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ABSTRACT

The extracellular signal-regulated kinase (ERKyhifbgen-activated protein (MAP) kinase pathway has
been involved in the positive and negative regaifatf cell proliferation. Upon mitogen stimulation,
ERK1/ERK2 activation is necessary for G1- to S-gha®gression whereas when hyperactived, this
pathway could elicit cell cycle arrest. The mechkars involved are not fully elucidated but a kinase-
independent function of ERK1/2 has been evidenedde MAPK-induced growth arrest. Here, we show
that p70S6K, a central regulator of protein biokgsts, is essential for the cell cycle arrest irdiay
overactivation of ERK1/2. Indeed, whereas MEK1rsilag inhibits cell cycle progression, we demoristra
that active mutant form of MEK1 or MEK2 trigger$zd. phase arrest by stimulating an activation of
p70S6K by ERK1/2 kinases. Silencing of ERK1/2 attiby ShRNA efficiently suppresses p70S6K
phosphorylation on Thr421/Ser424 and S6 phosphitoglan Ser240/244 as well as p21 expression, but
these effects can be partially reversed by theesgion of kinase-dead mutant form of ERK1 or ERK2.
addition, we demonstrate that the kinase p70S6Kutates neither the p21 gene transcription nor the
stability of the protein but enhances the transfatf the p21 mRNA. In conclusion, our data emptessi
the importance of the translational regulation 21 py the MEK1/2-ERK1/2-p70S6K pathway to
negatively control the cell cycle progression.



INTRODUCTION

Within the MAPK (Mitogen-Activated Protein Kinasg)perfamily, the Raf/MEK/ERK pathway plays a
pivotal role in the regulation of numerous physgtal processes ranging from proliferation to cell
motility, differentiation and cell survival (Shaaihd Seger, 2007). In recent years, various meahanis
have been proposed in order to explain the sigretificity of MEK/ERK responses. These include the
regulation of signal duration and intensity, thedde subcellular localization and cross-talks witter
signaling pathways (Murphy and Blenis, 2006). Tkistence of different components at each levehef t
pathway could also participate in the signal spatyf(Wortzel and Seger, 2011). Human cells expres
three different Raf isoforms (A-Raf, B-Raf and CER#&hree MEK (MEK1, MEK2, MEK1b) and three
ERK isoforms (ERK1, ERK2, ERK1c). While specifiaifttions have been assigned to MEK1b and
ERK1c in Golgi fragmentation and mitotic progress{&haul et al., 2009), ERK1/ERK2 or MEK1/MEK2
isoforms have been considered for a long time lasredundant proteins because of their high segeen
homology and substantially equivalent spatiotemipagulations.

However, these kinases could also perform spdfifictions in specific contexts. For instance, ERK2
not ERK1 could regulate the EMT transition of MCR1€ells or the 3D migration of MDA-MB-231
breast cancer cells (Shin et al., 2010; von Thual.eR012). In contrast, ERK1 but not ERK2, appddp
be the main regulator of normal or transformed tmpde survival (Fremin et al., 2012; Guegan et al.
2013). Nevertheless, the notion of functional sipgty between these isoforms remains controversial
demonstrated in the proliferation of fibroblaste apparent specificities could only be a simpllecton

of the predominant expression of one isoform olerdther (Lefloch et al., 2007; Voisin et al., 210
Given its implications in the regulation of cellrgival and proliferation, pro-oncogenic functiorfstioe
MEK/ERK pathway have been demonstrated tothtro andin vivo (Kim and Choi, 2010; Malumbres
and Barbacid, 2003Aberrant activation of this pathway, resulting frtime expression of active mutants
of Ras, Raf or MEK1/2, induced thevitro transformation of fibroblasts or epithelial c€lrunet et al.,
1994; Cowley et al., 1994; Voisin et al., 2008\l as the hypertrophy of different tissuawivo (Bueno
et al., 2000; Scholl et al., 2004). Paradoxicallystained activation of the Ras/Raf/MEK/ERK pathway
also induce senescence and/or growth arrest iardiff normal cells such as primary fibroblastsellscor
hepatocytes (Chen et al., 1999; Serrano et al.Z;19&wing et al., 1997; Tombes et al., 1998). ghisvth
arrest can also be found in different tumor celt§, generally derived from tumors where Ras/Raf
mutations are rare, like glioma, prostate carcinamedullary thyroid carcinoma, small cell lung
carcinoma or rhabdomyosarcoma (Ciccarelli et 8052 Hong et al., 2009; Ravi et al., 1998). This
antagonistic control of the cell cycle by the ERdipway has been postulated to represent an importan
tumorigenesis barrier whose physiological imporéahas been demonstraiedivo by

the observation of cellular senescence in pre-matiglesions (Collado et al., 2005; Michalogloalet
2005). Heretofore, various intermediate pathway® Heeen shown to participate in the Ras/Raf-induced
growth arrest, like p38/PRAK, Wnt or JAK/STAT pathys (Park et al., 2003; Sun et al., 2007; Ye et al.
2007). However, our knowledge of the molecular na@idms specifically regulated by the MEK/ERK
kinases remains quite limited. And yet, a preclsracterization of this key mechanism against
tumorigenesis could be useful to elicit the develept of new therapeutic strategies to suppressrtumo
growth. The MEK/ERK-induced growth arrest has bassociated with the expression of various celleycl
regulators such as induction of the p53 tumor seggwr or different cell cycle inhibitors like
p27kip1,p2lwarior plénksa(Lin et al., 1998; Ravi et al., 1998; Zhu et aB98). Whereas their
involvements are dependent on the cellular contegtexpression of pkr1 seems to be a more general
event and has been found in p53-dependent anddéndept mechanisms (Lee et al., 1999; Olsen et al.,
2002; Sewing et al., 1997; Woods et al., 1997). ERKinases could increase p21 expression by
regulating different transcription factors suclsad, Ets1/2 or C/EBRp (Park et al., 2000; Vaque et al.,
2005). Whereas this role required a kinase funafdBRK, a non-catalytic function of the proteinasw
recently highlighted in the regulation of p21 e)xgsien. However, the mechanisms by which ERK inactiv
mutants induces growth arrest have not been eligcldilong et al., 2009).

