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Abstract:

Interleukin 6 is a pleiotropic cytokine and a strong activator of Mammalian Target of Rapamycin
(mTOR). In contrast, mTOR activity is negatively regulated by Regulated in Development and DNA
Damage Responses 1 (REDD1). Expression of REDD1 is induced by cellular stressors such as glucocor-
ticoids and DNA damaging agents. We show that the expression of basal as well as stress-induced
REDD1 is reduced by IL-6. The reduction of REDD1 expression by IL-6 is independent of proteasomal
or caspase-mediated degradation of REDD1 protein. Instead, induction of REDD1 mRNA is reduced
by IL-6. The regulation of REDD1 expression by interleukin 6 (IL-6) is independent of Phosphatidyl-
inositide-3-Kinase (PI3K) and Mitogen-Activated Protein Kinase (MAPK) signalling but depends on the
expression and activation of Signal Transducer and Activator of Transcription 3 (STAT3). Furthermore,
the reduction of basal REDD1 expression by IL-6 correlates with IL-6-induced activation of mTOR sig-
nalling. Inhibition of STAT3 activation blocks IL-6-induced mTOR activation. In summary, we present a
novel STAT3-dependent mechanism of both IL-6-induced activation of mTOR and IL-6-dependent
reversion of stress-induced inhibition of mTOR activity.
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Highlights

- IL-6 interferes in stress signalling by reducing expression of the mTOR inhibitor REDD1

- Reduction of REDD1 occurs on the level of mRNA induction

- Reduction of REDD1 is independent of PI3K and MAPK but depends on STAT3 activation
- Reduction of REDD1 contributes to IL-6-induced activation of mTOR signalling



1. Introduction

Interleukin-6 (IL-6) is a pleiotropic cytokine that orchestrates a plethora of pro- and anti-
inflammatory functions. By binding to a receptor complex consisting of IL-6Ra and the signal trans-
ducing subunit gp130 IL-6 induces the activation of Januskinases (Jak). Activated Jak in turn initiate
the Jak/Signal Transducer and Activator of Transcription (STAT), Mitogen Activated Protein Kinase
(MAPK) and Phosphoinositide 3-kinase (P13K) pathways [1]. Additionally IL-6 activates Mammalian
Target of Rapamycin (mTOR) [2]. The mechanisms of activation of Jak/STAT, MAPK and PI3K path-
ways have been analysed in detail [1, 3]. However, the molecular mechanisms leading to the activa-
tion of MTOR in response to IL-6 are not yet understood completely.

mTOR is a master regulator of cellular growth and metabolism. Canonical activation of mTOR is driv-
en by the PI3K-dependent phosphorylation of the Tuberous Sclerosis Complex (TSC). Phosphorylation
of the TSC complex results in inactivation of the GTPase function of the small GTPase Ras Homolog
Enriched in Brain (RHEB). GTP-bound RHEB stimulates mTOR activity. Activated mTOR phosphory-
lates downstream effector proteins such as members of the eukaryotic translational initiation ma-
chine and the P70 S6 kinase (P70 S6K) which phosphorylates S6 Ribosomal Binding Protein (S6RBP)
[4]. mTOR activation by IL-6 is more complex and involves more than one IL-6-induced signalling
pathway. IL-6 has the ability to canonically activate mTOR by activation of PI3K. However, also the
inhibition of MAPK signalling reduces IL-6-induced phosphorylation of P70 S6K [2].

In response to cellular stress mTOR function is inhibited to regulate cellular energy balance. The con-
trol of energy supply and consumption is part of the stress response and is intensively studied in re-
sponse to the stress hormone cortisol [5]. One important mediator of the cellular stress response is
the mTOR inhibitor Regulated in Development and DNA Damage Responses 1 (REDD1, DIG2, DDIT4,
RTP801). Several stressors such as energy depletion [6], ER stress [7, 8], hypoxia [9, 10], DNA damage
by irradiation [11] and chemicals [12] induce the expression of REDD1. Additionally REDD1 expres-
sion is increased by pharmacological derivatives of cortisol such as dexamethasone [8, 13] and by
insulin [14].

REDD1 has no known structural or functional domain and most presumably inhibits mTOR by inter-
acting with other proteins involved in mTOR signalling [15] such as 14-3-3 proteins which regulate
the TSC-complex [16] or Protein Phosphatase 2A (PP2A) which dephosphorylates and thus inactivates
PI3K [17]. REDD1-mRNA and protein-turnover are heavily regulated by several miRNAs [18, 19] and
by ubiquitin-dependent proteasomal degradation [20] or caspase-mediated cleavage [21], respec-
tively.

Dysregulation of REDD1 expression and thereby disturbed stress signalling has tremendous effects on
cellular homeostasis. Increased REDD1 expression in neurodegenerative diseases such as Parkinson’s
and Alzheimer’s disease leads to permanent inhibition of mTOR and thereby cellular death [22, 23].
On the contrary, reduced REDD1 expression and constitutive mTOR signalling is found in cancer pa-
tients [16, 18].

The opposed regulation of mTOR signalling by cellular stressors and inflammatory mediators such as
IL-6 raises expectations of complex cross-talk events between stress- and cytokine-induced signalling.
The multifaceted regulation of REDD1 expression and function makes REDD1 an important target for
this cross-talk. Here, we demonstrate that IL-6 reduces basal as well as stress-induced REDD1 expres-



sion in a STAT3-dependent manner thereby causing reversion of stress-induced signalling and activa-
tion of mTOR.

2. Materials and Methods
2.1 Cloning

REDD1 cDNA was amplified from pFN21A-REDD1 (Promega, Madison, WI, USA) with the following
primers fw: 5- ACTTATGGTACCATGCCTAGCCTTTGGG-3’; rv: 5T TAAAGGATCCTTAACACTCCTCAATGG
G-3’ (MWG-Biotech, Ebersberg, Germany) and cloned into pcDNA3 (Thermo Fisher Scientific, Wal-
tham, MA, USA) using BamHI and Kpnl (Cell Signalling Technology, Frankfurt/Main, Germany). STAT3
cDNA was amplified from pcDNAS5-STAT3-YFP (kindly provided by Prof. G. Miiller-Newen) with the
following primers fw: 5-GCGCGGATCCATGGCTCAGTG-3; rv: 5-TATACTCGAGTTACATGGGGGAG-3’
(MWG-Biotech) and cloned into pcDNA3 using BamHI and Xhol (Cell Signalling Technology).

2.2 Cell Culture

HepG2 (DSMZ, Braunschweig, Germany) were grown in DMEM+F12 (Thermo Fisher Scientific) sup-
plemented with 10 % FCS, streptomycin (100 mg/ml) and penicillin (100 mg/ml) at 37°C in a water
saturated atmosphere containing 5 % CO,. Prior to stimulation cells were starved overnight in medi-
um without FCS and phenol red. Cells were treated with 10 ng/ml IL-6 (Conaris, Kiel, Germany),
10 ng/ml OSM (Peprotech, Hamburg, Germany), 1 uM dexamethasone (Sigma Aldrich, St. Louis, MO,
USA), 500 ng/ml insulin (Sigma Aldrich), 0.5 uM campthotecin (Sigma Aldrich), 10 uM MG-115 (Diag-
onal, Minster, Germany), 50 ug/ml cycloheximide (Sigma Aldrich), 4 uM actinomycin D (VWR, Darm-
stadt, Germany), 10 uM U0126 (Promega), 40 uM LY294002 (VWR) or 20 uM Stattic (VWR) as indi-
cated.

2.3 y-Irradiation

HepG2 cells were exposed to ionizing radiation in a Biobeam GM 2000 (Gamma Medical Service,
Leipzig, Germany) with **’Cs as radioactive isotope and a dose rate of approximately 3 Gy/min.

