group.




sizes (Fig. &). Again, no significant change in mean CSA skeletal muscle. We thus assessed mTORCL1 actiyitydn-
(Fig. 3B) or CSA distribution (Fig. G) was found in treated vs.itoring phosphorylation of some of its downstreangéds.
CTRL REDD1-KO mice. DEX treatment induced a significant decrease irptiesphor-

, , , ylation of S6 on Sef*@2*( 36% vs. CTRL) and 4E-BP1 on
DEX-Induced Decrease in Protein Synthesis and mTORC Thr3746( 379% vs. CTRL) in WT mice (Fig.B). In contrast,

Activity is Impaired in REDD1-KO Muscles no difference in phosphorylation of these targeds found in
To further characterize the sparing of muscle iDRE-KO ~REDD1-KO mice. _
mice, we looked at the mechanisms involved in thégimo REDD1 has been proposed to negatively regulate n’DR

synthesis/breakdown balance. Because REDD1 proteitent activity via the release of TSC2 from 14-3-3 in ree@mbry-
returned to basal level 24 h after treatment, fahe following ~ ©onic fibroblasts (14). We measured the interactietwien
results were obtained 5 h after a single DEX adstriaiion. 14-3-3 and TSC2 by coimmunoprecipitation in CTRL or

We first measured protein synthesis (by phenylatinoor-  treated WT and REDD1-KO muscles. We observed a main
poration) in isolated GAS muscle. Whereas DEX treatme positive effectP  0.026) of DEX on TSC2 sequestration by
induced a significant decrease in protein synthiesi¥T mice  14-3-3in WT ( 132%) and REDD1-KO mice ( 125%) 5 h
( 28% vs. CTRL), no significant effect was found inafter administration (Fig.@). This increase was accompanied
REDD1-KO mice (Fig. A). The AKmTORCL1 signaling is a by a significant rise in Akt phosphorylation on S&t”3in WT
crucial pathway for the regulation of protein synteesin treated mice ( 83%F  0.033),whereas this rise failed to

A B WT KO
8 - $ DEX - + A 144 S6 4EBP1
o 7 J? REDD1 =)
o
E 6 - * <
] P-S6 ser 240244 B e el
TL N S
= X —
T 4 S6 tot o
C = -
855, o~ g
S p-4EBP1 thr 746 B S
5 27 3
O 14 4EBP1 tot 3
s
0 - Tubulin
WT KO
C D 25 - Akt ser 473 Akt thr 308
IP: 14-3-3 1gG Total lysate *
WT KO WT_ WT KO
DEX - + - + - DEX - + - +

TSC2 p-TSC2 ser 939
14-3-3p TSC2
IgG LC 14-3-3p

p-Akt ser 473

phospo-to-total (AU)

p-Akt thr 308

TSC2 ser93® PRAS40 thr 246
P=0.099 Akt tot

PRAS40 thr 246

PRASA40 tot

TSC2 bound to 14-3-3
(AV)
phospo-to-total (AU)

WT KO

Fig. 4. Protein synthesis and Akt/mechanistic taogeapamycin (NTORC1) pathway activation 5 h aB&X administration (1 mg/kg) in GAS muscles of
WT and REDD1-KO miceA: phenylalanine incorporation was measured to agsesgein synthesis on isolated muscles 5 h aftienals received water or DEX
(n  8/group).B: representative blots of S6 and elF4E-bindinggami (4E-BP1) phosphorylation and correspondinangification in WT and REDD1-KO
mice after water or DEX administration ( 7— 8/group). Note that thep bandfor total S6 is likely a phosphorylated form résg from the use of gradient
gels and long migration. Total S6 quantificationswlaus performed on both bands.representative blots and quantification of tulbsrsclerosis complex 2
(TSC2)/14-3-3 binding after immunoprecipitation vgan-14-3-3 antibody( 3-5/group)D: representative blots and quantification of Akt*Sand ThP*®
TSC2 Sef™ and PRAS40 TH*®phosphorylation in total GAS lysates ( 7— 8/group). ®  0.05 vs. corresponding CTRL; $P 0.05 vs. corresponding WT
group. Black and open bars are CTRL, and hatcheddra®EX-treated mice. Data are meansSE.