In this study, we aimed to elucidate the mechanisvaved in the MEK/ERK-induced growth arrest. As
a model, we used the Huh-7 cell line derived fronuman hepatocellular carcinoma, a malignancy where
Ras/Raf mutations are rare. By performing transeptession of active forms of MEK1 or MEK2, we
showed that aberrant activation of the MEK/ERK path induced a G1-phase arrest. We demonstrated
that ERK1 and ERK2 both stimulated the expressiqua in a redundant and non-catalytic manner by
stimulating the phosphorylation of p70S6K on Thri&zr424 and the subsequently cap-dependent
translation of p21. This model has been provedih bver and breast cancer cells.



MATERIALS AND METHODS

Céll culture and reagents- The human hepatocellular carcinoma cell lines HDBz and HepG2, as well

as the human breast cancer cells MCF-7, were niaéatén DMEM 4.5 g/L glucose supplemented with
10% FCS, penicillin (20 Ul/ml) and streptomycin @§/ml). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), cyclosporine @&cloheximide and the PDK1 inhibitor GSK2334470
(GSK) were from Sigma Aldrich (St Quentin FallayiErance). The inhibitors GF109203X (GFX) and
Wortmannin were from Calbiochem (VWR, Fontenay-sBuoss, France). The inhibitor Rapamycin and
the antibodies raised against P-Akt, P-ERK1/2 (TBfZyr204), P-IJNK, p21, P-p38, P-p70S6K (Thr389),
Pp70S6K (Thr421/ Ser424), p70S6K , P-S6 (Ser240/24E-BP1 (Ser65), 4E-BP1, mTOR, cyclin D1,
cyclin E2, cyclin A2, cyclin B1, p27, p53 and P-pRE8K were purchased from Cell Signaling (Ozyme,
Saint-Quentin-en-Yveline, France). The antibody-aatnan Rb (clone G99-2005) was from BD
bioscience (Le Pont de Claix, France). Polycloméibadies against ERK1 (sc-94), ERK2 (sc-154), HA
(sc-805), MEK1 (sc-219), MEK2 (sc-524), p16 (sc1)p6Myc (sc-40) and Hsc- 70 (sc-7298) were from
Santa Cruz Biotechnology (Heidelberg, Germany)o8dary antibodies conjugated to horseradish
peroxidase were obtained from Dako (Trappes, Fance

Transfection and RNA interference experiments- Small hairpin RNAs (shRNA) targeting human MEKZ,
MEK2, ERK1, ERK2, P70S6K and mTOR as well as sctarabquence were provided by the company
Transat (Lyon, France). Sequences were vectortatserto the pRetro-SUPER plasmid expressing the
puromycin resistance gene (Screeninc, AmsterdanmeXands). DNA Plasmids pCMV HA-MEK1 wild
type (MEK1-WT), K97A (MEK1-K) and S218D/S222D (MEKQD), pCMV HA-MEK?2 wild type
(MEK2-WT), K101A (MEK2-K) and S222D/S226D (MEK2-D@&nd the plasmid His-p21 were kindly
provided by Dr. Sylvain Meloche (Institute for Rasgh in Immunology and Cancer, Montréal, Canada).
MEKZ1- DD and MEK2-DD are constitutively active aMEK1-K and MEK2-K are the dominant negative
forms of MEK1/2. The plasmids pCMV-ERK1 K71R andMZ-ERK2 K52R, the dominant-negative
forms, were nicely provided by Dr. Peter Shaw (énsity of Nottingham, UK). DNA transfections were
carried out using XtremeGene 9 DNA transfectiorgesd (Roche, Meylan, France) according to the
manufacturer’s instructions. Briefly, cells weratgld in a 35 mm-petri dish. After an overnight ipation,

2 ug of shRNA plasmid (carrying puromycin resistaneae) or pBABE-puro vector +uy of expression
plasmid were mixed with pl of XtremeGene 9 DNA (Roche) and then added tcc#tls. For transient
transfections, cells were selected during 24h lrgmycin (4.5ug/ml) and cyclosporine (BM) as
described (Lefloch et al., 2007). For stable da# generation, transfected cells were selecteiigldr
month with puromycin (2ig/ml) and cultured under selection pressure agitbest(Guegan et al., 2013).

Proliferation assays- To measure proliferation, 2500 cells were seedé@biwell plate. At indicated time,
cell number was determined using colorimetric MBEay. Briefly, cells were incubated with 0.5 mgahl
MTT for 2h at 37°C and formazan cristals were digstin DMSO. Absorbance was measured at 550nm
on Spectramax microplate reader (Molecular Devigéskingham, UK). Background absorbance at 690
nm was subtracted. A proliferation index was thalcudated as the absorbance ratio of cells at atelic

time to absorbance at day 1, and expressed awealaits (RU). Proliferation inhibition was calettd
using the formula (1- ((proliferation index of &IV (proliferation index of control cells))) andpeessed as
percentage.

