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Abstract

Non-alcoholic fatty liver disease is a chronic liver disease which is associated with obesity and insulin
resistance. We investigated the implication of REDD1 (Regulated in development and DNA damage response-
1), a stress-induced protein in the development of hepatic steatosis.

REDD1 expression was increased in the liver of obese mice and morbidly obese patients, and its expression
correlated with hepatic steatosis and insulin resistance in obese patients.

REDD1 deficiency protected mice from the development of hepatic steatosis induced by high-fat diet (HFD)
without affecting body weight gain and glucose intolerance. This protection was associated with a decrease in
the expression of lipogenic genes, SREBP1c, FASN and SCD-1 in liver of HFD-fed REDD1-KO mice.
Healthy mitochondria are crucial for the adequate control of lipid metabolism and failure to remove damaged
mitochondria is correlated with liver steatosis. Expression of markers of autophagy and mitophagy, Beclin,
LC3-11, Parkin, BNIP3L, was enhanced in liver of HFD-fed REDD1-KO mice. The number of mitochondria
showing colocalization between LAMP2 and AIF was increased in liver of HFD-fed REDD1-KO mice.
Moreover, mitochondria in liver of REDD1-KO mice were smaller than in WT. These results are correlated
with an increase in PGC-1a and CPT-1 expression, involved in fatty acid oxidation. In conclusion, loss of

REDD1 protects mice from the development of hepatic steatosis.

Keywords: REDD1, obesity, hepatic steatosis, autophagy
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disorder affecting up to 28% of adult European
population. NAFLD can progress from simple hepatic steatosis (or non-alcoholic fatty liver, NAFL) defined as
triglyceride accumulation in the liver, to more severe stages of non-alcoholic steatohepatitis (NASH)
characterized by liver inflammation, hepatocellular injury and apoptosis (1-3). Hepatic steatosis is strongly
associated with obesity and its complications, insulin resistance and dyslipidemia. Excessive lipid accumulation
in the liver results from several mechanisms. Uptake of non-esterified free fatty acid (NEFA) released by
adipose tissue and de novo lipogenesis regulated by the transcription factors SREBP-1c and ChREBP are
increased. On the other hand, the lipid export in very low-density lipoproteins is reduced and fatty acid beta-
oxidation is decreased due to mitochondrial dysfunction. This is associated with the presence of
megamitochondria in hepatocytes owing to mitophagy defects (4-8). Endoplasmic Reticulum (ER), oxidative,
inflammatory, and genotoxic stresses have been detected in steatotic livers and are involved in the initiation
and/or progression of NAFLD (9). Hence, key stress-regulated proteins may play a pivotal role in the

pathogenesis of hepatic steatosis and NAFLD.

REDD1 (Regulated in development and DNA damage response-1, also known as DDIT4: DNA Damage
inducible transcript 4) is an intracellular protein whose expression is regulated by several cellular stresses
known to be increased in tissues during obesity including hypoxia, DNA damage and Endoplasmic Reticulum
(ER) stress (10-13). In addition, REDD1 expression is also increased by hyperinsulinemia, hyperglycemia,
dyslipidemia, and glucocorticoid, which are conditions induced by obesity (14-17). The best-known function of
REDD1 is to inhibit the activity of mTORC1 by positively regulating the tuberous sclerosis complex (TSC), an
upstream repressor of mMTORC1. One proposed mechanism is to favor the dephosphorylation and inactivation
of AKT by the protein phosphatase PP2A, preventing the inhibitory effect of AKT on TSC2 (18). It has also
been shown that REDD1 sequesters 14-3-3 proteins allowing the inhibition of mMTORC1 by TSC2 (19). By
regulating mTORC1 and AKT, REDD1 is involved in several cellular processes including protein synthesis,
cell growth, and autophagy. However, REDD1 can also mediates cellular effects independently of mMTORC1
regulation. Indeed, REDD1 induces autophagy through mTORC1 dependent and independent mechanisms (20).
In addition, we showed that REDD1 regulates MAP kinase, NF-kB, and inflammasome activation in bone
marrow derived macrophages through mTORC1 independent mechanisms (21). Moreover, a role of REDD1 in

the regulation of mitochondrial function, oxidative capacity, and ROS production has been proposed (10, 20,
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22, 23). A pool of REDD1 is present at mitochondria and it was recently reported that REDD1 localizes in the
mitochondria-associated membranes (MAMS) that allow communication between the ER and the mitochondria
(23, 24).

The AKT-mTORC1 axis, as well as the mitochondrial fitness, play a central role in the regulation of glucose
and lipid metabolism and insulin sensitivity. Emerging evidences suggest that REDD1 plays a regulatory role in
insulin action and lipid metabolism (25). REDD1 in MEF cells inhibits insulin-induced T308-AKT
phosphorylation (18). Likewise, REDD1 expression is increased in muscles of patients with T2D (Type-2
Diabetes) during an hyperinsulinemic-euglycemic clamp and may contribute to the development of insulin
resistance (15). By contrast, loss of REDD1 in mouse plantar flexor muscles led to reduced insulin-stimulated
IRS-1 tyrosine phosphorylation (26). We showed that the silencing of REDD1 expression in 3T3-L1 adipocytes
inhibits insulin signaling and insulin-induced lipogenesis while others showed that REDD1 over-expression
increases adipocyte lipolysis (27, 28). REDD1 may also control lipid metabolism by regulating mitochondrial
abundance an oxidative capacity. In muscle, lack of REDD1 decreases the mitochondrial oxidative capacity and
reduces exercise capacity (20). By contrast, increased REDD1 expression in liver of mice with a genetic
deletion of Cathepsin S is associated with a reduced activity of the mitochondrial respiratory chain (29).
However, little is known regarding the role of hepatic REDDL1 in the pathogenesis of steatosis and NAFLD

associated with obesity.

