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Abstract

Background

Overactivation of the Mitogen-activated protein kinase (MAPK) pathway is a critical driver
of many human cancers. However, therapies that target this pathway have only been
effective in a few cancers, as cancers inevitably end up developing resistance. Puzzling
observations have suggested that MAPK targeting in tumor fails because of an early
compensatory RAS overexpression, but through unexplained mechanisms.

Methods

Lung, breast, and melanoma cancer cells were incubated with MEK inhibitors (MEKIi).
Kinetics of expression of KRAS, NRAS mRNA and proteins and processing bodies (PBs)
proteins were followed overtime by immunoblot and confocal studies.

Results

Here, we identified a novel mechanism of drug tolerance for MEKi involving PBs essential
proteins like DDX6 or LSM14A. MEKi promoted the translation of KRAS and NRAS
oncogenes, which in turn triggered BRAF phosphorylation. This overexpression, which
occurred in the absence of neo-transcription, depended on PBs dissolution as a source of
RAS mRNA reservoir. In addition, in response to MEKi removal, we showed that the
process was dynamic since the PBs quickly reformed, reducing MAPK signaling. These
results underline a dynamic spatiotemporal negative feedback loop of MAPK signaling via
RAS mRNA sequestration. Furthermore, in long-tolerant cells, we observed a LSM14A
loss of expression that promoted a low PBs number phenotype together with strong KRAS
and NRAS induction capacities.

Conclusions
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Altogether we describe here a new intricate mechanism involving PB, DDX6 and LSM14A
in the translation regulation of essential cellular pathways that pave the way for future

therapies altering PBs dissolution to improve cancer targeted-drug therapies.

Keywords

RAS, KRAS, NRAS, MAPK, Liquid Liquid phase separation, DDX6, processing bodies,

oncogene, MEKI.
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Background

MRNAs are actively translated, repressed, stored, or degraded in response to
environmental cues. These post-transcriptional pathways are critical for controlling cell
fates that are altered in pathological conditions, such as cancers[1,2]. In this regard, recent
transcriptome-wide studies have revealed that most RNAs have a restricted, dynamic,
and regulated subcellular localization. From the key players of this process emerge two
RNAs clusters and associated regulatory RNA binding proteins (RBP), known as the
constitutive processing bodies (PBs) and environmentally-induced stress granules[3,4]. In
contrast to organelles with a lipid bilayer membrane, membraneless structures are formed
through a process known as liquid-liquid phase separation (LLPS) that confers a wide
range of plasticity to these super-assemblies[5]. Sequestration of mMRNAs into these
ribonucleoprotein granules is associated with translational repression, thus uncoupling
MRNA expression from protein production, and enabling the spatiotemporal control of
gene expression[3]. Furthermore, PBs and stress granules act as reservoirs of silent
MRNAs that can re-enter translation to adapt protein expression to the environment,
providing plasticity to the genetic program[3,5-7]. Although, this post-transcriptional
control is key to cellular adaptation in inconstant and stressful environments[1], few
studies have investigated the role of PBs in the context of cancer progression and
particularly for the emergence of drug-tolerant cells.

Mitogen-activated protein kinase (MAPK) pathways represent ubiquitous signal
transduction pathways that control cell fates by phosphorylating hundreds of substrates.
The RAS-RAF-MEK-ERK pathway is altered in ~40% of all human cancers, mainly due to
RAS oncogenic mutations (32%) and its downstream effector BRAF (~10%). KRAS is

mainly found mutated in pancreatic cancer (88%), lung cancer (30%), and colorectal
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adenocarcinoma (50%). NRAS and BRAF are modified in melanoma (17% and 55%
respectively), thyroid carcinoma (19% and 55% respectively), and lung cancer (1% and
5% respectively)[8,9]. Given the causative role of the RAS-RAF-MEK-ERK pathway
hyperactivation in driving tumorigenesis, several MEK, BRAF, and KRAS inhibitors (MEKi,
BRAFi, and KRASi respectively) were developed over the last decades [10-12].
Unfortunately, these treatments are inevitably associated with drug tolerance, acquired
resistance, and tumor relapse[10,13].