Reverse transcriptase and polymerase chain reactions- Total RNAs were extracted from Huh-7 cells using
the kit NucleoSpin RNA Il (Macherey-Nagel, Hoerdafce). Concentrations of total RNA were measured
on NanoDrop ND-100 (NanoDrop Technologies, WilmomgtDE) and fig of RNA was subjected to a
reverse transcription reaction using the High Ciapa®NA Reverse Transcription kit from Applied
Biosystems (Foster City, CA). Real-time quantitatpolymerase chain reaction (qPCR) was performed
using SYBR Green PCR Master Mix (Applied Biosystgorsthe ABI Prism 7700 Sequence Detector
System (Applied Biosystems). All reactions weredimted according to manufacturer’s instructions.
Fold inductions of p21 mMRNA were calculated acaagdb the 2actmethod. Primer sequences were as
follows: CDKN1A 5-CTGGAGACTCTCAGGGT CG-3' (Fwd) ah5'-CGGCGTTTGGAGTGGTA GA-

3’ (Rev); 18S RNA 5’- CGGCTACCACATCC AAGGAA-3’ (Fwdand 5'-GCTGGAATTACCG
CGGCT-3' (Rev).



Immunaoblots- To extract total proteins, cells were washed onitle phosphate-buffered saline and then
lysed in a buffer containing 15mM p-nitrophenylppbate, 15mM MgCl 25mM MOPS pH 7.2, 15mM
EGTA, 60mMp-glycerophosphate, 2mM DTT, 1mM orthovanadate, 18éfF, 1mM phenylphosphate,
100 mM benzamidin and 1X of Complete protease itdrilzocktail (Roche). 2Qg of total cell extract

were resolved on 6,5-12% SDS-PAGE and transfeméal itrocellulose membrane for 1h using a
TransBlot TM cell apparatus (Biorad, Marnes-la-ceitg; France). Membranes were incubated overnight
at 4°C with appropriate primary antibody and théthwRP-conjugated secondary antibody for 1h at
room temperature. Immunoblots were analyzed offrthiilm LAS-3000 imager (Fujifilm, Tokyo, Japan).
Densitometric analyses were performed on the Maliige software (Fujifilm) or on the ImageJ software
(National Institutes of Health).

Satistical analysis- Results are expressed as the mean + standardide\{{aD). Data were analyzed with
two-tailed Studenttest. Differences were considered significant wR€0.05 (*) and P<0.01(**). All
experiments were performed at least three times.



RESULTS

Sustained ERK activity alters Huh-7 cell proliferation- In order to study the involvement of the MEK/ERK
pathway in the regulation of Huh-7 cell prolifecatj we first transiently expressed different mutanins

of MEK1 or MEK2 and analyzed the proliferative capaof transfected cells by MTT assay. As shown in
Figure 1, differences in Huh-7 proliferation appmshaccording to the activity of expressed MEK1 or
MEK2-WT (wild-type), -K (dominant negative) and -BQ0constitutively active). Indeed, wild-type MEK1
or MEK2 expression did not modify the proliferativapacity of the cells or the level of ERK1/2 basal
activation. However, when active form of MEK1 or MEwas expressed, Huh-7 cells exhibited a
sustained activation of ERK1/2 kinases and a retipeeliferation (Figure 1). In those cells, ERKigity
was comparable to that obtained after a constait &iGulation (Supplementary Figure 1). Moreoveis |
to note that no cell death or apoptosis engagemantetected in MEK1/2-DD expressing cells (data no
shown). A high ERK activity, mediated by constiedly active form of MEK1 or MEK2, could thus be
sufficient to impede the proliferation of human atgeellular carcinoma cells.

Interestingly, we observed that the dominant negdtirm of MEK1 slowed down the growth of Huh-7
cells while the inactive form of MEK2 had no impact it. This is consistent with our previous
demonstration, both vitro andin vivo, that MEK1 was specifically involved in the proliégion of
hepatocellular carcinoma cells (Gailhouste et28110). Indeed, as shown in Figure 2A, Huh-7 ceilbly
knocked-down for MEK1 exhibited a decreased prddifien rate compared to control cells. On the
contrary, MEK2 silencing did not alter the growthHuh-7 cells even if it decreased basal ERK1/2
activation similarly to MEK1. Recently, two diffavegroups have shown that the apparent functional
specificity observed between ERK1 and ERK2 in fildagt proliferation was only due to the predominant
expression of ERK2. As a consequence, ERK1 invididalid not impact on ERK1/2 total activity as
ERK2 deletion did and thus had less effects orifpration (Lefloch et al., 2007; Voisin et al., ZI)1
Hence, to ascertain that the MEK2 kinase was nathied in Huh-7 cell proliferation, we tried to ceg

the phenotype of MEK1-targeted cells by expressiitd-type form of the kinase MEK1 or MEK2. In
MEKT1 silenced cells, an inhibition of cell prolitgion was seen and the proliferation could be ey
the overexpression of MEKL1 in silenced cells (shMEKWMEK1-WT) (Figure 2B). On the contrary,
MEK2-WT expression failed to counterbalance the loSMEK1 despite the high expression of the kinase
MEK2 (Figure 2C). In order to ensure that the MEK&bIlity to rescue was not caused by an insuificie
activity, we tried to restore the proliferationMEKL1 silenced cells by expressing the active fofm o
MEK2 (MEK2-DD). As shown in Figure 2C, expressidiconstitutively active MEK2 induced a high
level of ERK1/2 activity but also failed to resdire cell proliferation. Unexpectedly, the expressib the
active form of MEK1 did not act as an improved i@nsof wild-type MEK1 as the proliferation defecass
not rescued anymore. In contrast, MEK1-DD amplifieel inhibition of proliferation triggered by thesis

of MEK1 (Figure 2B). Hence, all these data indidatg MEK1, but not MEK2, could be specifically
required for inducing the proliferation of humaartsformed hepatocytes. However, an “over” ERK1/2
activity, induced either by the active forms of MEKr MEK2, can be sufficient to mediate a growttestr
in human hepatocellular carcinoma cells.