To address this question, we studied REDD1-deficient mice in the context of diet-induced obesity. We found
that REDD1 expression is increased in steatotic liver of obese mice and humans and that REDD1 deficiency
prevents the development of hepatic steatosis without affecting body weight gain and insulin resistance

development. Mechanistically, REDD1-deficient mice have a decrease in de novo hepatic lipogenesis and an

increase in hepatic mitophagy leading to the presence of smaller mitochondria.
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MATERIALS AND METHODS

Materials: Antibodies were obtained from Santa Cruz Biotechnologies (Heidelberg, Germany): FASN sc-
20140, ERK2 sc-1647, HSP90 sc-13119, Beclin sc-11427, Parkin sc-32282, Pink1 sc-517353, Bnip3L sc-
166332; Cell Signaling Technology (Beverly, MA): AKT- pT308 #13038, AKT- pS473 #4058, AKT #9272,
ERK #4695, pULK-S757 #14202, S6-pS235/236 #4856, S6 #2317, 4E-BP1-pT37-46 #9459; AlF
(CST#5318P) Proteintech (Chicago, IL): REDD1 #10638-1-AP; Sigma-Aldrich: tubulin #T6199; Adipogen:
NLRP3 #AG-20B-0014; Abcam: CPT1 #ab128568, LAMP2 #ab13524; Novus Biology: LC3 #NB100-2220;
Progen: p62 #GP62C.

The primer sets for real time quantitative PCR were purchased from Eurogentec (Seraing, Belgium) and Qiagen

(Courtaboeuf, France).
Animal studies

Mice: Whole-body REDD1 null mice (REDD1-KO) were generated by Lexicon Genetics Inc. (The
Woodlands, TX) specifically for Quark Pharmaceuticals Inc. (Fremont, CA) and are the property of Quark
Pharmaceuticals Inc. REDD1-KO and WT littermates mice were generated from C57BL/6J backcrosses (9
generations). To minimize genetic drift, backcross of the parental strain was performed every 10 generations.
Mice were housed in standard cages with free access to food and water under 12h dark-light cycle. The
Principles of Laboratory Animal Care (NIH publication “Guide for the care and use of laboratory animals” 8"

edition, (https://grants.nih.gov/grants/olaw/quide-for-the-care-and-use-of-laboratory-animals.pdf) were

followed, as well as the European Union guidelines on animal laboratory care

(http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm). All procedures were approved by

the Animal Care Committee of the Université Cote d’Azur and the French ministry (Ministére de 1’éducation
nationale, de I’enseignement supérieur et de la recherche), France (#2015051914373792_v2).

Metabolic characterization: Male 8-week-old mice were fed with a normal chow diet (NCD) (Safe diet A04,

8 % calories from lipid) or a high-fat diet (HFD) (ssniff® DIO-60 % calories from fat) for 25 weeks. Mice

weight and food intake were monitored twice a week. For glucose tolerance test (GTT), fasted mice (16 h) were
injected intraperitoneally with glucose solution (1 g/kg body weight). Blood glucose level was measured using
a glucometer before and after injection at the indicated times (FreeStyle Optium, Abbott Laboratories, Abbott
Park, USA). Fasted (16 h) serum insulin, and NEFAs were measured using an HTRF-based (Cisbio, Codolet,

France) or biochemical assay (Diasys, Holzheim, Germany), respectively.


https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm

Revised 201901799 Dumas et al.

Mice metabolism was analyzed by indirect calorimetry to determine oxygen consumption (VO2) and carbon
dioxide production (VCO2), energy expenditure (EE), respiratory exchange ratio (RER), and total activity
using calorimetric tides cages (Oxyletpro-Physiocage Panlab, Bioseb, Vitrolles, France). Mice were
individually housed and acclimated for 24 h before experimental measurements. VO2 and VCO2 were
measured (Oxylet; Panlab-Bioseb, Vitrolles, France) in individual mice fed with normal chow diet or HFD at
32-min intervals during a fasted night period followed by unrestricted access on food period. The respiratory
exchange ratio was calculated and analyzed as follows: RER = VCO2/VO2, RER=1 corresponds to
carbohydrate oxidation and RER-0.7 corresponds to fat oxidation. Energy expenditure (in kcal/day/weigh® " =
1.44 X VO2 X [3.815 + 1.232 X RER]) was calculated and ambulatory activities of the mice were monitored
by an infrared photocell beam interruption method (Oxylet; Panlab-Bioseb, Vitrolles, France). All data were

analyzed using 2 way ANOVA multiple comparison test in GraphPrism software.

Biochemical analysis: Serum alanine transaminase (ALT) and aspartate transaminase (AST) levels were

determined as previously described (30). Hepatic triglycerides were determined using a Triglycerides FS 10’ kit

(Diasys, Holzheim, Germany). B-hydroxybutyrate was determined using Biosentec kit and Mindray analyzer.

Histological analysis: After 25 weeks of diet, mice were sacrificed in fed conditions by intraperitoneal

injection of dolethal. Tissue were flash frozen in liquid nitrogen and stored at -80°C until used. Alternatively,
tissue were fixed in Roti-Histofix (Roth, Lauterbourg, France), embedded in paraffin, sectioned (7 um thick),
stained with hematoxylin and eosin (H&E) and imaged on a Zeiss PALM MicroBean system. Score of steatosis

was performed as previously described (31).

Liver tissue embedded in OCT were sectioned (20 pm thick), stained with Oil Red O solution (3g/l in 60%

isopropanol) and imaged on a Zeiss PALM MicroBean system.

Western blot analysis: Tissues were solubilized using Precellys tissue homogenizer in ice-cold buffer
containing 50 mmol/l Tris pH7.5, 150 mmol/l NaCl, 0.1%SDS, 1% NP40, 0.5% Na Deoxycholate, 2 mmol/I
Orthovanadate, 5 mmol/l NaF, 2.5 mmol/l NasP,0; and Complete protease inhibitor cocktail (Roche

Diagnostics, Meylan, France).