2.4 Transfection

Cells were transfected with ON-TARGETplus SMART pool siRNA against human Dicer 1 (#23405), hu-
man STAT3 (#6774) or control siRNA (GE Healthcare Life Sciences, Chalfont St Giles, UK) using Dhar-
mafect 4 according to manufacturer’s instructions. Cells were harvested 72 h after transfection.

Cells were transfected with pcDNA3 expression vectors for REDD1 and STAT3 respectively using elec-
troporation with nucleofector technology (Lonza, Basel, Switzerland) according to manufacturer’s
instructions. Cells were harvested 24 h after transfection.

2.5 Quantitative RT PCR

Total RNA was isolated using the RNeasy Kit (Qiagen, Hilden, Germany) according to manufacturer’s
instructions. 1 ug of RNA was reverse transcribed into cDNA with Omniscript (Qiagen) using random
hexameric primers according to manufacturer’s instructions. Tagman gene expression assays for
human REDD1 (Hs01111686_g1) and human HPRT (Hs99999909 m1) were obtained from Thermo
Fisher Scientific and PCR was performed using gPCR Mastermix plus (Eurogentec, Cologne, Germa-
ny). The PCR reaction was performed in a final volume of 20 pl containing 2 pl cDNA and 1 pl Tagman
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gene expression assay solution. Following a 15 min denaturing step at 94°C amplification was per-
formed in 40 cycles (15 s at 94°C, 60 s at 60°C, 30 s at 70°C) on a Rotorgene (Qiagen). Quantification
of gene expression was calculated as described by Pfaffl et al. [24].

2.6 Western Blotting

For the isolation of cellular proteins cells were lysed in RIPA lysis buffer (50 mM Tris-HCI, pH 7.4,
150 mM NaCl, 0.5 % NP-40, 15 % Glycerol, supplemented with 10 ug/ml of each aprotinin, leupeptin
and pepstatin as well as 0.8 uM Pefabloc (Roche, Mannheim, Germany), 1 mM NaF and 1 mM
Na3VO,). The protein concentration of the lysates was determined using Biorad Protein Assay (Bio-
rad, Munich, Germany). Proteins were separated by SDS-PAGE and transferred to a polyvinyl-
idenedifluorid membrane. Antigens were detected by incubation with specific primary antibodies
(1:1000) followed by incubation with horseradish-peroxidase-coupled secondary antibodies (1:7500)
(DAKO, Hamburg, Germany). Detection occurred via an enhanced chemoluminescence kit (Millipore
Corporation, Darmstadt, Germany). List of primary antibodies: Dicer (#3363), phosphorylated ERK1/2
(#4370), ERK1/2 (#4695), phosphorylated STAT3 (#9145), phosphorylated S6RBP (#2211), S6RBP
(#2217) (Cell Signalling Technology, Frankfurt/Main, Germany); STAT3 (#482) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA); HSC70 (1B5) (Farmingdale, NY, USA); Tubulin (B-5-1-2) (Sigma Aldrich) and
REDD1 (#10638) (Proteintech, Chicago, Il, USA). Western blots were quantified using Multi Gauge
software (Fujifilm Life Sciences, Disseldorf, Germany).

2.7 Data Analysis

Experiments were performed in n = 3 independent biological replicates. Bar diagrams display means
* standard deviation of these independent experiments. Statistical analysis with rANOVA or student’s
t-test with * p < 0,1; ** p < 0,01; *** p < 0,001 was done using GraphPad InStat (GraphPad Software,
La Jolla, CA, USA).

3. Results
3.1 IL-6 reduces stress-induced REDD1 expression

The mTOR-inhibitor REDD1 is induced by different stress-stimuli. To test whether IL-6 counteracts
stress-induced REDD1 protein expression human hepatoma HepG2 cells were stressed by irradiation
(Fig. 1A, Suppl. Fig. 1A), by insulin treatment (Fig. 1B, Suppl. Fig. 1B), by the topoisomerase inhibitor
campthotecin (Fig. 1C, Suppl. Fig. 1C) or by the glucocorticoid derivate dexamethasone (Fig. 1D,
Suppl. Fig. 1D) to induce REDD1-expression. For comparison cells were left untreated (1st lanes). In
addition to stress treatment cells were stimulated for 75 min with IL-6 (last lanes) prior to analysis of
REDD1-expression by Western blotting. STAT3-activation was monitored to validate IL-6 signalling
(Suppl. Fig 2). Figure 1 and Suppl. Fig 1 demonstrate that treatment of HepG2 cells with IL-6 signifi-
cantly reduces stress-induced REDD1 protein expression independent of the stress source. This effect
of IL-6 is specific for REDD1 as REDD2 expression is not affected by IL-6 (Suppl. Fig. 3).

3.1 IL-6 does not affect REDD1 protein turnover

We first analysed the time response of IL-6-dependent reduction of dexamethasone-induced REDD1
protein expression. Figure 2A shows inhibition of REDD1 expression after 40 minutes of IL-6 treat-
ment (1st panel). Interestingly, the peak of the transient STAT3 activation precedes REDD1 reduction
(Suppl. Fig. 4A and 4B).



To test whether IL-6 interferes in REDD1 expression through the activation of proteasomal degrada-
tion we monitored REDD1 protein expression in the presence of the proteasomal inhibitor MG-115.
Supplementary figure 5 shows that DMSO the solvent for MG-115 (and for other inhibitors used in
this study) does not influence the stress-induced expression and IL-6-induced reduction of REDD1
protein. As shown in figure 2B and suppl. fig. 6, inhibition of proteasomal degradation strongly in-
creases basal REDD1 expression (compare 1st and 5th lane, panel 1), demonstrating high basal turn-
over of REDD1 protein. However, the reduction of REDD1 protein expression by IL-6 was not im-
paired in the presence of MG-115 (compare 6th with 8th lane and 5th with 7th lane) indicating that
IL-6 counteracts REDD1 expression independent of proteasomal protein degradation. Puissant et al.
describe caspase-3 mediated cleavage of REDD1 [21]. However, this mechanism of REDD1 degrada-
tion was excluded as IL-6 treatment did not result in cleaved REDD-1 fragments (Suppl. Fig. 7). Addi-
tionally, we compared the decay of REDD1 protein in the absence and presence of IL-6 (Fig. 2C,
Suppl. Fig. 8). To do so we blocked protein synthesis by cycloheximide treatment. Although REDD1-
expression was reduced in the presence of IL-6 (compare 1st and 10th lane) the decay of REDD1 pro-
tein was not changed by IL-6.

Finally, we analysed the effect of IL-6 on exogenously expressed REDD1 protein. First, we analysed
the decay of exogenously expressed REDD1 protein in the presence of cycloheximide and confirmed
fast degradation of REDD1 (Fig. 2D, Suppl. Fig. 9). Notably, IL-6 had no effect on the amount of exog-
enously expressed REDD1 as REDD1 protein expression did not change significantly in the presence
of IL-6 for up to 90 minutes (Fig. 2E, Suppl. Fig. 10).

In summary, these results demonstrate that IL-6 does not affect REDD1 protein expression by influ-
encing REDD1 protein turnover.

3.2 IL-6 reduces REDD1 mRNA induction

As IL-6 does not reduce REDD1 protein expression by affecting REDD1 protein turnover we tested
whether IL-6 influences REDD1 mRNA expression. Real-time PCR analyses revealed that dexame-
thasone increases not only REDD1 protein but also REDD1 mRNA expression. Interestingly, IL-6 re-
duces both basal REDD1 mRNA and dexamethasone-induced REDD1 mRNA expression significantly
(Fig. 3A). REDD1 mRNA is subject to miRNA dependent regulation [18, 19]. miRNA processing de-
pends on the RNAse llI-type endonuclease Dicer [25]. To test whether miRNA-dependent regulation
of gene expression is involved in IL-6-dependent repression of REDD1-mRNA we depleted Dicer to
impair miRNA processing by an siRNA approach. To examine whether knock-down of Dicer reduces
the processing of miRNAs we analysed exemplarily the expression of miR-18a_2 which is constitu-
tively expressed in liver cells [26]. Suppl. Fig. 11 shows that knock-down of Dicer indeed significantly
reduces the amount of mature miR-18a_2 compared to control siRNA treated cells. However, the
knock-down of Dicer expression had no significant effect on IL-6-mediated repression of REDD1
mMRNA and thus no evidence for miRNA-mediated regulation of REDD1 mRNA is given (Fig. 3B).