ERK1/2 sustained activity induces p21 expression in a redundant and kinase-independent manner - The
Raf/MEK/ERKmediated growth arrest has been showsetassociated with the regulation of various
proteins, depending on the cellular context. Tinesnext tried to characterize the mechanisms irtia
the proliferation inhibition of Huh-7 cells. As shin in Figure 3A, expression of active form of MEKA
MEK?2 induced a high ERK1/2 activation and resuited G1 phase arrest, as observed by the increased
level of cyclin D1, the reduced expressions of mluyclins (e.g. Cyclin A2, E and B1) and the
unphosphorylated status of the kinase cdc2, wisictaiurally phosphorylated on Tyrl5 in the S- a2d G
phases of the cell cycle (Norbury et al., 1991). 8M® noticed that the G1 phase arrest seemed to be
dependent on padkriexpression as the expression level of the celkciydiibitor was greatly increased in
MEK1/2-DD expressing cells, contrarily to p@4, whose level was not altered, or p&ke which
presented a reduced expression. Moreover, simitirction of p21 was observed in MEK1-silenced cells
expressing MEK2-DD (data not shown). This p21 masskpression should be sufficient to inhibit
cdk4/6-cyclin D activities as indicated by the reed retinoblastoma protein (Rb) phosphorylatiogFe
3A). However, to ascertain that p21 persistentesgion could regulate the growth of transformed
hepatocytes, we next induced an ectopic expresgip@l in Huh-7 cells and analyzed their prolifemat
MTT assays revealed that cell growth was greatlaiimed by the mere presence of p24 (Figure 3B).
Moreover, p21 over-expression inhibited Huh-7 geatition to a similar extent as compared to the



constitutive activation of MEK1 or MEK2 (Figure 3Gyhich suggested that the growth arrest induced by
high MEK/ERK activity could rely on p21 action. &sconsequence, we used, in the rest of this sthey,
expression of p21 as a surrogate marker to an#itgzmechanisms implied in MEK/ERK-mediated growth
arrest. We next investigated whether the cytostagical was mediated specifically or not by ERK1 or
ERK2. For this purpose, we transiently silencedtig NA each of the kinases in cells harboring aiveact
form of MEK1 or MEK2. As shown in Figure 4A, p2ldaction by MEK1-DD or MEK2-DD was just
slightly decreased by the loss of ERK1 whereasg sompletely abolished in cells silenced for ERK2.
Consistently, cells knocked-down for ERK2 were legijected to the antiproliferative effect triggetey
MEK1/2-DD over-expression in contrast to shERKTontrol cells (Figure 4B). To test if

the growth arrest specifically relied on ERK2, vexninhibited endogenous ERK1 or ERK2 activity by
expressing dominant-negative forms of ERK1 (K71REBK2 (K52R) in Huh-7 cells and analyzed the
induction of p21 upon MEK activation. In contrastmshRNA-based experiments, the inhibition of ERK1
or ERK2 by the kinase-dead form could not preveatexpression of the cell cycle inhibitor induced b
active MEK. Nevertheless, the dominant negativeamist efficiently reduced both basal and induced p90
RSK activation (an ERK1/2 substrate used hereraadout foiin vivo ERK kinase activity) (Figure 4C).
Next, we tried to rescue p21 expression in ShERKEB cising the kinase-dead form of ERK1 or

ERK2. As shown in Figure 4D, ERK1 K71R as well &K K52R could both partially restore p21
induction upon MEK activation, while inhibiting eogenous ERK activities. Hence, ERK1 and ERK2
could both inhibit the proliferation of Huh-7 celly increasing p21 level, in a redundant and kinase
independent manner.

p706K isrequired for the growth arrest induced by the MEK/ERK pathway- To get further insight in the
mechanisms associated with MEK/ERK-induced growtbsd, we analyzed whether other signaling
pathways were modified by MEK1 or MEK2 constitutiaetivation. In MEK1-DD or MEK2-DD Huh-7
cells, no activation or inhibition of the PI3K-, BNand p38 pathways was noticed (Figure 5A).
Nevertheless, an important phosphorylation of thade p70S6K (70-Kda S6 kinase) could be seen on
residues Thr421 and Ser424, what led to a sligiease in the Thr389 phosphorylation. Phosphooyiati
of its S6 substrate on ser 240/244 was also greathiced by constitutive activation of MEK1 or MEK2
To test the importance of p70S6K activation dutimg growth arrest, we compared the phosphorylation
status of this kinase in control or in ERK2-sileti@ells, which are less prone to the proliferatidribition
(Figure 5B). In those cells, phosphorylations dd$8K on Thr421/Ser424 and S6 on Ser 240/244 were
strikingly reduced. The increased phosphorylatibtihe Thr389 residue was also lost by the silenoihg
ERK2. Interestingly, we did not find major modift@ns in the phosphorylation of the 4E-BP1 protein,
another mTOR target, between shCtl or sShERK2 ogtsy MEK1/2 overactivation. The residues Thr421
and Ser424 of p70S6K are located in a full conses#a of phosphorylation by the kinases ERK1/g.(e.
P-X-Ser/Thr-X). Therefore, we checked whether giesphorylation was directed by ERK, by expressing
the kinase-dead mutant form of ERK1 or ERK2 (Figh®y. As previously, the dominant negative mutants
inhibited endogenous ERK1/2 activities (reduce®p-BSK level). However, they failed to prevent
Thr421/Ser424 phosphorylation of p70S6K upon MEKdg¢Rvation. In contrast, their expression was
sufficient to restore partially the phosphorylatmip70S6K and S6 in ERK2-silenced cells (Figurg.5D
Full activation of the p70S6K protein is dependamiphosphorylations of multiple Thr and Ser resijue
which are regulated by successive actions of diffekinases, depending on the cell type and stisnulu
(Fenton and Gout, 2011). The main regulator of BKO&ctivity is the complex mTORC1 which includes
the proteins mTOR (mammalian Target Of Rapamyétaptor and GL (Kim et al., 2003). As ERK1/2
has been shown to activate mMTORC1 both directlyiadidectly (Carriere et al., 2011; Ma et al., 2p0ke
then tested the involvement of this complex in MEd{iced p70S6K activation. The chemical inhibitiédn o
MTOR by rapamycin did not inhibit the p70S6K phasptation on Thr421/Ser424 whereas Thr389 one
was totally abolished (Figure 5E). Other proteind aotably the kinases PDK1, Akt and the conveiation
PKCs have been shown to regulate p70S6K activéliiona et al., 2002; Magnuson et al., 2012).
However, the phosphorylation of Thr421/Ser424 imdlioy active mutant of MEK1/2 did not involve
those kinases as chemical inhibition of PDK1 by @$84470 (GSK), PI3K by wortmannin or PKCs by
GF109203X (GFX) did not modify the level of p70SpKosphorylation (Figure 5E). The kinase mTOR
could also act in another complex named mTORC2 (RyTRictor, mLST8) which has been initially
described as rapamycin-insensitive (Sarbassov,&Qfl4). Thus, in order to test the involvementhis
complex, mTOR expression was directly silencedHiydA in Huh-7 cells. As shown in Figure 5F, the
loss of MTOR completely abrogated p70S6K phosphtiost on Thr389, both in control and in MEK1/2-
DD expressing cells. Nevertheless, phosphorylaiioithr421/Ser424 was not totally impacted by the



