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Abstract 28 

Background 29 

The Werner syndrome protein (WRN) belongs to the RecQ family of helicases and its 30 

loss of function results in the premature aging disease Werner syndrome (WS). We 31 

previously demonstrated that an early cellular change induced by WRN depletion is a 32 

posttranscriptional decrease in the levels of enzymes involved in metabolic pathways 33 

that control macromolecular synthesis and protect from oxidative stress. This metabolic 34 

shift is tolerated by normal cells but causes mitochondria dysfunction and acute oxidative 35 

stress in rapidly growing cancer cells, thereby suppressing their proliferation. 36 

 37 

Results 38 

To identify the mechanism underlying this metabolic shift, we examined global protein 39 

synthesis and mRNA nucleocytoplasmic distribution after WRN knockdown. We 40 

determined that WRN depletion in HeLa cells attenuates global protein synthesis without 41 

affecting the level of key components of the mRNA export machinery. We further 42 

observed that WRN depletion affects the nuclear export of mRNAs and demonstrated 43 

that WRN directly interacts with mRNA and the mRNA export receptor Nuclear Export 44 

Factor 1 (NXF1). 45 

 46 

Conclusions 47 

Our findings suggest that WRN influences the export of mRNAs from the nucleus through 48 

its interaction with the NXF1 export receptor thereby affecting cellular proteostasis. In 49 

summary, we identified a new partner and a novel function of WRN, which is especially 50 

important for the proliferation of cancer cells. 51 

 52 

Keywords: Werner syndrome protein, mRNA export, NXF1 export receptor, mRNA 53 

export, cancer, senescence. 54 

 55 
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Background 56 

Werner Syndrome (WS) is an autosomal recessive disorder of premature aging(1, 2). 57 

WS is caused by mutations in a single gene located on chromosome 8(3), which encodes 58 

a nuclear protein termed Werner syndrome protein (WRN)(4). WRN has helicase, 59 

ATPase, and exonuclease activity(5-7), and is one of four human RecQ helicases that 60 

function as genome caretakers(8). WS patients display a striking predisposition to the 61 

early development of a range of diseases, which are typically observed in older 62 

individuals during normal aging. These include atherosclerosis, osteoporosis, type II 63 

diabetes mellitus, and predisposition to several types of cancer, with a higher prevalence 64 

of mesenchymal malignancies (sarcomas)(2, 9-12). WS-derived fibroblasts compared 65 

with fibroblasts derived from normal patients show a dramatic decrease in the 66 

proliferation rate together with an accumulation of oxidative DNA damage, leading to 67 

premature replicative senescence(13-16). Since WRN is undetectable in WS cells, the 68 

mutant mRNA is thought to be degraded by nonsense-mediated mRNA decay (NMD)(17, 69 

18). Thus, WS is considered a loss-of-function genetic disease. 70 

We and others have shown that knockdown of WRN using distinct small hairpin 71 

(sh)RNAs in telomerase-positive, p53 positive or negative, cancer cell lines derived from 72 

a variety of tumor types, results in inhibition of proliferation and induction of either 73 

senescence or apoptosis(19, 20). This outcome is unlikely due to altered telomere 74 

homeostasis since telomere dysfunction upon loss of WRN is only observed in cancer 75 

cells after telomerase inactivation(21, 22). Rather, these findings suggest that WRN has 76 

an intrinsic proliferation-promoting activity that is not complemented by telomerase 77 

expression. Consistent with the idea that WRN plays a critical function in the proliferation 78 

of cancer cells, depletion of WRN inhibits anchorage-independent growth and tumor 79 

formation in nude mice(20, 23), and suppresses BCR/ABL and Myc-induced 80 

oncogenesis(24, 25). Collectively, these data suggest that WRN is required for the 81 

proliferation of many cancer cells. 82 
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We have reported that WRN plays a role in the metabolic pathways that are robustly 83 

engaged in cancer cells. We demonstrated that WRN depletion in two cancer cell lines 84 

results in a significant decrease in the levels of the metabolic enzymes glucose-6-85 

phosphate dehydrogenase (G6PD), the rate-limiting enzyme of the pentose phosphate 86 