Finally, we compared the decay of REDD1 mRNA in the presence and absence of IL-6. Ongoing tran-
scriptional activity was blocked by actinomycin D and REDD1 mRNA was analysed for up to 150 min
by real-time PCR. Figure 3C shows that IL-6 does not affect REDD1 mRNA turnover to reduce REDD1
protein expression. However, IL-6 reduces the steady state amount of REDD1 mRNA (Fig. 3A) indicat-
ing that IL-6 influences REDD1 mRNA induction.

3.3 STAT3 expression and activation is crucial for IL-6-dependent reduction of REDD1 expression
7



To examine whether STAT3 activation contributes to IL-6-mediated reduction of REDD1 expression
we utilized the STAT3 inhibitor Stattic which impairs IL-6-dependent phosphorylation of STAT3 (Fig.
4A, compare 3rd and 7th lane). Interestingly, and similar to MG-115 (Fig. 2B) Stattic increases basal
REDD1 protein expression. However, Stattic treatment (in contrast to MG-115 treatment) abolished
IL-6-dependent reduction of REDD1 protein expression (compare lanes 1-4 with 5-8). Beside REDD1
protein also REDD1 mRNA expression was not affected by IL-6 in the presence of Stattic (Fig. 4B,
black bars). In accordance with these results overexpression of STAT3 reduces basal REDD1 protein
expression (Fig. 4C), whereas knock-down of STAT3 by siRNA increases REDD1 expression (Fig. 4D).
Similarly, enhanced REDD1 expression was observed in STAT3-deficient MEF cells but not in corre-
sponding STAT3 floxed MEF cells or STAT3-deficient cells reconstituted with STAT3. (Suppl. Fig. 12).
These data clearly indicate a crucial role of STAT3 expression and activation in reduction of REDD1
expression by IL-6.

3.4 Reduction of REDD1 expression is independent of IL-6-induced MAPK and PI3K activation

Next we asked whether IL-6-induced activation of the MAPK- and PI3K-cascade is also involved in the
IL-6-dependent reduction of REDD1. Therefore, we analysed REDD1 mRNA (Fig. 5A) and protein ex-
pression (Fig. 5B and C) in the presence or absence of the MEK-inhibitor U0126 and the PI3K inhibitor
LY294002, respectively. To monitor efficacy of the inhibitors phosphorylation of the downstream
targets ERK1/2 (for U0126) (Fig. 5B) and S6RBP (for LY294002) (Fig. 5C) was analysed. As demon-
strated in Fig. 5 neither of both inhibitors interferes in IL-6-dependent repression of REDD1 mRNA
(Fig. 5A) or REDD1 protein expression (Fig 5B and C). These data indicate that activation of the MAPK-
and the PI3K-pathway by IL-6 does not influence REDD1 expression.

3.5 IL-6-induced reduction of REDD1 correlates with the activation of mTOR signalling by IL-6

In Fig. 5C (3rd lane, panel 2) we demonstrate IL-6-dependent phosphorylation of the mTOR target
S6RBP. However, it is still not fully understood which pathways contribute to IL-6 dependent activa-
tion of mTOR. Based on previous data [2] IL-6-induced MAPK activation contributes to mTOR signal-
ling in myeloma cells. Thus, we tested whether inhibition of the MAPK cascade by the MEK inhibitor
U0126 also affects phosphorylation of the mTOR substrate S6RBP in HepG2 cells. As demonstrated in
Fig. 6A inhibition of the MAPK cascade also abolishes IL-6-dependent phosphorylation of S6RBP in
HepG2 cells.

Based on our observation that IL-6 reduces basal REDD1 expression (Fig. 5A) we developed the hy-
pothesis that this reduction of REDD1 contributes to the activation of mTOR. In line with this idea
and based on the fact that REDD1 repression requires STAT3 activation (Fig. 4) we tested whether
STAT3 activation is also required for IL-6-induced S6RBP phosphorylation. Figure 6B demonstrates
that in the presence of the STAT3 inhibitor Stattic IL-6 fails to induce phosphorylation of S6RBP
(compare 3rd and 6th lane, panel 1). This supports the idea that IL-6-induced STAT3 activation is cru-
cial for mTOR activation and subsequent S6RBP phosphorylation.

To further test our hypothesis that IL-6-induced S6RBP phosphorylation is caused by reduced REDD1

expression we compared the kinetics of IL-6-dependent repression of REDD1 protein expression and

IL-6-dependent phosphorylation of S6RBP (Fig. 6C). Whereas IL-6-induced STAT3 and MAPK activa-

tion peak within less than one hour [27, 28] IL-6-induced mTOR activation is delayed and reaches a

maximum at 75 min (Fig 6C, compare panels 1 and 2 and quantification of data). In parallel, basal

REDD1 expression is reduced by IL-6 within the first hour of stimulation and remains low for up to
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120 min. Thus, in line with our hypothesis that IL-6-induced REDD1 reduction causes mTOR activation
REDD1 protein expression and phosphorylation of S6RBP correlate inversely.

3.6 Repression of REDD1 expression is not limited to IL-6

Due to the fact of the crucial role of STAT3 activation for the repression of REDD1 we tested whether
Oncostatin M (OSM), another STAT3-activating cytokine, also represses stress-induced REDD1 ex-
pression. As shown in Fig.1 for IL-6 also OSM induces STAT3 phosphorylation and counteracts REDD1
expression in response to irradiation, insulin, campthotecin and dexamethasone treatment (Fig.7).
These observations further support our hypothesis that STAT3 activating cytokines such as IL-6 and
OSM regulate mTOR signalling by counteracting the expression of the mTOR inhibitor REDD1.

4. Discussion

In the presented study, we investigated the mechanism of IL-6-induced reduction of the mTOR inhibi-
tor REDD1. In summary IL-6 and other STAT3 activating cytokines reduce the induction of REDD1
MRNA in a STAT3-dependent manner independent of PI3K and MAPK signalling (Fig. 8).

Endogenous as well as exogenous REDD1 protein is rapidly degraded within less than 15 min (Fig.2 C
and D) as it has also been shown by Kimball et al. [29]. Katiyar et al. describe ubiquitination-
dependent proteasomal degradation of REDD1 [20]. This finding is supported by the fact that basal
REDD1 expression is strongly increased by treatment with the proteasomal inhibitor MG-115 (Fig.
2B). As the reduction of REDD1 by IL-6 requires 40 min (Fig. 2A) we hypothesized that induction or
activation of an ubiquitin ligase might reduce REDD1 expression. The IL-6-induced suppressor of cy-
tokine signalling 3 (SOCS3) promotes the ubiquitination of target proteins via binding to elongin BC
and cullin5 [30]. In accordance with the timespan needed to reduce REDD1 expression maximal IL-6-
induced SOCS3 expression occurs within 30 to 60 min [31]. However, blocking of proteasomal degra-
dation does not influence IL-6-induced reduction of REDD1 protein (Fig. 2B). Additionally, REDD1 was
not found to be a target of the SOCS3 E3-ligase complex in a recent unbiased screen for SOCS3 tar-
gets [32]. In summary, REDD1 expression per se is regulated by ubiquitin-dependent proteasomal
degradation but the IL-6-dependent reduction of REDD1 is independent of protein degradation or
other mechanisms influencing protein stability (Fig. 2B,C).