inhibition of MTOR. Hence, these data show that ERKId stimulate p70S6K phosphorylation on
Thr421/Ser424, independently of its kinase actiaity of the activation of PDK1-, PI3K/Akt/mTOR- and
PKC pathways.

To study the requirement of p70S6K in MEK/ERK inddagrowth arrest, we next knocked-down its
expression by shRNA and analyzed the proliferataygacities of cells. RNAi-mediated decrease of
p70S6K activity did not strongly modify ERK1/2 aattion but it completely prevented the expression o
the cell cycle inhibitor p21 induced upon MEK aetion (Figure 6A) or upon HGF treatment
(Supplementary Figure 2). Consequently, p70S6Kisédd cells were less subjected to the growth arrest
induced by active forms of MEK1/2 than control sélFigure 6B). As p70S6K could act in the regulatio
of protein synthesis as well as in regulation afeyganscription, we next investigated which st&ps21
induction was dependent on p70S6K activity. By ditative PCR analysis, we observed that sustained
ERK activity enhanced CDKN1A gene transcriptiorddad, a 4 to 6 fold induction of p21 mRNA could
be seen in MEK1/2-DD expressing cells and intemgsfi this induction persisted and was not altered
when p70S6K was transiently silenced (Figure 6@ndé p70S6K regulated p21 expression at a post-
transcriptional level. The cell cycle inhibitor p2ghibits a short halflife and thus requires difer
phosphorylation events to be stabilized (Child &tzothn, 2006). We thus investigated whether p70S6K
could regulate p21 stability. To induce p21 exgmsHuh-7 cells were first treated with sodiumyate,
a HDAC inhibitor, for 24h and protein translatioaswthen blocked with cycloheximide for differemhéis.
The expression of p21 was finally monitored by wasblot. As shown in Figure 6D, neither the
expression of active MEK1 nor the silencing of p@R3nodified p21 stability. In all cases, p21 extelia
half-life of about 45 minutes, suggesting that pggid not regulate p21 at this level. Finally, doghe
central position of p70S6K in the regulation oftein biosynthesis, we analyzed if the kinase could
regulate p21 protein translation. For this purp@gemonitored p21 protein accumulation following
proteasome inhibition. As p70S6K did not regule?é ptability, this accumulation could be seen as a
reflection of the protein translation efficiency.this setting, we observed that the p21 levelkiases more
rapidly in control cells than in Huh-7 cells staklyocked-down for p70S6K (Figure 6E). Interestinghys
slower accumulation seems not to be specific togflit could also be observed with c-Myc oncogene
whereas p27 and p53 showed same translation ratetrol cells as in p70S6K-silenced cells.

Finally, we wanted to know whether the requiren@ni70S6K for the MAPK-mediated growth arrest was
restricted to Huh-7 cells or could be observedtireptumor cell lines. As shown in Figure 7, expies of
active forms of MEK1/2 triggered p70S6K phosphatigia on Thr421/Ser424 and p21 expression in
HepG2 cells, another human hepatocellular carcincelidine. Indeed, we noticed that p21 expressias
also dependent, in these hepatic cells, on p7086tita as silencing of the kinase reduced bothebasd
induced expression of the cell cycle inhibitor (g 7A). Furthermore, we also observed that p70S6K
requirement for MAPK-induced growth arrest was mestricted to liver cancer as similar conclusions
could be made on the human breast cancer ceM@E-7 (Figure 7B).



DISCUSSION

In the present study, we have shown that aberddivbaion of ERK1/2 kinases could impede cellular
growth by simultaneously increasing pat1 gene transcription and enhancing its protein syighéa a
p70S6K-dependent mechanism. We also demonstrageththkinases ERK1 and ERK2 could both
participate in the MAPK-mediated growth arrest iredundant manner and independently of their kinase
activity.