Even if a part of the resistance is directly attributable to somatic mutation acquisition, the
early drug resistance arose from plastic drug-tolerant or persister cells. Among these non-
genetic early resistance events, the upregulation of KRAS and NRAS proteins in response
to BRAFi or MEKIi targeting the pathway downstream was suggested as a possible
contributor[14,15], while the underlying mechanism remains unknown. Employing a
combination of genetic and pharmacological approaches, we demonstrate herein that PBs
are associated with drug tolerance through a DDX6-dependent negative feedback loop

that fine-tunes KRAS and NRAS expression by controlling mRNA translation.
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95 Material and methods

96 Cell culture.
97 The A549, H1650, Mel501, BT549 were cultured according to the recommendations of

98 the ATCC. A549 (human lung adenocarcinoma epithelial cell line, ATCC, number CCL-
99 185) and Mel-501(melanoma epithelial cell line), were grown in Dulbecco's Modified Eagle
100 Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). BT549 (Breast
101  epithelial cell line, ATCC, number HTB-122) was grown in DMEM supplemented with 10%
102  FBS and non-essential amino-acid (Thermofischer). H1650 (human lung adenocarcinoma
103  epithelial cell line, ATCC, number CRL-5908) was grown in Roswell Park Memorial
104  Institute (RPMI)-1640 medium supplemented with 10% FBS, 1mM sodium pyruvate. All
105 the cells were maintained at 37°C in a 5% COz2 in a humidified incubator. All cells were
106 maintained no more than one month and were identified using STR profile (Eurofins
107  Genomics).
108
109 DDX6 and LSM14A GFP stable cell lines.
110 The pPRIPu GFP-DDX6 plasmid used in this study were constructed as follows:
111  The pPRIPu CrUCCI vector[16] (kind gift of Dr. F Delaunay) was amplified with primer
112  adaptors for Agel and BamH1. pEGFP-C1_p54cp (kind gift of Drs D. Weil and M. Kress)
113  were digested by Agel and BamH1 and the respective resulting fragments were inserted
114 in pPRIPU. The integrity of the entire sequence in the later has been confirmed by
115 sequencing analysis. Briefly, replication-defective, self-inactivating retroviral constructs
116  were used to establish stable A549 cell lines. Selection was performed by puromycin
117  (10pg/ml). Then, the cells were sorted as a polyclonal population and used in the following

118 experiments.
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119

120 siRNA transient transfection.

121  Cells were plated at 200 000 cells/well in 6-well plates. After 24h, cells were transfected
122 with siRNA negative Control or Silencer Pre-designed small interfering RNA (SiRNA)
123 DDX6, LSM14A, KRAS or NRAS using JetPrime (PolyPlus) according to the
124 manufacturer’s instructions as previously described[17]. 48h after transfection, cells were
125 lysed for RNA or protein analysis as described below.

126

127  Immunoblotting.

128 Immunoblotting was performed as described previously[17]. Protein was extracted from
129  cells using Laemmli lysis buffer (12.5mM NazHPOa4, 15% glycerol, 3% sodium dodecyl
130 sulfate [SDS]). The protein concentration was measured with the DC Protein Assay (BIO-
131 RAD) and 30pg — 50upg of total proteins were loaded onto 7.5% or 12% SDS-
132 polyacrylamide gels for electrophoresis and transferred onto polyvinylidene difluoride
133 membranes (Millipore). After 1h of blocking with 5% bovine serum albumin or non-fat milk
134  prepared in Phosphate-Buffered Saline (PBS)-0.1% Tween-20 buffer, the blots were
135 incubated overnight at 4°C with antibodies (supp table). After 1h of incubation with a
136  horseradish peroxidase-conjugated secondary antibody (1:3000, Promega), protein
137  bands were visualized using an enhanced chemiluminescence detection kit (Millipore)
138  with the imaging system, Syngene Pxi4 (Ozyme).

139

140 Isolation of RNA and quantitative real-time RT-PCR analysis.

141  Total RNA extraction was performed using TRI-reagent (Sigma-Aldrich). Isolation of RNA

142  from cultured cells was performed as described previously[18]. The RNA concentration
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143 was measured by NanoDrop 2000 (Thermo Fisher Scientific). For mRNA, the cDNA
144  strand was synthesized from 500ng of total RNA. Quantification of KRAS and NRAS and
145 RPLPO genes was measured by power-Sybr-green assays with the StepOne™ Real-time
146  PCR System. gPCR Primers are referenced in the supplementary table.

147

148 Immunofluorescence and confocal microscopy.

149  Cells were grown to confluence and fixed in 4% paraformaldehyde for 20min. After
150 fixation, cells were permeabilized with a solution containing 0.3% Triton X-100 for 5min.
151  Then, cells were incubated with primary antibodies (listed in suppl table) overnight at 4°C
152 in humidified chambers in a solution containing 0.03% Triton X-100, 0.2% gelatin and 1%
153 BSA. Cells were washed and incubated with Alexa Fluor-conjugated secondary antibodies
154  (1:500; Molecular Probes) for 1h at room temperature and mounted in ProLong Diamond
155 Reagent with DAPI (Molecular Probes). Images were captured on a Zeiss LSM880
156  confocal microscope.