reach statistical significance in REDD1-KO mice ( Y04
0.38; Fig. 4D). Akt-dependent TSC2 phosphorylation on®S2r
was correlated with Akt phosphorylation on SEF without
reaching significance ( 41%, 0.32,and 21%P 0.59,
in WT and REDD1-KO treated mice,respectively; Fig. 4D).
However, a recent study showed that REDD1 promaotas i
bition of Akt by Thr=*®dephosphorylation. We observed her
that DEX treatment tended to decrease AkETHr 37%,P
0.088) only in WT mice (Fig.[d). Akt also activates mTORCL1
through inhibitory phosphorylation of PRAS40 (23).3Con-

sistently with Akt ThP®variations, Akt-dependent PRAS40

phosphorylation on T was significantly decreased in
DEX-treated WT mice only ( 409 0.05; Fig. 4D).
Importantly, we observed the same results on the RTD
pathway in TA musclen 3; data not shown).

Proteolysis is Not Increased 5 h After DEX Admraisbn
in Either WT or REDD1-KO Mice

With muscle mass resulting from the balance betvpgen
tein synthesis and proteolysis, we next investij#te activa-
tion of the proteolytic machinery. GCs are knowmptomote
proteolysis by increasing the expression of specifinege
involved in the ubiquitin/proteasome system (UPS) d the
autophagy processes. Protein degradation, assegs$gwsine
release, was not affected in either WT or REDD14Ki0e 5
h after DEX administration in GAS muscle (Fig. A)5 We
found the same result  in extensor digitorum longu3L(E
muscle (data not shown). Consistently, the prafflabiquiti-
nated proteins remained unchanged (FigB).39n contrast,
mMRNA content of the transcription factors forkheank D1
(FOX01) and FOXO3a showed a significant increadgoitn
WT and REDD1-KO treated mice (Fig. Ch Concerning the
muscle-specific E3 ligases,
level in WT and REDD1-KO mice, although it had gngf-
icant effect on MAFbx expression (Fig. D} Analysis of
autophagy markers revealed a significant increagieei LC3-
II/LC3-I ratio together with a decrease in ULK1 inhdry
Ser”>’phosphorylation in WT mice only (Fig. B). However,
we showed a significant and similar decrease inggzession
in both WT and REDD1-KO mice after DEX treatmenig(F
5E). In parallel, mRNA expression of four genes invalie
autophagy/lysosome degradation, BNIP3, LAMP2A, L&
cathepsin L, displayed a significant increase in BWthand
REDD1-KO treated mice (Fig.F, with the response to DEX
being not different between genotypes.

DISCUSSION

The aim of this study was to investigate the eftddREDD1
deletion on skeletal muscle phenotype under basalitions
and during DEX-induced atrophy. Although REDD1 bagn
characterized as a negative regulator of mMTORGetetion

Experimental Model

Treatment with synthetic GCs is associated withetkél
muscle atrophy and/or a so-called steroid myopathy. his T
deleterious condition affects many patients suffefiogn
respiratory diseases, autoimmune diseases, or carngers.

gently, several teams have shown that the mTORG#itoh

REDD1 was strongly induced by DEX administratiorskel-
etal muscle tissue (24, 39, 48). Thus, one objedafithis study
was to determine the role of REDD1 on DEX-induckeletal
muscle atrophy. We used relatively low doses of DBX a
short treatment durations compared with those lysgalen in
rodent studies [e.g., Baehr et al. (2), 3 mg/kg fod days;
Gilson et al. (18), 5 mg/kg for 4 days; Proserpio et al. (33), 2
mg/kg for 14 days]. We found that 200 g-Rgday * DEX
for 7 days was sufficient to cause skeletal muatiephy and
to raise REDDL protein content in GAS muscle of Wihale
mice. We decided to focus on TA and GAS musclesmxa
they can be accurately removed and weighed andibeca
REDD1 mRNA levels were greater  than in SOL and EDL
muscles. Moreover, these type Il fiber-rich musclgsress
high amounts of GR (39) and are thus more sengiitke
GC-atrophying effect. Accordingly, we observed similae-
sults on muscle weight and the mTORCL1 pathway betwee
GAS and TA after DEX treatment. Because we didalserve
any difference in the typology between KO and WTsohes,
the resistance to DEX-induced atrophy is not rellétea more
oxidative phenotype in REDD1-KO animals. Femaleshen
are more responsive to DEX-mediated muscle atrophy
pared with males/men (2, 25). This greater seiitsitmay be
related to the anabolic effects  of testosterone thedvemt
skeletal muscle atrophy when coadministered witiX &L).
Interestingly, the protective effect of testosteroas hbeen

DEX increased MURF1 mRNAassociated with a lack of increase in REDD1 exjwesspon

DEX treatment (51), underlining the importance &DPD1 in
promoting muscle atrophy.