Functional specificities of MAPKs- With more than 85% of amino acid homology, the ke®MEK1 and
MEK2, as well as ERK1 and ERK2, have been consitifrea long time as fully redundant proteins
(Shaul and Seger, 2007). However, several stuidiglsiding those of our team, have shown that these
kinases were not totally interchangeable. FirstkKiilend MEK2 can be differently regulated. Indeed
MEKZ1 can undergo a negative feedback mediated 2BRa the phosphorylation of its Thr292 residue,
a regulatory site lacking in MEK2 protein (Ebleragét 2004). Furthermore, MEK1 but not MEK2 candbin
to the scaffold protein MP1 (Schaeffer et al., )& can be activated by the A-Raf kinase (Wu et

al., 1996), suggesting that different protein atffas could exist. Second, functional differencasébeen
demonstratech vitro or in vivo following the specific extinction of MEK isoform.df instance, MEK1

gene invalidation in mice is lethalthie embryonic stage unlike MEK2 knock-out, revegim

predominant role for MEK1 in the developmeneatraembryonic tissues (Belanger et al., 2003; &iret

al., 1999; Nadeau et al., 2009). Here, we demaestian absoluteequirement of MEK1 but not MEK2 for
the proliferation of hepatocarcinoma cells. MEKlsting suppressed the grovahHuh-7 cells and

MEK?2 overexpression could not compensate for the &f MEK1. Moreover, expression of a dominant
negative form of MEK1, but not MEK2, decreased Hutell proliferation. Two different studies have
convincingly demonstrated that the apparent spitgifof the kinases ERK1 and ERK2 in fibroblast
proliferation actually reflected their differenckexpression (Lefloch et al., 2007; Voisin et 2D,10). For
their authors, the specific role of ERK2 seen m pholiferation of many tumor models is relatedhie

higher expression level of ERK2. Therefore ERK2rsiing has a greater impact on ERK total activignt
ERK1 extinction and thus will give more severe pitgpe. This gene dosage effect could also be faund
this study. Indeed, Huh-7 cells express more ERiWfens than ERK1, as noticed by western blot using
anti-phospho-ERK1/2 antibody. As a consequence, Egtléncing, but not ERK1, totally blocked p21
induction and the growth-inhibitory signal upon MEKtivation. Nevertheless, kinase-dead form of ERK1
could restore p21 induction in ERK2-silenced callsmonstrating that ERK1 and ERK2 are both involved
in MAPK-induced growth arrest of Huh-7 cells. Sacoaclusions have been made by Hong et al. in others
tumor cell lines (Hong et al., 2009).

Regarding the MEK1/2 functional specificity obsahleere, we demonstrated that the targeting of MEK1
but not MEK2 inhibited hepatocarcinoma cell proigon. However in human or mouse tissues, and
notably in liver, MEK2 exhibits a higher expressiemel than MEK1 (Pelech, 2006). Similarly, we
observed that MEK2 overexpression could not comggerfer the loss of MEK1. Thus MEK1 dependence
of Huh-7 cells for proliferation seemed not to beraple gene dosage effect but instead a speoifcaf
MEK1 may exist in these highly differentiated celsspecific requirement of MEK1 has also been
observed in the proliferation of different cell nedgl (Scholl et al., 2009; Shama et al., 2008; |sX¥04).
Nevertheless, it is to note that the functionakggation of MEK1 and MEK2 seems to be dependent
cell type since predominant roles of MEK2 over ME#dve also been underlined in other models (Lee et
al., 2011; Voisin et al., 2008). Moreover, MEK1 aviEK2 could have both redundant and specific roles
a same cell type and the notion of functional dpsisi could thus be dependent on the stimulus type
duration and/or activated signaling cross-talkse(eeal., 2011).

ERK1/2-dependent phosphorylation of p706K in growth arrest signaling- In this study, we showed that
expression of active mutant of MEK1 or MEK2 wasfisignt to inhibit the proliferation of human
hepatocellular carcinoma cells. By RNAi experiments also demonstrated that this growth arrest was
linked to the sustained activity of the ERK1/2 ldaa and the subsequent induction of cycle inhibitor
p2lwari. Similar results were obtained on normal hepatsyindeed, we have previously shown that the
inability of rat hepatocytes to undergo multiplgisiion cycles in primary culture was linked to akeR
dependent induction of p2ari (Frémin et al., 2009). Moreover, sustained stiniotabf MEK/ERK
activities by the cytokine hepatocyte growth fagtéGF) inhibited then vitro proliferation of different
models of human hepatocellular carcinoma (HepGp3BeHuh-7) and this has also been linked to the
induction of p2#ar1 by the MEK/ERK pathway (Shiota et al., 1992; Shir&k al., 2008; Tsukada et al.,



2001). In addition, we showed here that this groavtlest could be mediated by a non-catalytic fmctf
the ERK kinases. Indeed, ERK1/2 kinase-dead mutamiisl not suppress p21 induction upon MEK
activation while blocking endogenous ERK activitfesy. reduced phospho-p90 RSK level). Moreover,
expression of these mutants in ERK2-silenced eedls sufficient to restore p21 induction by active
MEKZ1/2. Even if we cannot totally exclude that tBRK kinase-dead mutants harbored a weak residual
activity and did not absolutely demonstrate thatrtiutants have no activity, these results are stami

with a possible non-catalytic function of ERK asygously described in the MAPK-induced growth atrres
(Hong et al., 2009). Moreover, we showed that lesttie transcriptional regulation of pati, the
sustained activation of the MEK/ERK pathway coulthalate the translation of the cell cycle inhibitry
allowing the activation of the kinase p70S6K.