Lysates were centrifuged (14,000 rpm) for 10 min at 4°C, and the protein concentration was determined using
BCA protein assay reagent (Thermo Fisher Scientific, Brebiéres, France). Cell lysates were analyzed by
Western blot. Immunoblots were revealed using PXi4 GeneSys imaging system. Quantifications were realized
using MultiGauge or Fiji softwares (32).
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Real-time guantitative PCR analysis in mice tissue: RNA was isolated from tissues (TRIZOL, Invitrogen),

and cDNA was synthesized using Transcriptor first strand cDNA synthesis kit (Roche Diagnostics, Meylan,
France). Real-time quantitative PCR was performed with sequence detection systems (StepOne Plus Real-time
PCR system (Thermo Fisher Scientific Inc.) and SYBR Green dye. Gene expression values were calculated
based on the comparative cycle threshold Ct method (244<"). Levels of mMRNA were normalized to the
expression value of the housekeeping gene RPLPO and expressed relative to the mean of the group of controls.
The following primers were obtained from Qiagen (Courtaboeuf, France): CD36 #PPM03796D-200; FASN #
PPMO03816E-200 ; NOS2 # PPM02928B ; ARG # PPM31770C. The following primer sequences were used
REDD1 (AGGAAGAGGAGGACGAGAAACG/ CGCCTTCATTCGGACCTTAG), Plin-1
(GGCCTGGACGACAAAACC/CAGGATGGGCTCCATGAC), ApoB (TTCTTCTCTGGAGGGGACTG /
GGCACTGTGGGTCTGGAT ), SREBP1c (GCTTCCAGAGAGGAGGCCAG/
GGAGCCATGGATTGCACATT ), SCD-1 (CGGAGACCCCTTAGATCGA / TAGCCTGTAAAAGATTTCT
), Insig2a (TGTGAAGTGAAGCAGACCAATGT / CCCTCAATGAATGTACTGAAGGATT ), DEC-1
(TTGTCGGGAAGAAATCTCGAG-GCA/AGTGTTCTCATGCTTCGCCAGGTA ), PGCla (GGA
ATATGGTGATCGGGAACA | AAAGGATGCGCTCTCGTTCA ), CCL2 (GCATTAGCTTCAGAT
TTACCGGT / TTAAAAACCTGGATCGGAACCAA), IL1B (TCGCTCAGGGTCACAAGAAA/C
ATCAGAGGCAAGGAG GAAAAC), RPLPO (CTTTATCAGCTGCACATCACTCA / TCCAGG
CTTTGGGCATCA).

Electron microscopy: For ultrastructural analysis, tissues were fixed in 2.5% glutaraldehyde in 0.1M

cacodylate buffer pH 7.4 at 4°C, rinsed in 0.1 mol/l cacodylate buffer, post-fixed for 2h in 1% osmium
tetroxide and 1% potassium ferrocyanide in 0.1 mol/l cacodylate buffer to enhance the staining of membranes.
Cells were rinsed in cold distilled water, quickly dehydrated in cold ethanol and lastly embedded in epoxy
resin. Contrasted ultrathin sections (70 nm) were analyzed under a JEOL 1400 transmission electron

microscope (EM) mounted with a Morada Olympus CCD camera.

Immunofluorescence: Fixed liver tissue embedded in OCT were sectioned (10 pm thick), and permeabilized

with 0.2% Tween-20 for 10 min at room temperature. The sections were incubated with antibodies directed to
AIF and LAMP?2 followed by fluorescently labeled secondary antibodies, DAPI (Sigma D9542) and Alexa
Fluor 488-Phalloidin (Invitrogen#A12379).
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5 images for each mouse (10 mice per group) were randomly acquired using Nikon A1R confocal microscope
and analyzed using Fiji software using the same parameters for each image. To avoid mistakes in the analysis,

images in which more than 50 mitochondria were detected were conserved for quantification.
Human studies

Morbidly obese patients: Morbidly obese patients (n=20) were recruited through the Department of Digestive

Surgery and Liver Transplantation (Archet 2, University Hospital, Nice, France) where they underwent
bariatric surgery for their morbid obesity. Bariatric surgery was indicated for these patients in accordance with
French guidelines. Exclusion criteria were: presence of hepatitis B or hepatitis C infection, excessive alcohol
consumption (>20g/d) or another cause of chronic liver disease as previously described (33-35). The
characteristics of the study groups are described in Table 1. Before surgery, fasting blood samples were
obtained and used to measure alanine transaminases (ALT), glucose, insulin and HbA1c. Insulin resistance was
calculated using the homeostatic model assessment (HOMA-IR) index (36). Surgical liver biopsies were
obtained during surgery and no ischemic preconditioning was performed. Hepatic histopathological analysis
was performed according to the scoring system of Kleiner et al. (37). Four histopathological features were
semi-quantitatively evaluated: grade of steatosis (0, <5%; 1, 5%-30%; 2, >30%-60%; 3, >60%), lobular
inflammation (0, no inflammatory foci; 1, <2 inflammatory foci per 200x field; 2, 2-4 inflammatory foci per
200x field; 3, >4 inflammatory foci per 200x field) and hepatocellular ballooning (0, none; 1, few balloon cells;
2, many cells/prominent ballooning). All subjects gave their informed written consent to participate in this
study in accordance with French legislation regarding Ethics and Human Research (Huriet-Serusclat law). The
““Comité Consultatif de Protection des Personnes dans la Recherche Biomédicale de Nice” approved the study

(07/04:2003, N° 03.017).

Real-time quantitative PCR analysis in human tissue: Total liver RNA was extracted using the RNeasy Mini
Kit (74104, Qiagen, Hilden, Germany) and treated with Turbo DNA-free DNase (AM 1907, Thermo Fisher

Scientific Inc.) following the manufacturer’s protocol. The quantity and quality of the RNA samples were
determined using the Agilent 2100 Bioanalyzer with RNA 6000 Nano Kit (5067-1511, Agilent Technologies,
Santa Clara, CA, USA). Total RNA (1 pg) was reverse transcribed with the High-Capacity cONA Reverse
Transcription Kit (Thermo Fisher Scientific Inc.). Real-time quantitative PCR was performed in duplicate for
each sample using the StepOne Plus Real-Time PCR System (Thermo Fisher Scientific Inc.) as previously
described (38, 39). TagMan gene expression assays were purchased from Thermo Fisher Scientific Inc.: RPLPO
(Hs99999902 _m1); REDD1 (Hs00430304 _g1). Gene expression was normalized to the RPLPO (Ribosomal

10
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Phosphoprotein Large P0) housekeeping genes and calculated based on the comparative cycle threshold Ct

method (2 44%Y.