Yet REDD1 expression is regulated on mRNA level (Fig. 3A). The decay of REDD1 mRNA (Fig 3B) is in
accordance with the half-life of approximately 30 min described by Mata et al. [33]. However, IL-6
does not decrease REDD1 mRNA stability (Fig. 3C) whereas it decreases mRNA amount (Fig. 3A). This
observation points to an IL-6-dependent regulation of REDD1 mRNA induction. We show that this
regulation is STAT3 dependent (Fig. 4). Interestingly, binding of STAT3 to putative REDD1 regulatory
DNA domains has been shown by CHIP-sequencing [34] giving further evidence for a direct regulation
of REDD1 expression by STAT3.

Note, that the basal expression of the REDD1 homologue REDD2 (DDIT4L, RTP801L) is not reduced by
IL-6 (supp. Fig S3). REDD2 protein shares 33% sequence identity with REDD1 [35]. However, their
promoter regions are dissimilar so that differential regulation is expected. REDD1 mRNA expression is
induced by several transcription factors such as glucocorticoid receptor [8], ATF4 [36], hypoxia-
inducible factor (HIF) [37], and p53 [12]. Based on the different transcription factors involved in in-
duction of REDD1 and the fact that inhibition of STAT3 also increases basal REDD1 expression (Fig. 4)



it is unlikely that the reduction of REDD1 is caused by direct interaction of STAT3 with other tran-
scription factors.

We postulate, that IL-6-dependent REDD1 reduction is a new STAT3-dependent pathway of mTOR
activation. This finding is underlined by the observation that reduction of STAT3 phosphorylation by
pyrrolidine dithiocarbamate (PDTC) correlates with reduction of mTOR signalling [38]. Of note, PDTC
does not specifically inhibit STAT3 activation as it also inhibits e.g. nuclear factor kappa B (NF-kB)
signalling [39].

Note, that the STAT3-dependent activation of mTOR signalling is not the only pathway that leads to
activation of mTOR in response to IL-6. Canonical PI3K-dependent activation of mTOR-signalling in
response to IL-6 depends on the activation of PI3K (Fig. 5C) through direct or indirect recruitment to
gp130 [40, 41] or Gab1l [42]. The exact role of MAPK activation in IL-6-induced mTOR activation is still
unclear. However, the influence of MAPK activation on S6K activation that is shown in this study (Fig.
6A) has also been demonstrated by Shi et al. [2].

The contribution of IL-6-induced mTOR activation to the functions of IL-6 is wide-ranging and mainly
related to disease development. mTOR is essential for IL-6-induced tumor growth [43], it mediates
IL-6-induced hepatic insulin resistance [44] and contributes to the development of non-alcoholic fatty
liver disease in inflammatory conditions [45]. Interestingly, mTOR activity triggers shedding of the
IL-6Ra, thereby increasing pro-inflammatory IL-6 trans-signalling hence building a positive feedback
loop [46].

Induction of REDD1 is an important mechanism to overcome stress-induced impairment of cellular
functions. REDD1 expression enables stress-induced autophagy by inhibition of mTOR signalling [11,
47]. Autophagy contributes to stress-clearance by controlled elimination of damaged or harmful cel-
lular components [48]. Additionally, REDD1 sensitizes tumor cells to apoptosis and fosters tumor
clearance [49]. Mitochondrial REDD1 reduces production of reactive oxygen species (ROS) and thus
decreases tumorigenesis [37]. The IL-6-induced reduction of REDD1 expression reverses these effects
and thereby potentially perturbs cellular stress coping. In line with this REDD1 deficient cells are
strongly tumorigenic [37] and proliferate anchorage-independent [16]. Additionally, reduction of
REDD1 expression has been shown to contribute to hepatocarcinogenesis [18]. Therefore, reduction
of REDD1 by IL-6 could contribute to the development of proliferative diseases in inflammatory con-
ditions. In line with this hypothesis activation of mTOR is required for inflammation-associated de-
velopment of gastrointestinal tumors [43]. However, also increased REDD1 expression has been
linked to the development of ovarian [50] and prostate cancer by desensitizing cells to apoptotic
stimuli [51]. Thus, the exact influence of IL-6-induced reduction of REDD1 remains to be analysed.

Treatment with IL-6 reduces the expression of basal as well as DNA-damage-, insulin- and dexame-
thasone-induced REDD1 in a STAT3-dependent manner. As mentioned above Song et al. show that
PDTC reduces IL-6-induced mTOR signalling by induction of REDD1 [38]. PDTC-induced REDD1 ex-
pression is not reduced by IL-6. However, in contrast to stressors analysed in our study PDTC also
blocks IL-6-induced activation of STAT3. Consequently, PDTC-induced REDD1 cannot be downregu-
lated by IL-6.

mTOR is an important negative regulator of insulin signalling by phosphorylating an inhibitory serine-

residue in insulin receptor substrate 1 (IRS1) [52]. Insulin-dependent REDD1 expression reduces this

inhibitory phosphorylation and enables proper insulin signalling via IRS-1 [14]. IL-6 is known to be
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implicated in development of insulin resistance. So far this effect was primarily attributed to the IL-6-
dependet expression of SOCS3 that blocks insulin receptor activity [53]. The IL-6-dependent reduc-
tion of insulin-induced REDD1-expression presented here (Fig. 1B) might additionally counteract insu-
lin signalling and contribute to insulin resistance.

Dexamethasone was one of the first inducer of REDD1 described. The induction of REDD1 by dexa-
methasone explains glucocorticoid mediated apoptosis in T cells [8]. The reduction of REDD1 by IL-6
might act as a pro-survival signal to prevent dexamethasone-induced apoptosis. Indeed, IL-6 is
known to mediate anti-apoptotic signals in T cells [54]. Interestingly, the anti-apoptotic function of IL-
6 in T cells [54, 55] as well as the reduction of REDD1 expression depends on STAT3 (Fig. 4). Thus,
relevance of REDD1 regulation in apoptosis control is likely. The cross-talk of anti-inflammatory glu-
cocorticoids and IL-6 is not restricted to T cells but also very prominent in hepatocytes [46]. Whereas
the mechanisms of glucocorticoid-induced increase in IL-6-induced Jak/STAT signalling have been
analysed extensively [56] the reduction of REDD1 by IL-6 will shift focus on the mutual regulation of
mTOR activity.

Beside IL-6 also the pro-inflammatory cytokine OSM decreases REDD1 expression (Fig.7) indicating
that regulation of REDD1 primarily depends on the activation of STAT3. Stimulation of macrophages
with LPS provokes secretion of IL-6 and subsequent autocrine stimulation of Jak/STAT signalling [57].
Also LPS induces REDD1 expression both in short and long term experiments [58]. The complexity of
crosstalk scenarios including REDD1 becomes even more apparent when taking into account that
REDD1 activity is not only controlled by regulation of REDD1 expression but also by sequestering
REDD1 to certain cellular compartments [59]. These observations indicate that REDD1 expression is
regulated in composite crosstalk scenarios that will be subject to future investigations.

5. Conclusion

In summary, we show that IL-6 reduces the expression of the mTOR inhibitor REDD1. This reduction
is independent of post-translational modification of REDD1 protein but occurs on the level of REDD1
mMRNA induction. The reduction of REDD1 by IL-6 presents a novel STAT3-dependent mechanism of
both IL-6-induced activation of mTOR and IL-6-dependent reversion of stress-induced inhibition of
mTOR that might contribute to the development of proliferative diseases in inflammatory conditions.

Acknowledgements

We thank Jérg Schaber and Maja Studencka for assistance in irradiation experiments and Arne llse
for technical support. We acknowledge the funding of this study by the Deutsche Forschungsgemein-
schaft (DFG; SCHA785/8) to FS and by the Italian Cancer Research Association (AIRC; IG 13009) to VP.

11



References

[1] F. Schaper, S. Rose-John, Interleukin-6: Biology, signaling and strategies of blockade, Cytokine
Growth Factor Rev, 26 (2015) 475-487.