pathway (PPP), and cytoplasmic nicotinamide adenine dinucleotide phosphate (NADP)-87 

dependent isocitrate dehydrogenase (IDH1), the major producers of cytoplasmic 88 

NADPH, a key provider of reducing equivalents for biosynthetic reactions and for 89 

protecting the cell against the toxicity of ROS(26, 27). These changes in protein levels 90 

occur without altering the steady-state levels of its transcripts(19). The metabolic shift 91 

caused by WRN depletion is tolerated by normal cells but causes severe oxidative stress 92 

overload in rapidly growing cancer cells, ultimately resulting in proliferative arrest. These 93 

findings point to posttranscriptional alterations induced by WRN depletion. 94 

Newly synthesized precursors mRNAs (heterogenous RNA, hnRNAs) undergo a series 95 

of processing steps, which are mediated co-transcriptionally by several factors 96 

associated with the C-terminal domain of RNA polymerase II(28, 29). These factors 97 

promote mRNA maturation by 5' capping, splicing, and 3' cleavage and polyadenylation, 98 

and result in a mature messenger ribonucleoprotein particle (mRNP)(28, 30, 31). In 99 

eukaryotic cells, transcription and mRNA processing occur in the nucleus, whereas 100 

translation is performed by the ribosome machinery in the cytoplasm. Therefore, the 101 

mature mRNPs must cross the nuclear envelope to be translated by ribosomes. To this 102 

end, the nuclear pore complex (NPCs) is responsible for exchanges between the nucleus 103 

and cytoplasm. It consists of large macromolecular complexes (~120 MDa in humans), 104 

which are embedded into the nuclear envelope fusing the outer and the inner nuclear 105 

membranes. This structure forms a channel that facilitates the molecular exchange 106 

between the nucleus and cytoplasm(32, 33). These super-complexes are composed of 107 

approximately 30 different proteins called nucleoporins (Nups), most of which are 108 

conserved across eukaryotes(32). The central core of the NPC is coated by a highly 109 

hydrophobic Nups containing up to 50 repeat motifs enriched in phenylalanine and 110 



5 
 

glycine residues (FG-repeats). Thus mRNA cargo must recruit at least one transport 111 

receptor to overcome this highly hydrophobic environment(34). 112 

For the mRNP export, the most common receptors are NXF1 (nuclear export factor 1 or 113 

tip-associated protein (TAP)) and exportin 1 (XPO1; also known as chromosome 114 

maintenance protein 1, CRM1)(35). CRM1 does not bind directly to the mRNPs; instead, 115 

it requires molecular adaptors and is GTPase Ran-dependent. CRM1 is involved in the 116 

export of nuclear export signal (NES)-containing proteins, small nuclear RNAs (snRNAs), 117 

ribosomal RNA (rRNAs) complexes, and unspliced or partially spliced viral 118 

transcripts(36-40). For the bulk mRNA export, the eukaryotic cells use the heterodimeric 119 

receptor NXF1-NXT1 (TAP-p15). NXF1 is a multi-domain modular protein composed of 120 

an N-terminal region, which is the major RNA-binding domain (RBD), and the RNA 121 

recognition motif (RRM), which mediates NXF1 binding to RNAs(41). Once bound to an 122 

mRNP, NXF1 allows the complex to dock to the nuclear basket nucleoporins and 123 

subsequent translocation through the central channel. Although free NXF1 forms a 124 

closed conformation that cannot bind RNA efficiently in human cells, the binding to the 125 

TRanscription-EXport complex 1 (TREX-1) induces NXF1 to adopt an open conformation 126 

that can efficiently bind mRNA(42). The TREX-1 complex contains the THO core 127 

subcomplex consisting of THOC1, THOC2, THOC3, THOC5, THOC6, and THOC7(43, 128 

44), which assembles with the adaptors UAP56, ALYREF, and CIP29 in an ATP-129 

dependent manner(45, 46). The TREX-1 complex in association with factors involved in 130 

each step of mRNA maturation (capping, splicing, polyadenylation)(47-50) is likely to 131 

serve as an interface for these processes, thereby providing a surveillance mechanism 132 

for correct mRNA processing(42-44, 46, 49).  133 

It has been shown that WRN interacts with Nup107 through its partner Werner Helicase 134 