Role of REDD1 on mTORC1 Pathway

REDD1 gene expression is highly sensitive to margsses
in different tissues (15, 16, 22, 49). We used tstesm DEX
treatment to depict the molecular mechanisms uyidgrimus-
cle mass protection in REDD1-KO mice. The strongease
in REDD1 mRNA and protein level 5 h after gavaghvidEX
in WT mice was correlated with reduced phosphoigteadf
downstream mTORC1 targets (S6 3&2**4E-BP1 Thi#7%¢
and ULK1 Ser™j along with the reduction in protein synthe -
sis. In contrast, DEX-treated REDD1-KO mice did ewhibit
any impairment either in the AkUmTORC1 pathway or
protein synthesis, leading to muscle mass spafmgnvesti-
gate how REDD1 acts on the mTORC1 pathway, we medsu
the interaction between 14-3-3 and TSC2, a mechapism
moted by Akt that results in TSC2 inhibition (9). Indee

on

does not promote skeletal muscle hypertrophy under |baBeYoung et al. (14) proposed that REDD1 could s6#eBSC2

conditions, which is in agreement with the recent repd
Williamson et al. (50) on the gastrocnemius musthes result
is consistent with the fact that REDDL1 is expresseal lmw
level under basal conditions. However, we showed fa the
first time that REDDL1 inhibition prevents GC-mee@idtmuscle
atrophy in mice via the suppression of the inhityiteffect of
DEX on protein synthesis and mTORCL1 activity thioag
REDD1-Akt-PRAS40 axis (Fig. 6).

from 14-3-3 during in vitro hypoxia, leading to MTOR
inhibition. Contrary to these expectations, we fbarpositive
effect of DEXon TSC2/14-3-3 interaction in WT and
REDD1-KO treated mice vs. CTRL. The binding of 18-8n
TSC2 is triggered by Akt-dependent  TSC2 phosphdoyiat
(9). In our conditions, the increase in TSC2 seqaéstt by
14-3-3 was associated with a significant increagki Ser 473
phosphorylation (in WT only) and a nonsignificamtriease in
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Accordingly, we observed that DEX induced a deaeag\kt
Thr¥®phosphorylation in WT mice only. Importantly, it has
been demonstrated that this phosphorylation isireddior full

T308 e
o activation of Akt (1). Consistently, the observed @ase in
Akt Thr3®phosphorylation was associated with a reduction in

/ \, 0 o0 its inhibitory action on the mTORCT1 inhibitor PRAG4nter-

estingly, it has been proposed that PRAS40 coulsebees-

T 246(p) trated by 14-3-3 following its phosphorylation bitAn cell
culture (23, 46). Although we also observed a coimppue-
cipitation (IP) between PRAS40 and 14-3-3 in HEK3Z@lls,
\ we did not detect this complex in mouse skeletadateuusing
the same lysis buffer, antibodies, or IP conditiontddaot

shown). Altogether, our results suggest a compexlation of
Akt substrates depending on Akt  residue phosphorylation
(Sef2or Thr*® Fig. 6).

In summary, our data support an inverse correldigween
REDD1 expression and mTORC1 activity, and this k&gn
seems to be Akt/PRAS40 dependent.