[2] Y. Shi, J.H. Hsu, L. Hu, J. Gera, A. Lichtenstein, Signal pathways involved in activation of p70S6K
and phosphorylation of 4E-BP1 following exposure of multiple myeloma tumor cells to interleukin-6,
J Biol Chem, 277 (2002) 15712-15720.

[3] R. Eulenfeld, A. Dittrich, C. Khouri, P.J. Miller, B. Mitze, A. Wolf, F. Schaper, Interleukin-6
signalling: more than Jaks and STATSs, Eur J Cell Biol, 91 (2012) 486-495.

[4] C.C. Dibble, L.C. Cantley, Regulation of mTORC1 by PI3K signaling, Trends Cell Biol, 25 (2015) 545-
555.

[5] J.H. Reiling, D.M. Sabatini, Stress and mTORture signaling, Oncogene, 25 (2006) 6373-6383.

[6] M.D. Dennis, N.K. McGhee, L.S. Jefferson, S.R. Kimball, Regulated in DNA damage and
development 1 (REDD1) promotes cell survival during serum deprivation by sustaining repression of
signaling through the mechanistic target of rapamycin in complex 1 (mTORC1), Cell Signal, 25 (2013)
2709-2716.

[7]1 M.L. Whitney, L.S. Jefferson, S.R. Kimball, ATF4 is necessary and sufficient for ER stress-induced
upregulation of REDD1 expression, Biochem Biophys Res Commun, 379 (2009) 451-455.

[8] Z. Wang, M.H. Malone, M.J. Thomenius, F. Zhong, F. Xu, C.W. Distelhorst, Dexamethasone-
induced gene 2 (dig2) is a novel pro-survival stress gene induced rapidly by diverse apoptotic signals,
J Biol Chem, 278 (2003) 27053-27058.

[9] J. Brugarolas, K. Lei, R.L. Hurley, B.D. Manning, J.H. Reiling, E. Hafen, L.A. Witters, L.W. Ellisen,
W.G. Kaelin, Jr., Regulation of mTOR function in response to hypoxia by REDD1 and the TSC1/TSC2
tumor suppressor complex, Genes Dev, 18 (2004) 2893-2904.

[10] T. Shoshani, A. Faerman, |. Mett, E. Zelin, T. Tenne, S. Gorodin, Y. Moshel, S. Elbaz, A. Budanov,
A. Chajut, H. Kalinski, I. Kamer, A. Rozen, O. Mor, E. Keshet, D. Leshkowitz, P. Einat, R. Skaliter, E.
Feinstein, Identification of a novel hypoxia-inducible factor 1-responsive gene, RTP801, involved in
apoptosis, Mol Cell Biol, 22 (2002) 2283-2293.

[11] A. Desantis, T. Bruno, V. Catena, F. De Nicola, F. Goeman, S. lezzi, C. Sorino, M. Ponzoni, G. Bossi,
V. Federico, F. La Rosa, M.R. Ricciardi, E. Lesma, P.D. De Meo, T. Castrignano, M.T. Petrucci, F. Pisani,
M. Chesi, P.L. Bergsagel, A. Floridi, G. Tonon, C. Passananti, G. Blandino, M. Fanciulli, Che-1-induced
inhibition of mTOR pathway enables stress-induced autophagy, EMBO J, 34 (2015) 1214-1230.

[12] L.W. Ellisen, K.D. Ramsayer, C.M. Johannessen, A. Yang, H. Beppu, K. Minda, J.D. Oliner, F.
McKeon, D.A. Haber, REDD1, a developmentally regulated transcriptional target of p63 and p53, links
p63 to regulation of reactive oxygen species, Mol Cell, 10 (2002) 995-1005.

[13] H. Wang, N. Kubica, L.W. Ellisen, L.S. Jefferson, S.R. Kimball, Dexamethasone represses signaling
through the mammalian target of rapamycin in muscle cells by enhancing expression of REDD1, J Biol
Chem, 281 (2006) 39128-39134.

[14] C. Regazzetti, K. Dumas, Y. Le Marchand-Brustel, P. Peraldi, J.F. Tanti, S. Giorgetti-Peraldi,
Regulated in development and DNA damage responses -1 (REDD1) protein contributes to insulin
signaling pathway in adipocytes, PLoS One, 7 (2012) e52154.

12



[15] S. Vega-Rubin-de-Celis, Z. Abdallah, L. Kinch, N.V. Grishin, J. Brugarolas, X. Zhang, Structural
analysis and functional implications of the negative mTORC1 regulator REDD1, Biochemistry, 49
(2010) 2491-2501.

[16] M.P. DeYoung, P. Horak, A. Sofer, D. Sgroi, L.W. Ellisen, Hypoxia regulates TSC1/2-mTOR
signaling and tumor suppression through REDD1-mediated 14-3-3 shuttling, Genes Dev, 22 (2008)
239-251.

[17] M.D. Dennis, C.S. Coleman, A. Berg, L.S. Jefferson, S.R. Kimball, REDD1 enhances protein
phosphatase 2A-mediated dephosphorylation of Akt to repress mTORC1 signaling, Sci Signal, 7 (2014)
ra68.

[18] P. Pineau, S. Volinia, K. McJunkin, A. Marchio, C. Battiston, B. Terris, V. Mazzaferro, S.W. Lowe,
C.M. Croce, A. Dejean, miR-221 overexpression contributes to liver tumorigenesis, Proc Natl Acad Sci
USA, 107 (2010) 264-269.

[19] W.W. Hwang-Verslues, P.H. Chang, P.C. Wei, C.Y. Yang, C.K. Huang, W.H. Kuo, J.Y. Shew, K.J.
Chang, E.Y. Lee, W.H. Lee, miR-495 is upregulated by E12/E47 in breast cancer stem cells, and
promotes oncogenesis and hypoxia resistance via downregulation of E-cadherin and REDD1,
Oncogene, 30 (2011) 2463-2474.

[20] S. Katiyar, E. Liu, C.A. Knutzen, E.S. Lang, C.R. Lombardo, S. Sankar, J.I. Toth, M.D. Petroski, Z.
Ronai, G.G. Chiang, REDD1, an inhibitor of mTOR signalling, is regulated by the CUL4A-DDB1 ubiquitin
ligase, EMBO Rep, 10 (2009) 866-872.

[21] A. Puissant, N. Fenouille, G. Robert, A. Jacquel, C.F. Bassil, P. Colosetti, F. Luciano, P. Auberger, A
new posttranslational regulation of REDD1/DDIT4 through cleavage by caspase 3 modifies its cellular
function, Cell Death Dis, 5 (2014) e1349.

[22] C. Malagelada, E.J. Ryu, S.C. Biswas, V. Jackson-Lewis, L.A. Greene, RTP801 is elevated in
Parkinson brain substantia nigral neurons and mediates death in cellular models of Parkinson's
disease by a mechanism involving mammalian target of rapamycin inactivation, J Neurosci, 26 (2006)
9996-10005.

[23] M. Damjanac, G. Page, S. Ragot, G. Laborie, R. Gil, J. Hugon, M. Paccalin, PKR, a cognitive decline
biomarker, can regulate translation via two consecutive molecular targets p53 and Reddl in
lymphocytes of AD patients, J Cell Mol Med, 13 (2009) 1823-1832.

[24] M.W. Pfaffl, A new mathematical model for relative quantification in real-time RT-PCR, Nucleic
Acids Res, 29 (2001) e45.

[25] M. Ha, V.N. Kim, Regulation of microRNA biogenesis, Nat Rev Mol Cell Biol, 15 (2014) 509-524.
[26] M. Brock, M. Trenkmann, R.E. Gay, S. Gay, R. Speich, L.C. Huber, MicroRNA-18a enhances the
interleukin-6-mediated production of the acute-phase proteins fibrinogen and haptoglobin in human
hepatocytes, J Biol Chem, 286 (2011) 40142-40150.