Interacting Protein-1 (WHIP1) at the nuclear face of NPC(51, 52). WRN also binds other 135 

Nups located at the inner ring complex or center of the channel such as Nup 155 and 136 

Nup 93(53) and NDC1(52), a transmembrane protein member of the pore membrane 137 

(POM) proteins that fix NPC to the nuclear envelope (NE). Nonetheless, the functional 138 
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role of these interactions is not completed understood. But given that WRN is implicated 139 

in chromatin organization, regulation of gene expression, DNA repair and genome 140 

stability(21, 32, 51, 54, 55), they suggest a link between nuclear processes regulated by 141 

WRN and the nuclear periphery. 142 

In this study we investigated the mechanisms of posttranscriptional alterations after WRN 143 

depletion in HeLa cancer cell line. Our data demonstrate that knockdown of WRN in 144 

HeLa cancer cells attenuates protein synthesis, which is the result of alterations in the 145 

nucleocytoplasmic distribution of mRNAs. Remarkably, we found that WRN directly 146 

interacts with the export receptor NXF1 and co-precipitates with mRNAs. These data 147 

suggest that WRN contributes to the export of mRNA from the nucleus. Reduced export 148 

of mRNAs upon WRN depletion is therefore likely responsible for attenuated protein 149 

synthesis, which in turn affects cellular pathways including metabolism and redox 150 

homeostasis that are critical for the proliferation of many cancer cells. 151 

 152 

Results 153 

WRN depletion results in reduced de-novo protein synthesis 154 

To gain an understanding of the processes that are responsible for the metabolic 155 

changes observed in cancer cells upon WRN depletion(19), we measured de-novo 156 

protein synthesis by metabolic pulse labeling experiments with [35S]-methionine/cysteine 157 

(35S-met/cys) in HeLa cells three days after the induction of shWRN or control shRNAs. 158 

The extracted proteins were resolved by polyacrylamide-gel electrophoresis (SDS-159 

PAGE) and visualized by Coomassie stain. The dried gel was then exposed to a 160 

phosphorimaging screen to visualize the de-novo synthesized radiolabeled proteins (Fig. 161 

1A). The results of this experiment show a significant global decline in radiolabeled 162 

proteins (~43%; p<0.001) in WRN-depleted cells as compared to the control cells (Fig. 163 

1B), suggesting that loss of WRN negatively affects protein biosynthesis. To specifically 164 

determine whether the decrease in the levels of the metabolic enzyme G6PD after WRN 165 

depletion is the result of reduced rates of protein synthesis, the extracts prepared from 166 
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pulse-labeled WRN-depleted and control cells were subjected to immunoprecipitation 167 

(IP) with G6PD antibody. The immunoprecipitated products were resolved on an SDS-168 

PAGE and Coomassie stain was used to visualize the immunoglobulin heavy chain, as 169 

a means to assure that equal amounts of antibody were added to each reaction. The 170 

level of radiolabeled G6PD was measured by exposing the gel to a phosphorimaging 171 

screen. The radiolabeled met/cys incorporated in de-novo synthesized G6PD in WRN-172 

depleted HeLa cells was plotted relative to control cells and normalized to Coomassie 173 

signal intensity of the antibody heavy chain. The results show lower levels of radiolabeled 174 

G6PD in WRN depleted cells as compared to the control cells (Fig. 1C-D), suggesting 175 

that reduced translation of G6PD mRNA is likely responsible for the decrease in the 176 

levels of G6PD protein. Since our results suggest that WRN depletion has a global effect 177 

on protein biosynthesis, we then performed immunoprecipitation reactions using 178 

antibodies against two distinct proteins, tubulin and Ku70. These experiments show 179 

reduced levels of de-novo synthesized tubulin and Ku70 in WRN depleted cells (Fig. 1C-180 