157

158  Statistical analysis.

159  Quantitative data were described and presented graphically as medians and interquartiles
160 or means and standard deviations. The distribution normality was tested with the Shapiro's
161 testand homoscedasticity with a Bartlett's test. For two categories, statistical comparisons
162 were performed using the Student's t-test or the Mann-Whitney's test. All statistical
163 analyses were performed by the biostatistician using R.3.2.2 software and Prism8.0.2
164  program from GraphPad software. Tests of significance was two-tailed and considered
165 significant with an alpha level of P<0.05. (Graphically: * for P<0.05, ** for P<0.01, ***

166  for P<0.005).
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167

168 Polysome gradient.

169  Subcellular fractionation. All steps of the subcellular fractionation were performed at 4°C.
170  Cells (60-80x10 6 cells) with or without treatment were trypsinized and washed twice with
171 15 ml of ice-cold PBS by centrifugation. Cell pellets were resuspended in 1 ml of hypotonic
172 Buffer composed of 40mM Tris-HCI, pH 7.5, 10mM KCI, 3mM MgClz and 0.2% Nonidet
173 P-40 supplemented with 1ImM DTT and 0,5mM phenylmethylsulfonyl fluoride (PMSF).
174  After incubation for 15min on ice, cells were lysed in a Dounce homogenizer with B pestle.
175 The efficiency of cell lysis keeping the nuclei intact was verified by staining with trypan
176  blue under an optical microscope. The cell lysates were spun at 900g for 5min to obtain
177  the cytoplasm (supernatant) and nuclei (pellet) fractions.

178  Sucrose gradient fractionation. About 10 OD 260nm of cytosolic extracts were loaded on
179 the top of a linear sucrose gradient (10-50%) made in Sucrose Gradient Buffer (25mM
180  Tris-HCI, pH 7.5, 150mM NacCl, 12mM MgClz, 1ImM DTT) in Ultra-Clear ultracentrifugation
181 tubes (Beckman Coulter). The -cytosolic fraction samples were fractionated by
182  ultracentrifugation for 2h 45min at 39,000rpm at 4°C in a Beckman Optima ultracentrifuge
183  with SW41 Ti swinging bucket rotor with the following settings: acceleration 9 and
184  deceleration 4. Following ultracentrifugation, the sucrose gradients were fractionated
185 using a Foxy JR fraction collector and monitoring UA-6 UV light (254-nm wavelength)
186 absorbance detector (Teledyne ISCO), obtaining 12 to 14 fractions.

187  After addition of 0,5mM CacClz and 0,2% SDS, the collected fractions were treated with
188 proteinase K (50mg/ml, Sigma) for 30min at 40°C. Then 10pg of an RNA spike-in was
189 added in each fraction to serve as an internal calibrator of RNA extraction and detection.

190  For this, we used an in vitro transcribed RNA encoding the spike protein of SARS-CoV-2.
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Total RNA was extracted by vigorous shaking with an equal volume of Tris pH 8,0
saturated phenol, chloroform, isoamyl alcohol mixture (25:24:1, viviv) (Sigma-Aldrich),
and phase separation was performed by centrifugation at 12,000g for 15min at 4°C. The
upper aqueous phase was washed once with an equal volume of chloroform:isoamyl
alcohol (24:1, v/v) (Sigma-Aldrich) by vigorous shaking and centrifugation at 12,0009 for
15min at 4°C. The aqueous phase was transferred to a fresh tube and the RNA was
precipitated overnight at -20°C by mixing with an equal volume of isopropanol, 2ml of
glycoblue TM coprecipitant (Thermo Fisher Scientific) and 1/10 volume of 3M Na acetate

pH 5.2. RNA was pelleted by centrifugation at 12,000g for 15min at 4°C.
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203 Results

204 MEKIi response promotes KRAS and NRAS translation.

205  We first confirmed the accumulation of both NRAS and KRAS protein in response to MEKi,
206 PD184352 (CI-1040) and trametinib, in four different cell lines (A549, H1650, Mel501,
207 BT549) regardless of cancer type (lung, breast, melanoma) and oncogenic drivers
208 (KRASG12S, EGFR, BRAFV6E00E, PTEN respectively) (Fig.1A). In order to analyze
209  whether both KRAS and NRAS proteins were able to activate the downstream BRAF
210  phosphorylation in these conditions (Fig.1B), we used siKRAS and siNRAS, either alone
211  orin combination. Interestingly, we showed here that both KRAS or NRAS drive sustained
212  BRAF phosphorylation in the presence of PD184352. The complete inhibition of BRAF
213  phosphorylation was indeed almost achieved only when both siRNAs were combined
214  (Fig.1B). Altogether, these results highlight that the increase in protein expression of
215 KRAS or NRAS were sufficient to lead to the phosphorylation of BRAF after MEK
216  inhibition.