Statistical analysis: Data are expressed as the mean +/- SEM. Statistical analysis was performed using

GraphPad Prism version 7.00 for Windows, (GraphPad Software, La Jolla California USA). Differences among
groups were compared using ANOVA with post-hoc analysis for multiple comparisons and Mann-Whitney test
when there were only two groups. p value <0.05 is considered as significant. * p<0.05; **p<0.01; ***p<0.001,

****p<0.0001

11
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RESULTS
REDD1 expression is increased in liver during obesity

We first determined whether hepatic REDD1 expression was modulated in liver of HFD-fed obese mice.
REDD1 mRNA and protein expression was increased in the liver of HFD-fed mice characterized by the

presence of lipid droplets compared to NCD-fed mice (Figure 1A).

To determine whether hepatic steatosis was also associated with an increase in hepatic REDD1 expression in
humans, we investigated the expression of REDD1 mRNA in liver biopsies from morbidly obese patients
without or with NAFL (Table 1). REDD1 mRNA expression was increased in liver of obese patients with
NAFL (n=15) compared to patients with obesity but without NAFLD (n=5, Figure 1B). Importantly, REDD1
MRNA expression was positively correlated with the percent of steatosis (Figure 1C). Moreover, a positive
correlation was found between hepatic REDD1 mRNA and insulin resistance measured by homeostasis model
assessment (HOMA-IR) in patients with comparable BMI (Figure 1C).

REDD1 deficiency prevents HFD-induced hepatic steatosis independently of obesity and insulin

resistance

To investigate whether the increase in hepatic REDD1 expression plays a role in the pathogenesis of obesity-
induced fatty liver, we challenged WT and REDD1-KO mice with HFD for 25 weeks. The absence of REDD1
in liver was verified by RT-gPCR and western blot analysis (Figure S1A-B). No obvious difference on body
weight at the end of the diet, body weight gain during the diet, and food intake was observed between WT and
REDD1-KO mice fed with NCD or HFD (Figures 2A, S2A-B). Moreover, there was no significant difference
between the two genotypes in oxygen and CO, consumption, energy expenditure, respiratory exchange ratio
(RER), and total activity both on NCD and HFD (Figure S2C-F). Upon HFD, WT and REDD1-KO mice
developed the same level of glucose intolerance on IP-GTT with a similar increase in fasted and fed serum
insulin levels and blood glucose (Figure 2B and S3A-D). Insulin resistance as measured by HOMA-IR was
equivalent between WT and REDD1-KO mice (Figure 2C).

As expected, HFD-fed WT mice developed hepatomegaly (Figure 2D and S3E) and liver steatosis evidenced by
histological analyses of the liver (Figure 2F and S3F) and a 6.6-fold increase in their triglycerides content

(Figure 2E-H). This is accompanied by hepatocyte injury demonstrated by the increase in circulating levels of

12
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AST and ALT (Figure 2I-J). Remarkably the hepatomegaly induced by the HFD was significantly reduced in
HFD-fed REDD1-KO mice compared to the WT mice (Figure 2D and S3E), as well as liver steatosis (Figure
2E-H, S3F), and liver injury (Figure 21-J).

Moreover, mMRNA expression of Plinl, a lipid droplet protein, was also decreased in liver of HFD-fed REDD1-
KO mice compared to WT mice (Figure 2K). Altogether, these findings show that REDD1 deficiency protects
HFD-fed mice against the development of hepatic steatosis and liver injury. This protection is not due to a

change in obesity or insulin resistance development.

Invalidation of REDD1 does not affect adipose tissue composition

Since hepatic steatosis can result from a higher production of NEFA by dysfunctional adipose tissue and/or an
increase in their uptake by the liver (40), we first investigated whether the reduced hepatic steatosis in HFD-fed
REDD1-KO mice could be due to an improved lipid storage capacity of the adipose tissue and/or reduced
NEFA flux. The weight of the epidydimal white adipose tissue (€WAT), the number of adipocytes per fat pad,
and the adipocyte size were identical in WT and REDD1-KO mice fed with NCD. The eWAT of the two

groups of mice expanded similarly on HFD with identical adipocyte size and number (Figure S4A-D).

HFD feeding increased the expression of REDD1 mRNA and protein in eWAT of WT mice (Figure S4E-F).
Since adipose tissue inflammation contributes to its dysfunction, we measured the expression of different
inflammatory markers in eWAT. The decrease in NLRP3 expression in the eWAT of HFD-fed REDD1-KO
mice compared to WT may suggest a lower inflammatory state (Figure S4F). However, expression of several
inflammatory genes was not modified between HFD-fed WT and REDD1-KO mice (Figure S4G).

Moreover, it was unlikely that the reduced hepatic steatosis of obese REDD1-KO mice was due to a reduction
in NEFA flux from adipose tissue since circulating NEFA level was slightly but significantly increased in
HFD-fed REDD1-KO mice compared to WT mice (Figure 3A). By contrast, no difference in circulating NEFA
was observed between the two genotypes when mice were fed with NCD (Figure S5A).

We then investigated whether the uptake of NEFA or the export of lipid from the liver could be involved in the
reduction of the hepatic steatosis by measuring expression of key genes involved in these processes. The
expression of CD36 mRNA, which is implicated in the uptake of NEFA, and the expression of ApoB mRNA,

involved in the export of triglycerides via the assembly and the secretion of VLDL, were not modified between

13
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HFD-fed WT and REDD1-KO mice (Figure 3B). Moreover, circulating triglycerides were not modified
between WT and REDD1-KO fed with NCD or HFD (Figure S5B).