The full activation of p70S6K requires phosphorigias of various residues and notably phosphoryiatio
of its Cterminal autoinhibitory pseudosubstrate dom{Ser411, Ser418, Thr421 and Ser424) and differe
critical sites like Thr389 (Fenton and Gout, 2014)MEK1/2-DD expressing cells, we noticed an
important phosphorylation of the Thr421 and Serdiggs and only a small increase in the Thr389
phosphorylation. This suggests that the latter phosylation seemed to be mediated by a kinaserdiife
from ERK1/2. Several kinases have been implicatdte regulation of p70S6K activation. Depending on
the cell type, an involvement of PDK1, mTOR, PI3KRKC kinases was observed (lijima et al., 2002;
Laser et al., 1998; Magnuson et al., 2012). Heeeslowed that phosphorylation of Thr421/Ser424
residues was not dependent on these kinases IiRI§f/2 functions, since only ERK2 silencing
prevented the phosphorylation of these sites. Niesterss, we noticed that Thr389 phosphorylation was
dependent on a PDK1/PISK/mTOR pathway. Similatliras been shown in neutrophils that the cytokine
granulocyte macrophage colony-stimulating factavi¢GSF) triggered a mTOR-dependent
phosphorylation of Thr389 of p70S6K concurrentlyhna ERK-dependent phosphorylation of
Thr421/Ser424. Both phosphorylations were requioedull activation of p70S6K kinase (Lehman et al.
2003). ERK-induced phosphorylation of p70S6K on4RirSer424 has also been observed in other models
like cardiac muscle cells, epithelial cell or CD&4lls (lijima et al., 2002; Salmond et al., 2088ang et
al., 2001). Hence, ERK sustained activation couidly participate to activate p70S6K, in additianthe
PISK/PDK1/Akt/mTOR dependent phosphorylation of 388.

Nevertheless and despite the fact that Thr421/8en@sddues are localized in a consensus sequence fo
ERK phosphorylation (PX[T/S]P), we demonstratecehiibat ERK-mediated p70S6K activation was
regulated by a non-catalytic function of ERK1/2sFERK deletions by shRNA, but not dominant
negative form of ERK, reduced Thr421/Ser424 phosgation upon MEK activation. Second, ERK1/2
kinase-dead mutant expression could restore p7@B6Kphorylations on autoinhibitory domains in
ERK2-silenced cells. Two different studies havevaithat ERK1/2 could interact with p70S6K in cells
(Gu et al., 2000; Lehman and Gomez-Cambronero,)26hce, one could speculate that ERK1/2 could
act as a scaffold protein to promote the activitarounknown kinase on p70S6K. Alternatively, the
interaction between ERK and p70S6K could mask ther@inal domain of p70S6K, preventing
phosphatase action on Thr421/Ser424.

Finally, we have shown that p70S6K activity was amant for MEK1/2-DD-induced growth arrest
because its silencing inhibited p2E1 expression. We also demonstrated that p70S6K wa®qgoired to
stimulate CDKN1A gene transcription or to increp2& protein stability but to enhance the transfatid
p21 mRNA. Indeed, p21 protein accumulated lessiefitly in p70S6K-deficient cells than in control
cells, following proteasome inhibition. Due to sigort half-life of the protein, the regulation dflp
translation could thus represent an important mashato regulate the expression of this cell cycle
inhibitor and thus the cellular growth. These ressafte consistent with the well-defined function of
p70S6K in the regulation of protein synthesis (Mamat al., 2006) and with different studies showang
role of the mTOR/p70S6K pathway in DNA-damage- @ogen-induced p21 expression (Beuvink et al.,
2005; Gaben et al., 2004). Indeed, using rapanyycits derivate RADOO1, those studies have evideace
role of the mTOR/p70S6K pathway in the control 21 granslation. No modulations of the transcripion
of the stability of p21 were seen. However, for shely, the translational regulation was seledtive21
and for the other one, it was a global effect. Hese noticed that the effect of p70S6K was notctile to
p21 as it has also been observed for the prottgac-However, p27 and p53 protein accumulations
following proteasome inhibition were not modified the loss of p70S6K. Given the fact that thesedat
proteins contain an IRES element, contrarily to (idnnan-Thulasiraman et al., 2008; Miskimins et al
2001; Ray et al., 2006), we hypothesize that p70&EHd be only required to enhance cap-dependent
translation of proteins but further studies willieguired to explore this assumption. Moreover swggest
that in the mTOR/S6K pathway, the kinase p70S6kegalaa major role in the control of p21 translatasn



we showed that mTOR inhibition did not suppress ipgiiction upon MEK activation contrarily to
p70S6K targeting.

In conclusion, we have shown that the sustainadadicin of the kinases ERK1 and ERK2 stimulated
p70S6K phosphorylation on Thr421/Ser424 in a redahdnd non-catalytic manner and that this
activation was required to stimulate cap-depenttanslation of the p21 and subsequent growth arrest
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FIGURE LEGENDS

FIGURE 1. Constitutive activation of MEK1 or MEK2 i nhibits Huh-7 cell proliferation. The
proliferation of Huh-7 cells expressing wild-typ&T), kinase-dead (K) or mutant active (DD) form of
MEK1 (A) or MEK2 (B) was assessed by MTT assays. Results are expressgdtave units (RU)C)
ERKZ1/2 activation status was monitored by westdohibh Huh-7 cells expressing wild-type or mutant
forms of MEK1/2. Data are representative of attifa®e independent experiments. (Mean + SD; *
P<0.05; ** P<0.01)

FIGURE 2. MEK1 but not MEK2 is required for cell pr oliferation. The growth rates of Huh-7 cells
stably knocked-down for MEK1 or MEKE\) or Huh-7 cells transiently silenced for MEK1 and
expressing wild-type (WT) or mutant active (DD)rfoof MEK1 (B) or MEK2 (C) were assessed by
MTT assays (right panels). Results are expresseelati/e units (RU). In each case, the efficieaty
MEK1 or MEK2 silencing and plasmid expression wamitored by western blot (left panel). Data are
representative of at least three independent axpets. (Mean+SD;* P<0.05;* P<0.01)