217 In this context, we investigated the potential causes of this increase in KRAS and NRAS
218 protein expression. At the transcriptional level, we showed that KRAS and NRAS mRNA
219 levels were stable under PD184352 treatment (Fig.2A-B). Furthermore, the PD184352-
220 increase in KRAS and NRAS protein levels was maintained in the presence of the
221  transcription inhibitor Actinomycin D (Fig.2C). Taken together, these results strongly
222  support a post-transcriptional mechanism.

223 Using a ribosome profiling experiment, we showed that KRAS and NRAS mRNAs shifted
224 from monosome to heavy polysome fractions in the presence of PD184352 (Fig.2D). In
225 order to confirm an increase in translation, we pretreated A549 cells with the proteasome

226  inhibitor MG132, to accumulate proteins by blocking their degradation. In PD184352 and
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227 MG132 treated cells the accumulation of KRAS was stronger than with MG132 alone,
228  confirming an increased translation of KRAS mRNA in the presence of PD184352 (Suppl.
229  Fig.1l). Altogether, from these results we conclude that the rapid PD184352-induced
230 NRAS and KRAS overexpression relies on an augmentation in translation rather than
231  transcription.

232

233  MEK inhibition promotes PBs dissolution.

234  Since KRAS and NRAS mRNAs have been reported to be accumulated in PBs[3,19], we
235 hypothesized that KRAS and NRAS overexpression is associated with the KRAS and
236 NRAS pool of mRNA previously-stored in PBs becoming available for translation. In this
237  context, we analyzed the number and size of cellular PBs in different cancer cell lines.
238  Strikingly, we uncovered a significant decrease in PBs size and number in response to
239 PD184352 and trametinib in all cell types investigated (Fig.3A-F, Suppl. Fig.2). This MEKi-
240 induced reduction was even more potent as early as 8h, showing a PBs dissolution
241  kinetics correlating with the time course of KRAS and NRAS overexpression. At this time
242  point, MEKi had no effect on cell cycle progression, excluding the possibility that PB
243  dissolution was a secondary effect of cell cycle arrest (Fig.3G-I, Suppl. Fig.2). This global
244  decrease in P-body number was neither associated with changes in DDX6 nor LSM14A
245 levels, two proteins required for PBs formation (Fig.3l), nor with stress granules induction
246  (Suppl. Fig.3).

247 Then, we analyzed the dynamics of PBs formation and KRAS expression. For this
248 purpose, after a 24h treatment with PD184352 to dissolve PBs and induce KRAS and
249  NRAS overexpression, the MEKi was removed, and cells were harvested at different times

250 (Fig.4A). After PD184352 washout, strong activation of ERK was observed and
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251 maintained over 4h, together with a stable expression of both KRAS and NRAS and
252  phosphorylation of BRAF (Fig.4B). At 8h up to 24h, a gradual decrease in KRAS and
253 NRAS expression along with a decrease in BRAF phosphorylation were inversely
254  correlated with an increasing number of PBs over time (Fig.4B-D, Suppl. Fig.4) suggesting
255  stalled translation. The drug removal was followed with a restoration of a growth rate that
256 was comparable to that of untreated cells, showing the rapid adaptability of the cancer
257 cells (Fig 4E). Therefore, our results provide the first evidence that the high plasticity
258 orchestrated by PBs helps to adapt the rate of RAS translation through negative feedback
259 loops. Secondly, we evidenced the ability of this KRAS and NRAS overexpression to
260 trigger BRAF phosphorylation in presence of MEKI. This PBs/RAS balance distinguished
261  the establishment of drug tolerance from the normal cancer cell growth condition.

262  Next, we wanted to test whether t P-body dissolution and the associated K-Ras and NRAs
263  overexpression could get fixed over prolonged drug selection. In drug-tolerant A549 cells,
264  after tumor cell treatment with PD184352 at 2.5uM for 8 weeks, the drugs were washed
265 out, and the drug tolerant cells were then cultured for an additional 24h in the presence or
266 absence of PD184352. Figure 5 shows that after MEKi washout for 24h, ERK activation
267 was identical to levels observed in normal cells. Strikingly, the PBs number and size were
268  significantly lower than in the control condition, even in single-dose PD184352 treated
269 cells (Fig.5, Suppl. Fig.5). We identified here that LSM14A expression was strongly
270 decreased in long-term MEKIi cultured cells, even in absence of MEKi for 24h.
271 Interestingly, at 10uM of PD184352, the KRAS expression was strongly induced in the
272  resistant cells, together with a significant decrease in PBs (Fig.5, Suppl. Fig.5A). This
273 overexpression was strong enough to maintain a residual phosphorylation of ERK that

274  overcame MEKI inhibition. As a mark of non-genetic resistance, these drug-tolerant cells
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275 restored a full growth phenotype 5 days after MEKi removal (Suppl Fig 5B). Altogether,
276  these results indicate that MEKi-induced PBs dissolution is an early event in drug-tolerant
277 cells and that this mechanism is built up overtime as a strategy for maintaining
278 KRAS/NRAS oncogene addiction.