REDDL. deficiency decreases lipogenic pathway in liver of obese mice

We then investigated whether REDD1 deficiency may reduce hepatic de novo lipogenesis under HFD. We
measured the mRNA expression of SREBP-1c, the main transcription factor regulating the expression of keys
enzymes of lipogenesis including FASN (fatty acid synthase) and SCD1 (stearoyl-CoA desaturase 1). The
expression of these three genes is lower in liver of REDD1-KO mice compared to WT mice (Figures 3B). The
protein expression of FASN was also markedly reduced (Figure 3C). The decreased expression of SREBP-1c
MRNA was not due to an increase in the expression of two SREBP-1c inhibitors, Insig2a and DEC1 (41, 42)
(Figure 3D). Expression of genes involved in de novo lipogenesis was not modified in liver of NCD-fed
REDD1-KO mice compared to WT mice (Figure S5C-E)

Since the AKT-mTORC1 axis regulates SREBP-1c expression and lipogenesis, we examined whether this
pathway was different in liver of HFD-fed REDD1-KO mice compared to HFD-fed WT mice. The
phosphorylation of AKT on threonine 308 and serine 473 residues was identical in the liver of HFD-fed
REDD1-KO mice compared to WT mice (Figure 3E). By contrast, the phosphorylation of S6 and 4E-BP1, two
downstream targets of mMTORC1, was decreased in the liver of HFD-fed REDD1-KO mice compared to WT
mice (Figure 3F). Thus, mTORC1 activity seems unexpectedly decreased in the liver of HFD-fed REDD1-KO
mice and this may contribute to a decrease in lipogenesis.

We also evaluated the activation of mMTORCL1 signaling pathway in skeletal muscle of WT and REDD1-KO
mice (Figure S6). The phosphorylation of S6 and 4EBP1was increased in muscle of NCD-fed REDD1-KO

mice compared to WT mice, whereas no activation was found in HFD-fed REDD1-KO mice.

REDDL. deficiency induces autophagy and mitophagy signaling pathways in liver

Healthy mitochondria are crucial for the adequate control of lipid metabolism in the liver. Moreover, failure to
remove damaged mitochondria because of an attenuation of autophagy/mitophagy has been correlated with

liver steatosis (43).

14
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Since mTORC1 regulates autophagy pathways, we evaluated the phosphorylation level of ULK on S757. ULK
phosphorylation on S757 was decreased in liver of HFD-fed REDD1-KO mice. In parallel, protein expression
of autophagy and/or mitophagy regulators such as beclin-1, LC31l, BNIP3L, and Parkin was increased whereas
p62 expression was decreased in liver of HFD-fed REDD1-KO mice compared to WT mice (Figure 4A-B).

Electron microscopy analysis revealed an increase in the size of mitochondria in liver of HFD-fed WT mice
compared to NCD-fed WT mice (Figure 4C-E). No such increase was observed in liver of HFD-fed REDD1-
KO and even in the liver of NCD-fed REDD1-KO mice, mitochondria size was smaller compared to WT mice
(Figure 4C-E). These data suggest that the lack of REDDL1 in liver of obese mice facilitates
autophagy/mitophagy pathways preventing the accumulation of large mitochondria. To confirm our hypothesis,
we evaluated the colocalization of mitochondria and lysosome in liver sections by immunofluorescence using
AIF (mitochondria) and LAMP2 (lysosome) (Figure 4F-G, S7C). The percentage of mitochondria showing
colocalization between AIF and LAMP2 was increased in liver of HFD-fed REDD1-KO mice compared to WT

mice.

Since a decrease in fatty acid beta-oxidation contributes to the pathogenesis of fatty liver diseases, we examined
whether this decrease in the size of mitochondria could be associated with an increase in the expression of
genes involved in fatty acid beta-oxidation in the liver of HFD-fed REDD1-KO. The expression of PPARa co-
activator PGC1-a was increased in the liver of NCD-fed (Figure S7B) and HFD-fed REDD1-KO mice
compared to WT mice (Figure 5A). Moreover, the expression of the protein Carnityl PalmitoylTransferase 1
(CPT1) responsible for the translocation of fatty acids from the cytosol to the mitochondrial matrix, the rate
limiting step for the oxidation of long chain fatty acids (44), was increased in the liver of HFD-fed REDD1-KO
mice compared to WT mice (Figure 5B). Finally, we measured the level of -hydroxybutyrate which is
produced in the liver from fatty acids via mitochondrial -oxidation, in serum of mice after 16 hours of fasting.
In figure 5C, although it is just below the limit of statistical significance (p=0.06), B-hydroxybutyrate was
increased in HFD-fed REDD1-KO mice.

Altogether, our results suggest that REDD1 deficiency regulates mitophagy which could lead to an

improvement of mitochondria fitness and oxidative capacity.
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DISCUSSION

In this study, we demonstrated that in vivo deficiency of REDD1 prevents the development of nonalcoholic

hepatic steatosis.

REDD1 expression is increased in the adipose tissue and the liver of obese mice. Moreover, its expression is
increased in the liver of obese patients and is correlated with the development and the severity of NAFLD.
These observations suggest that REDD1 could be involved in the pathogenesis of liver disease. Implication of
REDD1 in hepatic disease has been proposed since its expression is decreased in liver of morbidly obese
women after weight loss (45). Our study shows that REDD1 expression is increased in adipose tissue and liver
in obese conditions, and that REDD1 expression in liver correlates with the degree of steatosis and the insulin
resistance state of obese patients. Previous studies have shown in skeletal muscle that REDD1 expression is
increased in several models of obesity and/or diabetes such as ob/ob mice, diet-induced obesity, diabetes
induced by injection of streptozotocin, and in muscle of type-2 diabetic patients after hyperinsulinemic-
euglycemic clamp (15, 25, 46, 47). All these observations suggest that obesity leads to an increase of REDD1
in insulin-target tissues. Although the molecular mechanisms controlling the regulation of REDD1 expression

during obesity remain unresolved, hypoxia, p53 activation or ER stress could be involved (10, 28, 48-51).

In NCD-fed mice, we did not detect any modifications of glucose tolerance between WT and REDD1-KO
mice. WT and REDD1-KO mice had similar weight gain, glucose intolerance and insulin resistance under
HFD. These observations are in contrast with two studies showing that loss of REDD1 promotes glucose and
insulin intolerance in NCD conditions (26) and that REDD1-KO mice were resistant to the development of
obesity after HFD (52). However, the transgenic mice used in these studies have a different genetic
background (C57BI/6x129SVEV) compared to C57BI6/J in the present study and it has been shown that genetic
background impact glucose metabolism and the ability of mice to develop obesity (53, 54). Finally, it should be
noted that in Williamson et al., WT and REDD1-KO mice have similar body weight at the end of the high fat
diet (WT-HFD: 44.1g vs KO-HFD:46.4g) (52).