[27] A. Dittrich, T. Quaiser, C. Khouri, D. Goértz, M. Monnigmann, F. Schaper, Model-driven

experimental analysis of the function of SHP-2 in IL-6-induced Jak/STAT signaling, Mol Biosyst, 8
(2012) 2119-2134.

13



[28] C. Khouri, A. Dittrich, S.D. Sackett, B. Denecke, C. Trautwein, F. Schaper, Glucagon counteracts
interleukin-6-dependent gene expression by redundant action of Epac and PKA, Biol Chem, 392
(2011) 1123-1134.

[29] S.R. Kimball, A.N. Do, L. Kutzler, D.R. Cavener, L.S. Jefferson, Rapid turnover of the mTOR
complex 1 (MTORC1) repressor REDD1 and activation of mTORC1 signaling following inhibition of
protein synthesis, J Biol Chem, 283 (2008) 3465-3475.

[30] J.J. Babon, J.K. Sabo, J.G. Zhang, N.A. Nicola, R.S. Norton, The SOCS box encodes a hierarchy of
affinities for Cullin5: implications for ubiquitin ligase formation and cytokine signalling suppression, J
Mol Biol, 387 (2009) 162-174.

[31] J. Schmitz, M. Weissenbach, S. Haan, P.C. Heinrich, F. Schaper, SOCS3 exerts its inhibitory
function on interleukin-6 signal transduction through the SHP2 recruitment site of gp130, J Biol
Chem, 275 (2000) 12848-12856.

[32] J.J. Williams, T.M. Palmer, Unbiased identification of substrates for the Epacl-inducible E3
ubiquitin ligase component SOCS-3, Biochem Soc Trans, 40 (2012) 215-218.

[33] M.A. Mata, N. Satterly, G.A. Versteeg, D. Frantz, S. Wei, N. Williams, M. Schmolke, S. Pena-Llopis,
J. Brugarolas, C.V. Forst, M.A. White, A. Garcia-Sastre, M.G. Roth, B.M. Fontoura, Chemical inhibition
of RNA viruses reveals REDD1 as a host defense factor, Nat Chem Biol, 7 (2011) 712-719.

[34] J. Hardee, Z. Ouyang, Y. Zhang, A. Kundaje, P. Lacroute, M. Snyder, STAT3 targets suggest
mechanisms of aggressive tumorigenesis in diffuse large B-cell lymphoma, G3 (Bethesda), 3 (2013)
2173-2185.

[35] M. Miyazaki, K.A. Esser, REDD2 is enriched in skeletal muscle and inhibits mTOR signaling in
response to leucine and stretch, Am J Physiol Cell Physiol, 296 (2009) C583-592.

[36] H.O. Jin, S.K. Seo, S.H. Woo, E.S. Kim, H.C. Lee, D.H. Yoo, S. An, T.B. Choe, S.J. Lee, S.I. Hong, C.H.
Rhee, J.I. Kim, I.C. Park, Activating transcription factor 4 and CCAAT/enhancer-binding protein-beta
negatively regulate the mammalian target of rapamycin via Reddl expression in response to
oxidative and endoplasmic reticulum stress, Free Radic Biol Med, 46 (2009) 1158-1167.

[37] P. Horak, A.R. Crawford, D.D. Vadysirisack, Z.M. Nash, M.P. DeYoung, D. Sgroi, L.W. Ellisen,
Negative feedback control of HIF-1 through REDD1-regulated ROS suppresses tumorigenesis, Proc
Natl Acad Sci U S A, 107 (2010) 4675-4680.

[38] S. Song, K. Abdelmohsen, Y. Zhang, K.G. Becker, M. Gorospe, M. Bernier, Impact of pyrrolidine
dithiocarbamate and interleukin-6 on mammalian target of rapamycin complex 1 regulation and
global protein translation, J Pharmacol Exp Ther, 339 (2011) 905-913.

[39] S.B. Cau, D.A. Guimaraes, E. Rizzi, C.S. Ceron, R.F. Gerlach, J.E. Tanus-Santos, The Nuclear Factor
kappaB Inhibitor Pyrrolidine Dithiocarbamate Prevents Cardiac Remodelling and Matrix
Metalloproteinase-2 Up-Regulation in Renovascular Hypertension, Basic Clin Pharmacol Toxicol, 117
(2015) 234-241.

[40] M. Takahashi-Tezuka, M. Hibi, Y. Fujitani, T. Fukada, T. Yamaguchi, T. Hirano, Tec tyrosine kinase
links the cytokine receptors to PI-3 kinase probably through JAK, Oncogene, 14 (1997) 2273-2282.
[41] T.D. Chung, J.J. Yu, T.A. Kong, M.T. Spiotto, J.M. Lin, Interleukin-6 activates phosphatidylinositol-
3 kinase, which inhibits apoptosis in human prostate cancer cell lines, Prostate, 42 (2000) 1-7.

14



[42] M. Takahashi-Tezuka, Y. Yoshida, T. Fukada, T. Ohtani, Y. Yamanaka, K. Nishida, K. Nakajima, M.
Hibi, T. Hirano, Gabl acts as an adapter molecule linking the cytokine receptor gpl130 to ERK
mitogen-activated protein kinase, Mol Cell Biol, 18 (1998) 4109-4117.

[43] S. Thiem, T.P. Pierce, M. Palmieri, T.L. Putoczki, M. Buchert, A. Preaudet, R.O. Farid, C. Love, B.
Catimel, Z. Lei, S. Rozen, V. Gopalakrishnan, F. Schaper, M. Hallek, A. Boussioutas, P. Tan, A. Jarnicki,
M. Ernst, mTORC1 inhibition restricts inflammation-associated gastrointestinal tumorigenesis in
mice, J Clin Invest, 123 (2013) 767-781.

[44] J.H. Kim, J.E. Kim, H.Y. Liu, W. Cao, J. Chen, Regulation of interleukin-6-induced hepatic insulin
resistance by mammalian target of rapamycin through the STAT3-SOCS3 pathway, J Biol Chem, 283
(2008) 708-715.

[45] C. Wang, L. Hu, L. Zhao, P. Yang, J.F. Moorhead, Z. Varghese, Y. Chen, X.Z. Ruan, Inflammatory
stress increases hepatic CD36 translational efficiency via activation of the mTOR signalling pathway,
PLoS One, 9 (2014) e103071.

[46] C. Garbers, H.M. Hermanns, F. Schaper, G. Miller-Newen, J. Grotzinger, S. Rose-John, J. Scheller,
Plasticity and cross-talk of interleukin 6-type cytokines, Cytokine Growth Factor Rev, 23 (2012) 85-97.

[47] J.K. Molitoris, K.S. McColl, S. Swerdlow, M. Matsuyama, M. Lam, T.H. Finkel, S. Matsuyama, C.W.
Distelhorst, Glucocorticoid elevation of dexamethasone-induced gene 2 (Dig2/RTP801/REDD1)
protein mediates autophagy in lymphocytes, J Biol Chem, 286 (2011) 30181-30189.

[48] G. Kroemer, G. Marino, B. Levine, Autophagy and the integrated stress response, Mol Cell, 40
(2010) 280-293.

[49] L.M. Knowles, C. Yang, A. Osterman, J.W. Smith, Inhibition of fatty-acid synthase induces
caspase-8-mediated tumor cell apoptosis by up-regulating DDIT4, J Biol Chem, 283 (2008) 31378-
31384.

[50] B. Chang, G. Liu, G. Yang, |. Mercado-Uribe, M. Huang, J. Liu, REDD1 is required for RAS-mediated
transformation of human ovarian epithelial cells, Cell Cycle, 8 (2009) 780-786.

[51] R. Schwarzer, D. Tondera, W. Arnold, K. Giese, A. Klippel, J. Kaufmann, REDD1 integrates
hypoxia-mediated survival signaling downstream of phosphatidylinositol 3-kinase, Oncogene, 24
(2005) 1138-1149.