279

280 PBs essential component controls KRAS and NRAS expression.

281  To test a causative role between the translation repression activities of PBs components
282 and KRAS and NRAS expression, we modulated the level of the RNA helicase DDX6 or
283 LSM14A, essential PBs components. Overexpression of GFP-tagged DDX6 increased
284  PBs size and numbers. This significant increase in PBS correlated with decreased KRAS
285 and NRAS expression (Fig.6A-C, Suppl. Fig.6). Of note, under these conditions, KRAS
286 and NRAS mRNA levels were unchanged, suggesting a mRNA storage (Fig.6D-E).
287 Inversely, silencing of DDX6 or LSM14A induced a complete dissolution of PBs, that was
288  sufficient to trigger alone the overexpression of KRAS and NRAS (Fig.6F-G). Altogether,
289 these results showed that PBs components plays a critical role in the mediation of MEKi-
290 induced RAS overexpression and the establishment of MEKi drug tolerance.

291
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292  Discussion

293 For many decades, studies have pointed genetic mutations as the central mechanism of
294  resistance acquisition to targeted therapy [20]._However, growing evidence challenges
295 this consensus, indicating that non-genetic heterogeneity and cell plasticity actively
296 participate in drug tolerance[21-23]. Recently, new profiling techniques, like FATE-seq,
297  have been carried out to dissect the non-genetic mechanisms of resistance[24]. However,
298 it is clear that genetic and non-genetic mechanisms of resistance or drug tolerance are
299 frequently linked and not mutually exclusive[23,25]. Non-genetic resistance is due to the
300 intrinsic plasticity of tumor cells, i.e., the ability to undergo transcriptional and epigenetic
301 reprogramming in response to environmental challenges or upon therapy. In this context,
302 current therapeutic options for BRAFV600E/K patients include MAPK pathway-targeted
303 therapies, which show remarkable efficacy during the first months of treatment[13].
304 However, most patients treated with a combination of BRAF inhibitor (BRAFi) and MEK
305 inhibitor (MEKI) inevitably relapse within months[13,26]. This relapse has been highlighted
306 by the presence of so-called persister, cancer stem, drug-tolerant or resistant cells, as
307 reported by different studies that either harbor a genetic or non-genetic program for
308 survival[22,27].

309 Here, we focused on the early events of drug tolerance. We showed that within 8h, cells
310 were able to set up an overexpression of KRAS and NRAS that was independent of de
311 novo transcription and inhibition of protein degradation. Interestingly, we observed that
312  this overexpression persisted over weeks, eventually overcoming MAPK inhibition. The
313 drug-tolerant cells, cultured for long periods in the presence of MEKIi, were associated
314  with persistent PBs decrease even 24h following treatment washout, while the restoration

315 of PBs to normal levels could be found in drug-tolerant cells after a short exposure to
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316 MEKIi. Continuous versus intermittent BRAF and MEK inhibition in melanoma patients
317 harboring BRAF V600E/K mutations has been tested in a randomized, open-label, phase
318  2clinical trial (NCT02196181)[26]. In this study, continuous dosing yielded to a statistically
319 significant improvement in post-randomization progression-free survival compared with
320 intermittent dosing, suggesting that drug-tolerant cancer cells with enhanced plasticity
321 may grow faster after intermittent dosing than long term resistant cells. Moreover, by
322  showing that both KRAS and NRAS are equally important for sustaining BRAF activity,
323 we revealed a new range of possibilities to overcome MAPKI treatments like with the
324  development of KRAS G12C inhibitors resistance in patients harboring either KRAS or
325 NRAS mutations[11].

326 We also showed that both PD184352 and trametinib MEKi can dissolve PBs. The
327 involvement of MAPK pathway is consistent with a previous study showing that MAPK3
328 (ERK1) was associated with PBs dissolution in the absence of DDX6 decrease in a 1,354
329 human genes siRNA screening[28]. Here, our work highlights the fact that it is the activity
330 rather than the level of ERK that is key for PBs dissolution. However, since ERKs are able
331 to phosphorylate more than 200 intracellular targets, more studies are necessary to
332 determine whether the formation of PBs is dependent on ERK activity, either through
333 direct targeting of PBs components or indirectly through a partner of PBs.