D), a result that is consistent with WRN depletion having a general effect on protein 181 

biosynthesis (Fig. 1A). 182 

To rule out that reduced levels of de-novo protein biosynthesis is the result of a stress 183 

response, we analyzed stress granules (SGs) formation in WRN-depleted and control 184 

cells by immunofluorescence microscopy using an antibody against the RNA-binding 185 

protein TIAR. In response to environmental stress, including oxidative conditions, TIAR 186 

accumulates into the cytoplasm and aggregates at SGs(56-58). The formation of SGs is 187 

closely linked to the inhibition of translation initiation(59). The results show that TIAR 188 

aggregation is not detected after WRN depletion (Supplementary Fig. 1A-B). Importantly, 189 

the formation of SGs is not inherently inhibited by WRN depletion, since discrete 190 

cytoplasmic foci are formed in WRN depleted treated with arsenite, a known inducer of 191 

SGs(60) (Supplementary Fig. 1B). We have previously shown that DNA damage and the 192 

ensuing response occur at later time points (approximately 5 days after WRN depletion) 193 

than the downregulation of metabolic enzymes(19). Here we confirmed that three days 194 
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after WRN knockdown in HeLa cancer cells there is no significant increase in the levels 195 

of the phosphorylated form of -H2AX, an established marker of DNA breaks 196 

(Supplementary Fig. 2)(15, 61). Collectively, these results rule out that activation of a 197 

stress response pathways is the cause of attenuated translation after WRN depletion. 198 

 199 

WRN depletion does not impact the levels of ribosomal proteins nor ribosomal 200 

RNA (rRNA) 201 

Ribosomes are complex structures composed of two main components, the 40S, and 202 

60S subunits. Both subunits are organized by ribosomal RNA (rRNA), proteins, and 203 

accessories factors(62). The large subunit, the 60S consists of 28S, 5S and 5.8S rRNAs 204 

and 47 proteins, while the small subunit (40S) has a single 18S rRNA and 33 205 

proteins(63). 28S, 18S, and 5.8S RNAs are co-transcribed by RNA polymerase I (Pol I) 206 

as a single polycistronic transcript in the nucleolus(64). A previous study indicated that 207 

WS fibroblasts show a decreased level of rRNA transcription compared with wild-type 208 

cells, which was reversed by ectopic expression of wild-type WRN(65). 209 

To determine if attenuated translation is the result of changes in the abundance of 210 

rRNAs, we performed RT-qPCR analysis of polysome-derived RNAs. The polysome 211 

extracts prepared from purified cytoplasmic fractions derived from WRN depleted and 212 

control cells were generated by sucrose gradient differential centrifugation 213 

(Supplementary Fig. 3). After RNAs purification, quantitative RT-qPCR analysis was 214 

performed using primers sets for 28S, 18S, and 5.8S rRNAs. The results of this 215 

experiment do not show any significant difference in rRNA abundance between WRN 216 

depleted and control HeLa cells (Supplementary Fig. 4). This result suggests that 217 

attenuated protein synthesis is not the result of altered rRNA levels, at least as an early 218 

response to WRN depletion in HeLa cells. 219 

Next, we analyzed the levels of a subset of ribosomal proteins and their cognate mRNAs 220 

in WRN depleted and control HeLa whole cell lysates (Fig. 2A). We performed semi-221 

quantitative analysis of each ribosomal protein using lamin A/C as a normalizing 222 
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protein(52), and did not detect any change in the levels of the ribosomal proteins that 223 

were analyzed (Fig. 2B-C). Likewise, qPCR analysis did not show any difference in the 224 

steady-state levels of ribosomal proteins mRNAs between WRN depleted and control 225 

samples (Fig. 2D). In summary, this analysis indicates that the decrease in the levels of 226 

metabolic proteins in WRN depleted cells is not due to alterations in the abundance of 227 

ribosomal proteins. 228 

 229 

WRN depletion affects the nuclei-cytoplasmic distribution of mRNAs 230 

Next, we tested whether the changes in de-novo protein synthesis observed in WRN 231 

depleted HeLa cells may be caused by alteration in mRNA nucleocytoplasmic transport. 232 