[52] P. Gual, Y. Le Marchand-Brustel, J.F. Tanti, Positive and negative regulation of insulin signaling
through IRS-1 phosphorylation, Biochimie, 87 (2005) 99-109.

[53] J.J. Senn, P.J. Klover, I.LA. Nowak, T.A. Zimmers, L.G. Koniaris, R.W. Furlanetto, R.A. Mooney,
Suppressor of cytokine signaling-3 (SOCS-3), a potential mediator of interleukin-6-dependent insulin
resistance in hepatocytes, J Biol Chem, 278 (2003) 13740-13746.

[54] K. Takeda, T. Kaisho, N. Yoshida, J. Takeda, T. Kishimoto, S. Akira, Stat3 activation is responsible
for IL-6-dependent T cell proliferation through preventing apoptosis: generation and characterization

of T cell-specific Stat3-deficient mice, J Immunol, 161 (1998) 4652-4660.

[55] M. Narimatsu, H. Maeda, S. Itoh, T. Atsumi, T. Ohtani, K. Nishida, M. Itoh, D. Kamimura, S.J. Park,
K. Mizuno, J. Miyazaki, M. Hibi, K. Ishihara, K. Nakajima, T. Hirano, Tissue-specific autoregulation of

15



the stat3 gene and its role in interleukin-6-induced survival signals in T cells, Mol Cell Biol, 21 (2001)
6615-6625.

[56] A. Dittrich, C. Khouri, S.D. Sackett, C. Ehlting, O. Bohmer, U. Albrecht, J.G. Bode, C. Trautwein, F.
Schaper, Glucocorticoids increase interleukin-6-dependent gene induction by interfering with the
expression of the suppressor of cytokine signaling 3 feedback inhibitor, Hepatology, 55 (2012) 256-
266.

[57] J.G. Bode, C. Ehlting, D. Haussinger, The macrophage response towards LPS and its control
through the p38(MAPK)-STAT3 axis, Cell Signal, 24 (2012) 1185-1194.

[58] D.K. Lee, J.H. Kim, W.S. Kim, D. Jeoung, H. Lee, K.S. Ha, M.H. Won, Y.G. Kwon, Y.M. Kim,
Lipopolysaccharide induction of REDD1 is mediated by two distinct CREB-dependent mechanisms in
macrophages, FEBS Lett, 589 (2015) 2859-2865.

[59] G. Michel, H.W. Matthes, M. Hachet-Haas, K. El Baghdadi, J. de Mey, R. Pepperkok, J.C. Simpson,

J.L. Galzi, S. Lecat, Plasma membrane translocation of REDD1 governed by GPCRs contributes to
MTORC1 activation, J Cell Sci, 127 (2014) 773-787.

16



Figure Captions
Figure 1: IL-6-reduces stress-induced REDD1 protein expression

HepG2 cells were stimulated with IL-6 with or without A) ionizing irradiation, B) insulin, C)
campthotecin and D) dexamethasone for the indicated times. STAT3 phosphorylation as well as
REDD1, STAT3 and HSC70 protein expression was evaluated by Western blotting. Representative
results of n =3 independent experiments are shown. Quantification and statistical analysis of the
data is shown in suppl. fig. 1 A-D and 2 A-D.

Figure 2: IL-6-reduced REDD1 expression without influencing protein stability

A) HepG2 cells were stimulated with dexamethasone for 90 min and subsequently treated with IL-6
for the indicated times. B) HepG2 cells were treated for 30 min with MG-115 before stimulation with
dexamethasone for 90 min and treatment with IL-6 for 75 min. C) HepG2 cells were stimulated with
IL-6 for 45 min and subsequently treated with cycloheximide with or without IL-6 for the indicated
times. D, E) HepG2 cells were transfected with pcDNA3-REDD1. 24 h after transfection cells were
treated with cycloheximide (D) or IL-6 (E) for the indicated times. STAT3 phosphorylation as well as
REDD1, STAT3 and HSC70 protein expression was evaluated by Western blotting. Representative
results of n =3 independent experiments are shown. Quantification and statistical analysis of the
data is shown in suppl. fig. S4, S6, S8, S9 and S10.

Figure 3: IL-6 reduces REDD1 mRNA induction

A) HepG2 cells were pretreated with Dex for 30 min and subsequently additionally stimulated with
IL-6 for 75 min or treated with Dex or IL-6 alone. The expression of REDD1 mRNA was analysed using
gRT-PCR. Maximal expression of REDD1 mRNA was set to 100 %. Data are given as mean of three
independent experiments £ SD. rANOVA: ** p < 0,01; *** p < 0,001 B) HepG2 cells were transfected
with Ctr.-siRNA or Dicer-siRNA. 72 h after transfection cells were pretreated with Dex for 30 min and
subsequently stimulated with IL-6 for 75 min or treated with Dex or IL-6 alone. Dicer and HSC70
protein expression were evaluated by Western blotting. The expression of REDD1 mRNA was
analysed using qRT-PCR. Maximal expression of REDD1 mRNA was set to 100 %. Data are given as
mean of three independent experiments + SD. rANOVA: n.s. C) HepG2 cells were stimulated with IL-6
for 75 min and subsequently treated with actinomycin D with or without IL-6 for the indicated times.
The expression of REDD1 mRNA was analysed using gRT-PCR. Maximal expression of REDD1 mRNA
was set to 100 %. Data are given as mean of three independent experiments + SD.

Figure 4: Reduction of REDD1 depends on STAT3

HepG2 cells were pretreated for 30 min with Stattic before additional stimulation with
dexamethasone for 90 min and with IL-6 for 75 min. A) STAT3 phosphorylation as well as REDD1,
STAT3 and HSC70 protein expression was evaluated by Western blotting. A representative result of
n = 3 independent experiments is shown. B) The expression of REDD1 mRNA was analysed using gRT-
PCR. Maximal expression of REDD1 mRNA was set to 100 %. Data are given as mean of three
independent experiments + SD. rANOVA: n.s. C) HepG2 cells were transfected with pcDNA-STAT3.
24 h after transfection cells were harvested. STAT3, REDD1 and HSC70 protein expression was
evaluated by Western blotting. A representative result of n = 3 independent experiments is shown.
D) HepG2 cells were transfected with Ctr.-siRNA or STAT3-siRNA. 72 h after transfection cells were

17



harvested. STAT3, REDD1 and HSC70 protein expression was evaluated by Western blotting. A
representative result of n = 3 independent experiments is shown.

Figure 5: Reduction of REDD1 is independent of activation MAPK and PI3K pathways

HepG2 cells were treated for 30min with U0126 or LY294002 before stimulation with
dexamethasone for 90 min and treatment with IL-6 for 75 min. A) The expression of REDD1 mRNA
was analysed using qRT-PCR. Maximal expression of REDD1 mRNA was set to 100 %. Data are given
as mean of three independent experiments + SD. B, C) ERK1/2, STAT3 and S6RBP phosphorylation as
well as ERK1/2, HSC70, REDD1, STAT3 and S6RBP protein expression were evaluated by Western
blotting. Representative results of n = 3 independent experiments are shown.

Figure 6: IL-6-induced mTOR activation depends on the activation of MAPK, PI3K and STAT3 pathways

A, B) HepG2 cells were treated for 30 min with U0126 or Stattic before stimulation with IL-6 for the
indicated times. S6RBP phosphorylation and ERK1/2 or STAT3 phosphorylation as well as S6RBP,
HSC70, ERK1/2 or STAT3 protein expression were evaluated by Western blotting. Representative
results of n = 3 independent experiments are shown. C) HepG2 cells were stimulated with IL-6 for the
indicated times. S6RBP phosphorylation as well as S6RBP, REDD1, and tubulin protein expression
were evaluated by Western blotting. A representative result of n =3 independent experiments is
shown. For image quantification signals of REDD1, phosphorylated S6RBP, and tubulin were
analysed. The diagram shows the ratio of REDD1 to tubulin as well as the ratio of phosphorylated
S6RBP to tubulin for each timepoint. Basal expression of REDD1 and maximal phosphorylation of
S6RBP were set to 100 %. Data are given as mean of three independent experiments + SD.