334  Finally, we showed here that the expression of the PBs component DDX6, a helicase
335 associated with miRNA-dependent repression of translation and PBs storage, conntrol
336 KRAS and NRAS transaltion. These results are consistent with previous studies showing
337 an accumulation of KRAS and NRAS mRNAs in PBs[3,19], likely dependent on several
338 let-7 miRNA response-elements on both 3’'UTR[29]. In addition, several features of KRAS

339 and NRAS mRNAs (i.e. the 5.3kb and 4.3kb respective length and the low-GC content of
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340 their coding region or 3’UTR mRNA, 38% and 44% respectively) may also contribute to
341 their targeting to PBs[30]. Of note, previous studies have shown that KRAS is poorly
342 translated compared to HRAS due to enrichment in genomically underrepresented or rare
343 codons[31,32]. In our study, we observed that either MEKi-induced dissolution or DDX6
344  or LSM14A downregulation were associated with potent translation in polysome fractions
345 of KRAS and NRAS mRNAs and with their respective protein overexpression. These
346  results suggest that rare codons, which are often associated with the presence of AU-rich
347  third codon, may favor the recruitment of mRNA repressors due to low-speed translation
348  processing that can however be overcome in specific conditions.

349

350 Conclusion

351 Collectively, these results reveal a new negative feedback loop involving PBs in the
352 translational control of KRAS and NRAS mRNAs (Suppl Fig. 7). This type of regulation of
353 MAPK pathway we described here should pave the way for targeted therapies to avert
354  early resistance and target drug-tolerant cells before relapse.

355

356
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LLPS: Liquid Liquid phase separation
DMEM: Dulbecco's Modified Eagle Medium
FBS: fetal bovine serum

RPMI: Roswell Park Memorial Institute
siRNA: small interfering RNA

SDS: Sodium Dodecyl sulfate

PBS: Phosphate-Buffered Saline

BSA: Bovine serum albumin

PD18: PD184352

LUAD: Lung Adenocarcinoma

SKCM: Skin Cutaneous Melanoma
BRCA: Breast Cancer

ActD: Actinomycin D

Tram: Trametinib
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529  Figure legends

530 Figure 1. MEKi treatments induce potent KRAS and NRAS overexpression in cancer
531 cells.

532  A. Cancer cells were treated 24h with PD184352 (PD18) and trametinib (Tram) at 10uM
533 and 10nM respectively. LUAD: Lung Adenocarcinoma; SKCM: Skin Cutaneous
534 Melanoma; BRCA: Breast Cancer B. A549 cells were transfected with the indicated
535 siRNAs for 24h followed by 24h of treatment with PD184352 at 10uM (PD18). A-B.
536 Western blot analysis of the indicated proteins. pERK and pBRAF represents
537 phosphorylated form of ERK and BRAF respectively Results are representative of 3
538 independent experiments.

539

540 Figure 2. KRAS and NRAS overexpression is dependent on increased translation.
541 A-B. A549 cells were treated with PD184352 (PD18) at 10uM and harvested at 24h.
542 mRNA expression analysis of the indicated genes were analyzed by RT-gPCR using
543 RPLPO for normalization and untreated (Ctl) as reference. Results represent the
544  combination of 3 independent experiments. A Mann-Whitney test was performed for
545  statistical analysis. (n.s.: non-significative) C. A549 cells were treated with PD184352
546  (PD18) at 10uM and Actinomycin D (ActD) at 1ug/mL and harvested at the indicated time.
547 Western blot analysis of the indicated proteins. Results are representative of 3
548 independent experiments. D. Polysome profiles (grey) of A549 cells treated 24h with
549 PD184352 (PD18) at 10uM. One representative profile from two independent experiments
550 is shown. RNA levels (Blue) of indicated transcripts in each polysomal fraction obtained
551 by sucrose-gradient ultracentrifugation was quantified by gRT-PCR. Dotted- line

552  represents baseline.
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553

554  Figure 3. MEKIi treatment is associated with a PBs decrease in size and number.
555  A-C. A549 cells were treated 24h with PD184352 (PD18) and trametinib (Tram) at 10uM
556 and 10nM respectively. D-F. H1650, MEL501, BT549 cells respectively were treated 24h
557  with PD184352 (PD18) and trametinib (Tram) at 10uM and 10nM respectively. G.H. A549
558 cells were treated with PD184352 (PD18) at 10uM and harvested at the indicated time.
559 A. Confocal analysis of PBs using anti-DDX6 antibodies (Inverted/green) with DAPI
560 nuclear staining (blue). Results are representative of 3 independent experiments. B-H.
561 Quantification of PBs indicated parameters by ImageJ. Results are representative of 3
562 independent merged experiments with a minimal quantification of 100 cells for each
563 condition. Mann-Whitney test was performed for statistical analysis. For all experiments,
564 the P-value was indicated as *<0.05, **<0.01, ***<0.005. |. Western blot analysis of the
565 indicated time. pERK represents phosphorylated form of ERK. Results are representative
566 of 3 independent experiments.