For this purpose, we isolated nuclear and cytoplasmic fractions from WRN depleted and 233 

control cells and measured the mRNA present in each fraction. Prior to qPCR, each 234 

fraction was analyzed by SDS-PAGE and immunoblotted using nuclear and cytoplasmic 235 

protein markers to ensure no cross contamination (Fig. 3A). Then, we performed a qPCR 236 

to detect actin, tubulin G6PD and IDH1 transcripts in each fraction and determined that 237 

depletion of WRN alters the nuclei to cytoplasm mRNA ratio of all the transcripts tested 238 

in this analysis (Fig. 3B). 239 

To assess the generality of our observation and rule out possible effects caused by the 240 

shRNA silencing system, we compared nuclear-cytoplasmic ratio of a set of mRNAs 241 

between parental WS cells and cells expressing Flag-tagged WRN (F-WRN). The results 242 

of this experiment show that WS cells expressing Flag-WRN display higher levels of 243 

mRNAs in the cytoplasm compared with its parental WS (Fig. 3C and D). Importantly, 244 

the alterations in nuclear/cytoplasmic mRNA ratio associated with WRN depletion in 245 

HeLa cells were in part reversed after removal of doxycycline, which allows re-246 

expression of WRN (Supplementary Fig. 5A and B). 247 

Next, to determine the effect of WRN depletion on global mRNA nuclear-cytoplasmic 248 

distribution, control and WRN-depleted HeLa cells were analyzed by Fluorescent In Situ 249 

Hybridization (FISH) using a conjugated-Cy3 Oligo(dT) probe. Three days after 250 
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doxycycline treatment, the cells were fixed, incubated with the Oligo(dT) probe and 251 

analyzed by confocal microscopy. A fraction of the cells was used to confirm WRN 252 

depletion by immunoblot (Fig. 4A). The results of the FISH assay performed using three 253 

biological replicates demonstrates a significate alteration in the ratio nuclei/cytoplasm in 254 

the Poly (A)+ signal in WRN depleted cells as compared to the controls (Fig. 4B and 255 

Supplementary Fig. 6), suggesting that WRN influences the nuclear-cytoplasmic 256 

distribution of mRNAs. 257 

 258 

The levels of the main mRNA export receptors are not altered in WRN depleted 259 

HeLa cells 260 

The nuclear export of mRNAs occurs via association with one of the two main export 261 

receptors, CRM1 and NXF1. Whereas the export of rRNAs, U snRNAs, and a specific 262 

subset of mRNAs occurs via CRM1, the export of the bulk mRNAs is NXF1-mediated(35, 263 

38, 41, 66). Both NXF1 and CRM1 utilize adaptor proteins, first to increase the affinity of 264 

NXF1 to their mRNA targets(42, 67) or to facilitate the association of CRM1 to the target 265 

RNAs(36, 68). 266 

To study whether alterations in export receptors could be responsible for the variation in 267 

the nucleocytoplasmic distribution of mRNAs in WRN depleted HeLa cells, we measured 268 

the levels of NXF1 and CRM1 proteins after WRN knockdown using semi-quantitative 269 

Western blot analysis. The results of this experiment show no significant difference in 270 

the levels of NXF1 or CRM1, suggesting that alterations in mRNA export after WRN 271 

depletion are unlikely due to changes in the levels of either one of these proteins (Fig. 272 

5A-B). 273 

 274 

WRN depletion in HeLa cells does not affect the levels of components of the TREX-275 

1 complex  276 

The Transcription and Export 1 (TREX-1) factor is a conserved multiprotein complex that 277 

plays a critical role in mRNPs biogenesis and maturation in eukaryotes(42, 43, 46, 48, 278 
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49, 69). This large complex links processing and export of mRNAs and provides a 279 

surveillance platform for maintaining the high-fidelity of the gene expression(44). Several 280 

studies have shown that inhibition of TREX-1 components results in the accumulation of 281 

mRNPs in the nucleus(46, 70). 282 

To determine whether depletion of WRN influence the levels of proteins components of 283 

the TREX-1 complex, we performed immunoblotting using antibodies against some 284 

components of the THO sub complex THOC1 and THOC2, including the adaptor protein 285 

ALYREF. We also analyzed other factors linked to mRNA metabolism, including UAP56 286 

and CBP80, two proteins implicated in the splicing and capping of the mRNAs, 287 

respectively, GANP (Germinal center–Associated Nuclear Protein), a protein that is 288 

actively involved in recruitment and transport of mRNPs serving as a bridge between 289 