We have previously shown that downregulation of REDD1 in 3T3-L1 adipocytes decreases insulin signaling
through mTORCL1 activation (27). However, in the present manuscript, absence of REDD1 leads to the
development of HFD-induced insulin resistance similar than in WT mice. These opposing effects of absence of
REDD1 could be related to the transient vs prolonged inhibition of mTORC1. This dual effect of REDD1 has

already been observed in other models. For instance, REDD1-KO mice are protected from lung emphysema
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induced by exposure to cigarette smoke. whereas treatment of WT mice with rapamycin protected WT mice

against acute cigarette smoke induced inflammation (55).

Epidydimal adipose tissue analysis showed no differences in term of number and size of adipocytes. We have
previously shown that loss of REDD1 prevented the development of inflammation in adipose tissue of LPS-
treated mice (21). Since obesity is characterized by a low grade systemic and adipose tissue inflammation, we
would expect that adipose tissue inflammation would be reduced in HFD REDD1-KO mice. However, beside
downregulation of NLRP3 expression in adipose tissue of REDD1-KO mice, the expression of other
inflammation markers was not decreased, suggesting that invalidation of REDD1 can prevent LPS-induced

inflammation but not the metabolic inflammation induced by obesity.

Importantly, even if REDD1-KO mice developed obesity in response to HFD, these mice are protected against
obesity-induced hepatic steatosis and liver injury. A decrease in lipogenesis regulation in liver of HFD-fed
REDD1-KO mice could be involved in this protection. Indeed, we found that the expression of lipogenic
enzymes including SREBP-1c, FASN and SCDL1 is decreased in liver of HFD-fed REDD1-KO mice.

REDD-1 is an inhibitor of mTORCL1, and mTORCL activity was increased in the liver of REDD1-KO and WT
mice in NCD (Figure S5F) and decreased in HFD compared to WT mice. Similar observations were published
with an increase of MTORC1 activity in REDD1-KO mice only in NCD (52). Although several publications
showed that REDD1 expression inversely correlates with mTORCL activity, it has also been shown that
modulation of REDD1 expression does not always influence mTORCL activity. For instance, disruption of
REDDL1 activity does not activate mMTORCL1 signaling pathway in hepatocytes (56), S6K phosphorylation is not
increased in REDD1-KO mice compared to WT mice in muscle (26), and overexpression of REDDL1 in
C3H10T1/2 adipocytes does not decrease S6K phosphorylation (28). The mechanisms involved remain
unknown, but we can also propose that the expression of other proteins, such as DEPTOR, implicated in

mTORCL inhibition could be increased to prevent upregulation of mMTORC1 activity.

The implication of mMTORC1 in the development of hepatic steatosis remains unclear since mice with raptor-
deficient liver are sensitive or resistant to steatosis (57, 58). Upregulation of mTORCL after liver-specific
invalidation of TSC1 (LTsc1KO) protects mice against diet-induced hepatic steatosis and is associated with a
decrease in the induction of SREBP-1c and lipogenesis (42, 59, 60). In LTsc1KO mice, mMTORC1 dependent
and independent mechanisms inhibits hepatic steatosis through Insig2a which controls SREBP1c-dependent
lipogenesis (42). However, in REDD1-KO mice, Insig2a expression was not modified excluding its implication

in the decreased expression of SREBP1c. FGF21 has been shown to be implicated in the protection against
17
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hepatic steatosis in Tscl KO model (61) but its expression was not modified between WT and REDD1-KO

mice (data not shown).

Mitochondria could also be involved in the protection against steatosis. Under nutrients-rich conditions,
mTORC1 inhibits autophagy processes through the phosphorylation of ULK1. The complex ULK1 which is
composed of ULK1, Atg13, FIP2000 and Atg101 is implicated in autophagosome formation. Phosphorylation
of ULK1 by mTORC1 on serine 757, prevents its activation leading to the inhibition of autophagy (62, 63).

In HFD-fed REDD1-KO mice, phosphorylation of S757-ULK was decreased compared to WT mice suggesting
that autophagy is enhanced in HFD-REDD1-KO livers. This is associated with an increased expression of
beclin, expression of LC3-I1 and decreased p62 protein level in REDD1-KO mice which together suggest that
autophagy flux is increased. Depolarized mitochondria are removed through the PINK1-Parkin system allowing
the ubiquitination of mitochondria, recognition by p62 and their subsequent degradation. We found that Parkin
expression was increased in REDD1-KO mice. This is correlated with a decrease of the size of mitochondria in
the liver of REDD1-KO mice compared to WT mice. Moreover, the percentage of mitochondria showing
colocalization between AIF (mitochondria) and LAMP2 (lysosome) was increased in liver HFD-fed REDD1-
KO mice. Enlarged and dysfunctional mitochondria are found in hepatocytes of NAFLD patients. It has been
shown that loss of Opal, which regulates fusion of mitochondria, decreases mitochondrial size leading to a
rescue of liver damage in a mouse model of hepatic steatosis (64). Moreover, specific invalidation of Atg5 and
Atg7 in hepatocytes increased intracellular lipids in vitro and in vivo (65). Altogether, these observations
suggest that loss of REDD1 increases mitophagy to remove dysfunctional mitochondria allowing the presence

of smaller but functional mitochondria.