FIGURE 3. Growth arrest induced by the MEK/ERK pathway involves p21 expression. (Afhe
expression of different cell cycle regulators waalgzed by western blot in Huh-7 cells expressing
wildtype (WT), kinase-dead (K) or mutant active (Diorm of MEK1 or MEK2. Expression of MEK1 or
MEK2 constructs was verified by immunobloting withti-HA antibody(B) Huh-7 were transfected with
His-p21 construct and selected by puromycin. Th@ession of His-tagged p21 was analyzed by western
blot (upper panel) and the proliferation rate déstd cells was assessed by MTT assay (lower panel
(C) Comparison of the proliferation rate between Hutells expressing ectopic p&4r1, active mutant

form (DD) of MEK1 or MEK2 and controls cells. Retsulre expressed as percent of control cell
proliferation. Data are representative of at |¢taiste independent experiments. (Mean + SD; ** PXD.0

FIGURE 4. ERK1 and ERK2 inhibit Huh-7 cells growth in a redundant and non-catalytic manner.
(A) Huh-7 were transiently transfected with shRNA térgeERK1 (shERK1), ERK2 (shERK2) or
scramble sequence (shCtl), concomitantly with d@ivaenutant form of MEK1, MEK2 or empty vector.
Expression of HA-tagged MEK1 and MEK2 constructd #re induction of the cell cycle inhibitor
p21lwariwas analyzed by western blot. Densitometric analygire performed to measure p21 induction
and results were expressed as relative units (Rght (panel)(B) The growth arrest induced by active
mutant form of MEK1 (pMEK1DD) or MEK2 (pMEK2DD) wasvaluated in Huh-7 cells transiently
silenced for ERK1, ERK2 or in control cells. Reswdte expressed as percentage of proliferation
inhibition, as described in Materials and Methoelstion.(C-D) The induction of p21 by active MEK1/2
was analyzed by western blot in Huh-7 cells expngdsinase-dead mutant form of ERK1 (K71R) or
ERK2 (K52R) (C) or transiently silenced for ERK2daexpressing the ERK mutant protein (D). Data are
representative of at least three independent expets (Mean+SD;* P<0.05;** P<0.01).

FIGURE 5. ERK1/2 sustained signaling promotes p703$6activation independently of their kinase
function. (A) The effects of constitutive activation of MEK1 alWdEK2 on various signaling pathways
were analyzed in Huh-7 cells by western b(B). Huh-7 cells expressing active mutant (DD) form of
MEK1/2 or empty vector were transiently silencedhot by shRNA for ERK2 and phosphorylation status
of p70S6K was then analyzed by western {{otD) p70S6K activation by active MEK1/2 (MEK1/2DD)
was studied by western blot in Huh-7 cells expreskinase-dead mutant form of ERK1 (K71R) or
ERK2 (K52R) (C) or transiently silenced for ERK2daexpressing the ERK mutant protein ({B) Huh-

7 cells expressing active form of MEK1/2 or empégtor were treated for 2h with DMSO, GSK2334470
(GSK; 1uM), GF109203X (GFX; 2uM), Rapamycin (10 nM) or Wortmannin (500 nM). Acttion of
p70S6K was then analyzed by western l{let.Huh-7 cells expressing active mutant form of MEK@&r2
empty vector were transiently silenced by shRNANGOR. Phosphorylation status of p70S6K was then
analyzed by western blot. For all these experiméiEK1/2-DD expression was monitored by
immunoblotting with anti-HA or anti-P-ERK antibodpata are representative of at least three
independent experiments.



FIGURE 6. p70S6K is required for the growth arrestinduced by the MEK/ERK pathway. Huh-7
expressing active mutant form of MEK1 or MEK2 wansiently transfected with shRNA targeting
p70S6K or scramble sequence (shCtl). The induatfdhe cell cycle inhibitor p2dar1 was then analyzed
by western blofA) and the growth arrest induced by MEK1/2-DD was ss=@& by MTT assay8).

Results are expressed as percentage of proliferatiibition, as described in Materials and Methods
section.(C) Total mMRNA were submitted to RT-gPCR to determig@éwari expression. Data were
normalized relatively to the expression level foimdontrol cells(D) Huh-7 cells expressing mutant
active MEK1 (MEK1-DD) or empty vector were trangfedt with shCtl or shRNA for p70S6K. Cells were
treated for 24h with sodium butyrate (10 mM) tound p21 expression and next with cycloheximide (20
uM) for indicated times. Expression of p21 was apadiby western blot (upper panel) and p21 halklive
were calculated after densitometric analyses (Iqamel). As sodium butyrate treatment led to défifer
rate of p21 induction, p21 blot exposition waseliéint between the three conditions. Results are
expressed as relative units (R(B) Huh-7 stably knocked-down for p70S6K or controlselere treated
with MG132 (10uM) for indicated times and accumulation of differeroteins were monitored by
western blot (left panel). p21, p27 and c-Myc egpien were calculated after densitometric analgses
expressed as relative units (RU) (right panel) alzaie representative of at least three independent
experiments. (Mean + SD; * P<0.05).

FIGURE 7. p70S6K requirement for MAPK-induced growth arrest is not restricted to Huh-7 cells.
HepG2(A) and MCF-7(B) cells expressing active form of MEK1/2 (MEK1/2-DBY) empty vector were
transiently silenced or not by shRNA for p70S6K1 gXpression and p70S6K phosphorylation status
were then analyzed by western blot (left panell @2pression were calculated by densitometric @ealy
(right panel) and results expressed as relativis (RU). Data are representative of at least three
independent experiments. (Mean + SD; * P<0.05;<0@1).
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