Figure 7: STAT3 dependent reduction of REDD1 does not depend on IL-6

HepG2 cells were stimulated with OSM with or without A) ionizing irradiation, B) insulin, C)
campthotecin and D) dexamethasone for the indicated times. STAT3 phosphorylation as well as
REDD1, STAT3 and HSC70 protein expression was evaluated by Western blotting. Representative
results of n = 3 independent experiments are shown.

Figure 8: Regulation of REDD1 expression and mTOR activation by IL-6

IL-6-induced activation of mTOR is blocked by inhibition of PI3K, MAPK and STAT3 pathways.
Additionally, IL-6 interferes with mTOR signalling by reducing basal and stress-induced REDD1 mRNA
expression through a STAT3-dependent mechanism.
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Supplementary Figure Captions

Figure S1: IL-6-reduces stress-induced REDD1 protein expression

For quantification signals of REDD1 and HSC70 as shown in Fig. 1 A - D were analysed. The diagrams
show the ratio of REDD1 to HSC70. Maximal expression of REDD1 was set to 100 %. Data are given as
mean of three independent experiments + SD. rANOVA: n.s.; * p<0,1; ** p<0,01; *** p < 0,001

Figure S2: IL-6-induces STAT3 phosphorylation independent of stress signalling

For quantification signals of phosphorylated and total STAT3 as shown in Fig. 1 A - D were analysed.
The diagrams show the ratio of phosphorylated STAT3 to STAT3. IL-6-induced phosphorylation of
STAT3 was set to 100 %. Data are given as mean of three independent experiments + SD. rANOVA:
n.s.; *p<0,1;**p<0,01

Figure S3: REDD2 expression is not reduced by IL-6

HepG2 cells were stimulated with IL-6 for the indicated times. STAT3 phosphorylation as well as
REDD2 (#160719) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), STAT3, and HSC70 protein
expression was evaluated by Western blotting. A representative result of n=3 independent
experiments is shown.

Figure S4: IL-6 reduces REDD1 expression within 40 min

For image quantification signals of REDD1, HSC70 as well as phosphorylated and total STAT3 as
shown in Fig. 2A were analysed. A) shows the ratio of REDD1 to HSC70 and B) of phosphorylated
STAT3 to STAT3. Dex-induced expression of REDD1 as well as maximal phosphorylation of STAT3 was
set to 100 %. Data are given as mean of three independent experiments + SD. rANOVA: ** p < 0,01;
*** p< 0,001

Figure S5: DMSO does not influence REDD1 regulation

HepG2 cells were treated for 30 min with DMSO (1 ul/ml) before stimulation with dexamethasone
for 90 min and treatment with IL-6 for 75 min. REDD1 and HSC70 protein expression were evaluated
by Western blotting. A representative result of n = 3 independent experiments is shown.

Figure S6: IL-6-induced reduction of REDD1 is independent of proteasomal degradation

For image quantification signals of REDD1, HSC70 as well as phosphorylated and total STAT3 as
shown in Fig. 2B were analysed. A) shows the ratio of REDD1 to HSC70 and B) of phosphorylated
STAT3 to STAT3. MG-115-induced expression of REDD1 as well as IL-6-induced phosphorylation of
STAT3 was set to 100 %. Data are given as mean of three independent experiments £ SD. rANOVA:
n.s.; ** p<0,01; *** p <0,001
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Figure S7: Reduction of REDD1 expression is independent of caspase-mediated degradation

HepG2 cells were pretreated for 30 min with dexamethasone and subsequently stimulated with IL-6
for 75 min. REDD1 and HSC70 protein expression were evaluated by Western blotting. For detection
of REDD1 a polyclonal antibody raised against full length REDD1 was used. A representative result of
n = 3 independent experiments is shown.

Figure S8: The half-life of REDD1 is not influenced by IL-6

For image quantification signals of REDD1 and HSC70 as shown in Fig. 2C were analysed. The diagram
shows the ratio of REDD1 to HSC70. Maximal expression of REDD1 was set to 100 %. Data are given
as mean of three independent experiments * SD. Student’s t test: n.s.

Figure S9: Half-life of exogenous REDD1

For image quantification signals of REDD1 and HSC70 as shown in Fig. 2D were analysed. The
diagrams show the ratio of REDD1 to HSC70. Maximal expression of REDD1 was set to 100 %. Data
are given as mean of three independent experiments + SD.

Figure S10: IL-6 does not reduce expression of exogenous REDD1

For image quantification signals of REDD1, HSC70 as well as phosphorylated and total STAT3 as
shown in Fig. 2E were analysed. A) shows the ratio of REDD1 to HSC70 and B) of phosphorylated
STAT3 to STAT3. Expression of overexpressed REDD1 in the absence of IL-6 as well as maximal
phosphorylation of STAT3 was set to 100 %. Data are given as mean of three independent
experiments £ SD. rANOVA: n.s; *** p < 0,001

Figure S11: Knock-down of Dicer reduces miRNA processing

HepG2 cells were transfected with Ctr.-siRNA or Dicer-siRNA. 72 h after transfection cells were
harvested. Dicer and HSC70 protein expression were evaluated by Western blotting. Total RNA
containing miRNA was isolated using miRNeasy (Qiagen, Hilden, Germany) according to
manufacturer’s instructions. mMRNA was reverse transcribed into cDNA using miScript 1l RT KIT
(Qiagen). Expression of mature miR18a_2 was analysed with a miScript Primer Assay (MS00031514)
(Qiagen) and PCR was performed using miScript SYBR Green PCR Kit (Qiagen) on a Rotorgene
(Qiagen). Expression of miR18a_2 was normalized against the mean CT values of five housekeeping
genes using the AACT method. The following primers were used to amplify the cDNA of the
housekeeping genes:

ACTB (fw: 5'-CTGGAACGGTGAAGGTGACA-3’, rv: 5'-AAGGGACTTCCTGTAATAATGCA-3’)

GAPDH (fw 5’-TGCACCACCAACTGCTTAGC-3’, rv: 5'-GGCATGGACTGTGGTCATGAG-3’)

HPRT (fw: 5’-TGACACTGGCAAAACAATGCA-3’, rv: 5'-GGTCCTTTTCACCAGCAAGCT-3’)

RPLI3A (fw: 5'-CCTGGAGGAGAAGAGGAAAGAGA-3’, rv: 5’-TTGAGGACCTCTGTGTATTTGTCAA-3’)
SDHA (fw: 5’-TGGGAACAAGAGGGCATCTG-3’, rv: 5'-CCACTGTTGCTGCTGTCCAG-3’).

Primers were obtained from MWG-Biotech (Ebersberg, Germany) and PCR was performed using
Maxima SYBR Green (Thermo Fisher Scientific, Waltham, MA, USA) accoding to manufacturer’s
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instructions. Maximal expression of mature miR18a was set to 100 %. Data are given as mean of two
independent experiments + SD. Student’s t-test: * p<0,1.

Figure S12: REDD1 expression is increased in STAT3 deficient cells

MEF STAT3 " MEF STAT3” and MEF STAT3 7 cells reconstituted with STAT3 were grown in DMEM
(Thermo Fisher Scientific) supplemented with 10 % FCS, streptomycin (100 mg/ml) and penicillin
(100 mg/ml) at 37°C in a water saturated atmosphere containing 10 % CO,. Prior to stimulation cells
were starved overnight in medium without FCS and phenol red. Subsequently cells were stimulated
with IL-6 for 15 min. STAT3 and ERK1/2 phosphorylation as well as ERK1/2, HSC70, REDD1 and STAT3
protein expression were evaluated by Western blotting. A representative result of n = 3 independent
experiments is shown.
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