Molecular mechanisms implicated in the regulation of mitophagy by REDD1 remains unclear. Britto and
collaborators have shown that REDD1 associates with GRP75, a protein implicated in the formation of MAM
(mitochondrial associated endoplasmic reticulum membranes) through interaction with IP3R in ER and
mitochondrial VDAC (24, 66). Absence of REDD1 lead to an increase in the amount of MAM in human
primary myoblasts and in skeletal muscle of mice treated with dexamethasone (24). After activation of
mitophagy, PINK1 and beclin are localized at MAM where they promote the formation of autophagosomes
(67). It is then tempting to suggest that REDD1, by modulating the amount of MAM through its association
with GRP75, can also regulate the formation of autophagosome and mitophagy. However, the role of REDD1

in the regulation of mitophagy remains unclear.
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In MEF cells, Lafarge and collaborators showed that an increased respiration rate was observed in REDD1-KO
MEF (29). A similar observation was made by Britto et al. who showed that mitochondrial respiration is
increased in REDD1-KO in permeabilized myofibers supporting a higher mitophagy in REDD1-KO mice and
that expression of markers of mitophagy is increased in REDD1 KO myofibers in response to exercise (24). By
contrast, Qiao et al. showed that autophagy is impaired in response to hypoxia in absence of REDD1 and that
loss of REDD1 suppressed autophagy through both mTORC1-dependent and independent mechanisms. They
observed that the number and the size of mitochondria are increased in REDD1-KO cells. nTORC1-
independent autophagy involves redox-dependent regulation (20). Accordingly, REDD1 deletion impairs
mitophagy in mice cartilage (68) and silencing REDD1 expression in bladder urothelial carcinoma cell lines
decreased cell proliferation, increased apoptosis, and decreased autophagy (69). Electron microscopy of liver
showed a decrease of glycogen (black granules) in HFD-fed REDD1-KO mice (Figure 4). Granules of
glycogen are also degraded by autophagosomes through glycophagy. Although we did not quantify the amount
of glycogen, Britto et al have found REDD1 deletion enhanced muscle glycogen depletion in response to

exercise (24).

In addition, we found that serum content of 3-hydroxybutyrate, as well as PGCla and CPT-1 expression were
increased in the liver of HFD-fed REDD1-KO mice. PGCla is a transcriptional coactivator that regulates
mitochondrial biogenesis and fatty acid oxidation. PGC1a interacts with PPARa transcription factor to regulate

fatty acid B-oxidation pathways and liver specific invalidation of PPARa promotes hepatic steatosis (70).

REDD1-KO mice are protected against hepatic steatosis but still develop an obesity associated with glucose
intolerance and insulin resistance suggesting that hepatic steatosis can be disconnected from insulin resistance.
This has been observed in other models. For instance, mice overexpressing ChREBP fed with HFD have
improved insulin signaling despite worst hepatic steatosis (71). On the other hand, p110a-/- mice are resistant
to the development of hepatic steatosis but displays glucose intolerance and loss of AKT2 in ob/ob mice
decrease liver steatosis without improvement of hyperglycemia (72, 73). One possible explanation is that
circulating NEFA remains elevated in REDD1-KO mice compared to WT mice and could induce deleterious

effects on insulin sensitivity and metabolism regulation in other tissue such as muscles.

In conclusion, we demonstrate that REDDL1 plays a role in the development of obesity-induced metabolic
complications and that loss of REDD1 decreases lipogenesis pathways, promotes hepatic mitophagy and

prevents the development of nonalcoholic hepatic steatosis.
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Legend of figures
Figure 1: Expression of REDDL1 is increased in liver in obese mice and human patients

(A) C57BI6/J mice were subjected to normal chow diet (NCD) or high fat diet (HFD) for 25 weeks. Liver tissue
was stained with hematoxylin and eosin, REDD1 mRNA expression and protein were analyzed (NCD n=20;
HFD n=22) (B) Liver biopsies from morbidly obese patients were stained with hematoxylin and eosin. REDD1
MRNA expression was analyzed in the liver of obese patients without (n=5) or with steatosis (n=15). (C)
Correlations between REDD1 expression and percent of steatosis and between REDD1 and HOMA-IR were

analyzed using Spearman’s rank correlation test.

Figure 2: Loss of REDD1 prevents the development of hepatic steatosis

(A) Body weight of WT and REDD1-KO mice after 25 weeks of normal chow diet (NCD) or high fat diet
(HFD) (n=10). (B) IP-GTT in NCD- and HFD-fed mice fasted for 16h after 16 weeks of diet (n=24
mice/group). (C) HOMA-IR index (Fasting glucose mmol/l x fasting insulin pU/ml/22.5) after 16 weeks of diet
(n=10 mice/group). (D) Liver weight in WT and REDD1-KO mice fed with NCD and HFD for 25 weeks
(n=20-23 mice/group). (E) Hepatic triglyceride contents (n=10 mice/group). (F) Quantification of hepatic
steatosis (n=10 mice/group) from H&E staining of liver tissue. (G) Liver tissues were analyzed by Oil-Red O
staining or (H) H&E staining. Representative images are shown. (I) Plasma levels of ALT and (J) AST were
evaluated after 23 weeks of diet (n=9-10/group). (K) Plin1 mRNA expression (relative expression compared to
WT-HFD).

Figure 3: REDDL1 deficiency decreases hepatic de novo lipogenesis

(A) Circulating NEFA levels of WT and REDD1-KO mice after 14 weeks of HFD (n=10 mice/group). (B)
MRNA level in liver of WT and REDD1-KO mice after 25 weeks of HFD (n=10 mice/group, relative
expression compared to WT-HFD). (C) Immunoblot of FASN in liver of HFD-fed WT and REDD1-KO mice.
Quantification of relative expression (using ERK2 as loading control) (WT n=8 mice/group, KO n=10
mice/group). Representative blot is shown (each lane represents one mice). (D) mRNA level in liver of WT
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and REDD1-KO mice after 25 weeks of HFD (n=10 mice/group, relative expression compared to WT-HFD).
(E-F) Immunoblots in liver of HFD-fed WT and REDD1-KO mice. Quantification of phosphorylation level
(ratio phosphorylated/total protein) (WT n=8 mice/group, KO n=10 mice/group). Representative blot is shown

(each lane represents one mice).

Figure 4: Autophagy signaling pathways are increased in livers of REDD1-KO mice

(A) Immunoblots using indicated antibodies in liver from HFD-fed WT and REDD1-KO mice (each lane
represents one mice). (B) Quantification of relative expression (using HSP90 as loading control) (WT n=6, KO
n=8 mice/group). (C) Representative pictures of electron microscopy of liver tissue from NCD- and HFD-fed
WT and REDD1-KO mice (LD=lipid droplet; *=mitochondria). (D) quantification of mitochondrial area in
liver of mice (number of mitochondria measured in WT-NCD: 552, KO-NCD: 507, WT-HFD: 140, KO-HFD
217). (E) Distribution analysis of mitochondrial area. (F) Representative images of confocal microscopy of
liver sections using antibodies to AIF and LAMP2. (G) Quantification of mitochondria showing colocalization
between AIF and LAMP2.