Proteolytic Systems Activation

GCs have been shown to promote muscle proteolitsis a
repeated daily administration (2, 12). However,dfthr DEX
treatment, we did not observe any change in tyeosstease or
ubiquitin profile in either WT or REDD1-KO GAS mus¢
suggesting that proteolysis was not activatedigtetiirly time.
Moreover, tyrosine release was not affected by D&
administration on EDL muscle (data not shown). Intcast,
p62 protein content was significantly decreasedoitih bWWT
and REDD1-KO muscles after DEX treatment, suggesting
enhancement of autophagy flux. It is likely thabsine release
and ubiquitin profile, two global markers of proteiagrada-
tion, require more time to present significatiomiagons. We

“ further investigated the mechanisms regulating @R®au-
- tophagy/lysosomal activity, as these two systemdribute to
BROTEIN SYNTHESIS GC-mediated proteolysis. DEX induced a similar iasein

Fig. 6. Proposed mechanism of REDD1-mediated itibibon mTORC1 after mRNA level of MuRF1 (UPS), BNIP3, LC3, LAMP2A, and
DEX administrationA: in the basal state, Akt is phosphorylated on IR&H= ; _
and Th*® In this configuration, Akt inhibits PRAS40 and TSBY phos - cathepsin L (ATG/lysosomal SVStem) as well as FOx0d 3
phorylating them on Thr246 and Se® respectively. PRAS40 and TSC2 (UPS and ATG/lysosomal system) in both WT and KQG”“
inhibition leads to mTORC1 activation, which is resgitite for protein  This shows that REDD1 does not play a role in thescrip-
synthesis and a negative feedback loop on AktB: DEX induces REDD1 tignal response of atrogenes consecutive to DExrtrent. In

protein expression, which decreases Akt*Pphosphorylation. The resulting s :
activation of PRAS40 results in mTORCL1 inhibitideading to a decrease in addition, ATG can be activated by the release of mCOR

the negative feedback loop on Akt (S& translating in TSC2 phosphoryla - Inhibition on UL_K_]- (5_2)- Once activated, ULK1 partial
tion (SeP33. Dashed lines correspond to multistep regulatioRhosphoryla- promotes LC3 lipidation (11), i.e., the conversimm LC3-I

tion level is indicated by the size of the phospH&). to LC3-Il, a common marker of autophagosome matomati
We observed a decrease in the mTORC1-dependent ULK1

Akt-dependent TSC2 S&F°phosphorylation. Akt phosphory - Phosphorylation together with an increase in LC8/aton
lation has been shown to be inhibited by the negdtiedback after DEX treatment only in WT mice. In accord wattr data,
loop of mTORC1/S6K on insulin receptor ~ substrate8)(4 Molitoris et al. (29) reported that DEX-induced REDB#-
Here, the increase in Akt SEPphosphorylation in WT treated Pression promotes LC3 lipidation and autophagosiommea-
mice was likely caused by the decrease in thistiaekisince  tion in lymphocytes. Taken together, these resuiggest that
mTORC1 was inhibited, leading to the observed irseén ~ REDD1 is required to induce the ULK1-dependent laC8-
TSC2/14-3-3 association. In REDD1-KO mice, DEXddilto ~ vation following DEX administration. However, becayse-
reduce the S6K negative feedback on Akt since $6 $&2* teolysis, ubiquitin profile, and p62 degradation wereun-
and Akt Sef”phosphorylations were unchanged. Howeveghanged between treated WT and KO mice,  this méwts t
TSC2/14-3-3 binding increased to a similar extent iREDD1-mediated LC3 activation is not sufficient toosigly
REDD1-KO and WT muscles, suggesting a more complexmodulate protein breakdown 5 h after ~ DEX adminigtrat
regulation of TSC2 sequestration. Recently, Deani. (13)  Finally, the major event at early time points after &nu-
showed that REDD1 was responsible for Akt Fdephos- lation is a reduction in protein synthesis ratthantan increase
phorylation in cultured cells, leading to mTORCLlibition.  in proteolysis.



In summary, we provide in vivo evidence that REDD10
deficiency prevents skeletal muscle loss afterys ddi treat-
ment with low doses of GC. In this context, the absewic
REDDL1 prevents the GC-induced decrease in mMTOR®-ac 14
ity and in protein synthesis. GCs are widely usedreatment
of autoimmune and inflammatory diseases, and higéldeof
endogenous GC have also been reported in seveessdis or
catabolic states such as diabetes mellitus (20), siS€R3),
metabolic acidosis (27), or fasting (28). GiventthaREDD1
basal expression is very low but strongly increasezhtabolic
states an@) basal REDD1 inhibition does not
obvious phenotype, this makes it
prevention of muscle wasting.

a potential target tfar
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