567

568 Figure 4. Dynamic regulation of PBs formation and MAPK signaling.

569  A549 cell were treated with PD184352 (PD18) at 10uM, after 24h MEKi was removed,
570 and cells were harvested at the indicated time. A. Scheme of the experiments presented
571 in panel B-D. B. Western blot analysis of the indicated time. pERK and pBRAF represents
572  phosphorylated form of ERK and BRAF respectively. Results are representative of 3
573 independent experiments. C.D. Quantification of PBs number and size respectively by
574  ImageJ. Results are representative of 3 independent merged experiments with a minimal
575 quantification of 100 cells for each condition. Mann-Whitney test was performed for

576  statistical analysis. For all experiments, the P-value was indicated as **<0.01; ***<0.005.
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577 E. Cell counts at indicated time. Results are representative of 3 independent biological
578 replicates.

579
580 Figure 5. Resistant cells maintain a low PBs phenotype overtime.

581  A549 wild type (WT) cells and 2.5 uM PD18 resistant cells (PD18_R) were treated 24h
582  with PD184352 (PD18) at 2.5uM or at 10uM. A. Western blot analysis of the indicated
583 time. pERK represents phosphorylated form of ERK. Results are representative of 3
584 independent experiments. B.C. Quantification of PBs number and size respectively by
585 ImageJ. Results are representative of 3 independent merged experiments with a minimal
586 quantification of 100 cells for each condition. A Mann-Whitney test was performed for
587  statistical analysis. For all experiments, the P-value was indicated as *<0.05; **<0.01;
588  ***<0.005.

589

590 Figure 6. DDX6 expression controls KRAS and NRAS translation.

591 A-E. A549 wild type (WT) cells, overexpressing a green fluorescent protein (GFP) and a
592 DDX6-GFP fused protein (DDX6). F.G. A549 cells were transfected with a siControl
593 (siCTL) or with a siDDX6 for 48h. A.F. Western blot analysis at the indicated time. Results
594  are representative of 3 independent experiments. B.C.G. Quantification of PBs number
595 and/or size by ImageJ. Results are representative of 3 independent merged experiments
596 with a minimal quantification of 100 cells for each condition. A Mann-Whitney test was
597 performed for statistical analysis. D.E. A549 wild type (WT) cells, overexpressing a DDX6-
598 GFP fused protein. mMRNA expression analysis of the indicated genes was analyzed by
599 RT-gPCR using RPLPO for normalization and untreated (WT) as reference. Results

600 represent the combination of 3 independent experiments. A Mann-Whitney test was
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performed for statistical analysis. (n.s.: non-significative). For all experiments, the P-value

was indicated as *<0.05; **<0.01; ***<0.005.

Supplementary Figure 1.
A549 cells were pretreated with MG132 at 2.5uM and treated with PD184352 (PD18) at
10uM and harvested at the indicated time. Western blot analysis of the indicated proteins.

Results are representative of 3 independent experiments.

Supplementary Figure 2.

A. H1650, B. MEL501 and C. BT549 cells were treated 24h with PD184352 (PD18) or
trametinib (Tram). D.E. A549 cells were treated with PD184352 (PD18) at 10uM and
harvested at indicated time. A-D. Confocal analysis of PBs using anti-DDX6 antibodies
(inverted color/green) with DAPI nuclear staining (blue). E. Cell cycle distribution was

analyzed by flow cytometry. Results represent the merge of 3 independent experiments.

Supplementary Figure 3.

A549 cells were treated 24h with PD184352 (PD18) at 10uM and 20min with Sodium
Arsenite (NaAsO2) at 0.5mM. Confocal analysis of PBs using anti-DDX6 (Inverted/green)
and stress granule anti-G3BP1 (Inverted/red) antibodies respectively with DAPI nuclear

staining (blue).

Supplementary Figure 4.
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623  A549 cells were treated with PD184352 (PD18) at 10uM, after 24h MEKi was removed,
624  and cells were harvested at the indicated time. Confocal analysis of PBs using anti-DDX6
625 (Inverted/green) antibodies with DAPI nuclear staining (blue).

626

627 Supplementary Figure 5.

628 A. A549 wild type (WT) cells and 2.5uM PD18 resistant cells (PD18_R) were treated 24h
629  with PD184352 (PD18) at indicated concentrations. Confocal analysis of PBs using anti-
630 DDX6 (Inverted/green) and LSM14A (Inverted/Red) antibodies with DAPI nuclear staining
631 (blue). B. Resistant cells (PD18_R) were cultured in absence or in presence of PD184352
632 (2.5 pM) and counted at indicated time. Results are representative of 3 independent
633  biological replicates.