Figure 5: REDDI1 deficiency increases p-oxidation markers

(A) mRNA level in liver of HFD-fed WT and REDD1-KO (relative expression compared to WT-HFD) (B)
Immunoblots using indicated antibodies in livers from HFD-fed WT and REDD1-KO mice. Representative blot
is shown (each lane represents one mice). Quantification of relative expression (using HSP90 as loading
control) WT n=6, KO n=8 mice/group). (C) serum b-hydroxybutyrate (8 mice per group).
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Dumas et al. Table 1

Table 1. Characteristics of 20 morbidly obese patients

without NAFLD with NAFL p

n 5 15

Age (years) 37.2 +70 37.2 24 0.965
Sex (FIM) 4/1 12/3

BMI (kg/m?) 43.3 + 0.4 43.0 + 1.1 0.727
ALT (1U/L) 13.80 + 1.66 3127 £+ 285 0.001
Insulin level (mIU/L) 7.60 + 0.81 16.54 + 3.22 0.105
Glucose level (mmol/L) 5.01 + 0.07 5.42 + 0.13 0.018
HOMA-IR 1.68 + 0.16 4.03 + 0.81 0.047
HbAlc (%) 5.22 + 0.16 5.64 + 0.12 0.116
Triglycerides (mmol/L) 0.99 + 0.17 1.72 + 0.26 0.081

HDL cholesterol (mmol/L) 1.39 + 0.14 1.38 + 0.09 1

NAFLD Activity Score (n)  0(5) 1(0)/2(6)/3(9)
Grade of steatosis (n) 0(5) 1(0)/2(6)/3(9)
Lobular inflammation (n) 0(5) 0(15)
Hepatocellular ballooning (n) 0(5) 0(15)

Without NAFLD: patients with normal liver histology; With NAFL: patients with steatosis. Data are
expressed as mean £ SEM and compared using the Mann Whitney test for quantitative values and or

Khi-deux test for qualitative values
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Supplemental Figure 1: REDD1 expression level in liver of WT and REDD1-
KO

(A) Expression of REDD1 was analyzed by RT-gPCR in liver of WT and REDD1-
KO mice (WT: n=19; KO: n=16 mice/ group) or (B) by immunoblot (each lane
correspond to one mouse).
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Supplemental Figure 2: Metabolic characterization of WT and REDD1-KO mice

(A) Weight of WT and REDD1-KO mice during diet exposure (WT: n=22; KO:n=24). (B) Food
intake of WT and REDD1-KO mice (n=6 cages). (C) Total activity for 48 hours recorded by
metabolic cages (n=12).(D) VO2, VCO2 and energy expenditure (EE) of WT and REDD1-KO
mice fed with NCD or HFD. (E) Respiratory exchange ratio and (F) Energy expenditure of
WT and REDD1-KO mice fed with NCD or HFD (n=12).
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Supplemental Figure 3: Metabolic characterization of WT and REDD1-KO mice

Fasted (16 h) (A) insulinemia and (B) glycemia and (C) fed insulinemia and (D) glycemia of
NCD- and HFD-fed WT and REDD1-KO mice (E) Liver/body weight ratio after 25 weeks of
diet (F) score of steatosis from H&E staining of liver tissue(n=9-10 mice/group) (G) mRNA
level in liver of NCD-fed WT and REDD1-KO mice (n=10 mice/group, relative expression
compared to WT-HFD)
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Supplemental Figure 4: REDD1 deficiency does not affect epidydimal adipose tissue

(A) Weight of epidydimal white adipose tissue (eWAT) of WT and REDD1-KO mice fed with normal
chow diet (NCD) or high fat diet (HFD); (B) Picture of eWAT stained with H&E; (C) Distribution of
adipocyte size in eWAT; (D) number of adipocytes in eWAT=(mass/(density x (4/3) x pi x r3); (E) REDD1
MRNA expression in NCD- and HFD-fed WT mice; (F) Immunoblot of proteins of eWAT with indicated
antibodies (each lane correspond to one mouse); (G) mRNA level in eWAT by RT-gPCR (13 mice/
group), relative expression compared to WT-HFD.
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Supplemental Figure 5: Effect of REDD1 deficiency on circulating NEFA and triglycerides and
lipogenic pathway in liver of normal chow diet-fed WT and REDD1-KO mice

Circulating levels of (A) NEFA and (B) TG in fasted NCD-fed WT and REDD1-KO mice (n=10
mice/group) after 14 and 23 weeks of diet respectively. (C) mRNA level in liver of NCD-fed WT and
REDD1-KO mice (n=10 mice/group, relative expression compared to WT-HFD). (D) Immunoblot of
FASN in liver of NCD-fed WT and REDD1-KO mice. Quantification of relative expression (using ERK2
as loading control) (WT n=6 mice/group, KO n=10 mice/group). Representative blot is shown (each
lane represents one mice). (E) mRNA level in liver of NCD-fed WT and REDD1-KO mice (n=10
mice/group, relative expression compared to WT-HFD). (F) Immunoblots in liver of NCD-fed WT and
REDD1-KO mice. Representative blot is shown (each lane represents one mice).
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Supplemental Figure 6: Effect of REDD1 deficiency on mTORC1 signaling
pathways in skeletal muscle of WT and REDD1-KO mice

Immunoblots with indicated antibodies in skeletal muscles of NCD and HFD-fed WT
and REDD1-KO mice. Quantification of relative expression (using ERK as loading
control) (WT n=6 mice/group, KO n=8 mice/group). Representative blot is shown (each
lane represents one mice).
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Supplemental Figure 7: Effect of REDD1 knockout on the expression of markers of autophagy
and lipid oxidation

(A) Protein expression (normalized by HSP90) in liver of NCD-fed WT and REDD1-KO mice (B) mRNA
level in liver of NCD-fed WT and REDD1-KO mice (n=10 mice/group, relative expression compared to
WT-HFD) (C) Confocal microscopy of liver sections using indicated antibodies (correspond to Figure
4F).
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