634

635 Supplementary Figure 6.

636 A. A549 wild type (WT) cells, overexpressing a green fluorescent protein (GFP) and a
637 DDX6-GFP fused protein (DDX6). B. A549 cells were transfected with a siControl (siCTL)
638 or with a siDDX6 for 48h. A-B. Confocal analysis of PBs using anti-LSM14
639 (Inverted/green) antibodies with DAPI nuclear staining (blue).

640

641 Supplementary Figure 7.

642 Negative feedback loop under ERK1/2 phosphorylation is associated with Processing
643 bodies (PBs) formation. PBs control KRAS and NRAS mRNA translation. PBs dissolution
644  under MEKI treatment is associated with enhanced KRAS and NRAS mRNA translation
645

646
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Supplementary Table

List of reagents
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
AlexaFluor 488 chicken anti-Rabbit I1gG Invitrogen A21441
AlexaFluor 594 chicken anti-Rabbit IgG Invitrogen A21442
Anti-mouse IgG (HRP conjugate) Promega W402-B
Anti-rabbit (HRP conjugate) Promega W401-B
Anti-tubulin Sigma T9026
BRAF (55C6) Cell Signaling Technology 9433S
DDX6 Bethyl A300-460A
G3BP1 Santa cruz biotechnology sc-365338
GAPDH Cell Signaling Technology 2118L
KRAS Novus H00003845
LSM14A Bethyl A305-102A-M
NRAS (F155) Santa Cruz biotechnology sc-31
p44/42 MAPK (ERK1/2) Cell Signaling Technology 9102S
P-p44/42 MAPK (pERK) Cell Signaling Technology 9101S
Chemicals, Peptides, and Recombinant Proteins
DC™ Protein Assay Kit BioRad 5000111
Direct-zol RNA MiniPrep Plus ZymoResearch R2072
Fast SYBR-Green Master Mix Applied Biosystems 4385612
High-Capacity cDNA Reverse Transcription Kit | Applied Biosystems 4368814
Paraformaldehyde 32% solution EM grade Electron Microscopy Science 15714
Prolong Diamond Antifade Mountant with DAPI | Invitrogen P36962
Protein ladder Euromedex 06P-0111
RNAse OUT Invitrogen 10777-019
TagMan™ Fast Advanced Master Mix Applied Biosystems 4444965
TagMan™ MicroRNA Reverse Transcription Kit | Applied Biosystems 4366597
TRI Reagent® Molecular Research Center TR 118
Cell culture and treatments
Puromycin Dihydrochloride Invitrogen A1113803
0,05% trypsin-EDTA (1X) Gibco 25300-054
Actinomycin D Gibco 11805-017
Amicon Ultra-15, PLHK, 100 kD Sigma-aldrich/Merck UFC9100024
DDX6 silencer select Ambion 4392420 (id : s4010)
Dimethyl-sulfoxide Sigma-aldrich/Merck 276855-100mL
DMEM (1X) + Glutamax-| Gibco 31966-021
Jet Prime transfection reagent Polyplus 114-15
KRAS silencer select-validated Ambion 4390824 (id : s7940)



https://www.thermofisher.com/order/catalog/product/A1113803
https://www.merckmillipore.com/FR/fr/product/Amicon-Ultra-15-Centrifugal-Filter-Unit,MM_NF-UFC910024
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Lipofectamine 3000 Invitrogen L3000-008
LSM14A silencer select Ambion 4392420 (id : s25051)
MEM NEAA Gibco 11140-35

MG132 Tocris 1748

Negative Control siRNA #1 Silencer Select Ambion 4390843

NRAS silencer select-validated Ambion 4390824 (id : s55)
PD184352 Sigma-aldrich/Merck P30181-5mg
Polybrene Infection / Transfection Reagent Sigma-aldrich/Merck TR-1003-G

RPMI Medium 1640 (1X) + Glutamax-I Gibco 61870-010
Sodium Arsenite Solution Supelco 106277
Trametinib TargetMOlI TA-T2125-5mg
Oligonucleotides

KRAS-Forward GACTGGGGAGGGCTTTCTTT

KRAS-Reverse GCATCATCAACACCCTGTCT

NRAS-Forward CCAATACATGAGGACAGGCGA

NRAS-Reverse TCACACTTGTTTCCCACTAGCA

RPLPO-Forward GCATCAGTACCCCATTCTATCAT

RPLPO-Reverse AGGTGTAATCCGTCTCCACAGA

Recombinant DNA

PEGFP-C1_p54cp Gift

pPRIPu-CrUCCI Gift

Software and Algorithms

CytExpert 2.3

ImagelJ 1.53]

Prism 8.0.2

StepOne Software v2.3
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