NXF1 and NPCs and whose depletion causes nuclear accumulation of Poly (A)+ RNA(71) 290 

and eIF4E, a eukaryotic translation initiation factor that has been shown to facilitate 291 

nuclear export of specific transcripts(72, 73). 292 

The results of these experiments indicate that depletion of WRN (Supplementary Fig. 293 

7A) does not trigger any change in components of the THO subcomplex or in the 294 

adaptors proteins as compared to the control cells (Supplementary Fig. 7B and 7C). 295 

Similarly, the levels of UAP56, CBP80, and eIF4E are not affected by WRN depletion 296 

(Supplementary Fig. 7B and 7C). We also did not detect changes in the levels of GANP 297 

(Supplementary Fig. 7D). Taken together, these results rule out any changes in 298 

components of export machinery or mRNA processing as an early response to WRN 299 

depletion and suggest that, a different mechanism is likely responsible for reduced 300 

protein synthesis in WRN depleted HeLa cells.  301 

 302 

WRN associates with mRNA through direct interaction with the mRNA export 303 

receptor NXF1  304 

Our results demonstrate that the depletion of WRN in HeLa cancer cells affects de novo 305 

protein synthesis. For the formation of the mRNPs, transcript capping and splicing are 306 
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fundamental processes required for binding to the TREX complex(49, 74). These 307 

processing step trigger the recruitment of the export receptor NXF1, which in turn 308 

presents the mRNPs to the NPC in a TPR-dependent manner(75, 76). 309 

Our data show that attenuated protein synthesis in WRN depleted cells is not related to 310 

alterations in the levels of factor involved in capping (CBP80), spliceosome assembly 311 

(UAP56), or in the THO subcomplex, as we did not detected changes in these 312 

components. Since the mRNA export receptors CRM1 and NXF1 play key roles in 313 

mRNPs export from the nucleus, we reasoned that WRN may have a direct role in this 314 

process by influencing the mRNA export receptors activity. To test this hypothesis, we 315 

first examined whether WRN associates with mRNAs using Oligo (dT) pulldown. Whole-316 

cell extracts from HeLa cells was divided into two aliquots, one of which was treated with 317 

RNase A (DNase-Free) and the other with Ribonucleoside Vanadyl Complex (RVC) to 318 

protect from endogenous ribonucleases. Then, clarified extracts were incubated with 319 

Oligo (dT) magnetic beads. After extensive washes, the eluted proteins were resolved 320 

on SDS-PAGE and analyzed by immunoblotting using antibodies against the mRNA 321 

binding proteins CBP80 and NXF1 and against WRN. An antibody against tubulin was 322 

used as a negative control. Both mRNA binding proteins CBP80 and NXF1, but not 323 

tubulin, are efficiently pulled down only in the extracts that were not treated with RNase 324 

A (Fig. 6A and B), confirming the specificity of the assay to capture RNA binding proteins. 325 

Remarkably, WRN is also detected in the Oligo(dT) bound material from the RVC treated 326 

extract, but absent from the pull-down of the RNase A treated sample, indicating that 327 

pull-down of WRN is dependent on the presence of undamaged mRNA (Fig. 6B). This 328 

finding demonstrates a novel link between WRN and mRNA. Next, we determined 329 

whether WRN can binds to CRM1 or NXF1. For this purpose, whole cell extracts from 330 

HeLa cells were subjected to co-immunoprecipitation (Co-IPs) assays using antibodies 331 

against CRM1 or NXF1. The results of this experiment show that WRN co-precipitates 332 

with NXF1 but not CRM1 (Fig.  6C). Significantly, this interaction is not mediated by RNA, 333 
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since it is resistant to Benzonase, which degrades nucleic (Fig. 6D), suggesting a specific 334 

protein-protein interaction. 335 

 336 

Discussion 337 

In this preliminary data conducted in a few cell lines, we provide the first evidence that 338 

WRN also plays a role in RNA metabolism that is important for efficient mRNA export. 339 

WRN is a RecQ helicase that through a network of protein-protein interactions 340 

contributes to several nuclear processes, including telomere length homeostasis, DNA 341 

replication, and repair(21, 54, 77-85). Thus, a large number of studies have described 342 

the role of WRN in these DNA-related transactions. 343 

 344 

Given that rapidly proliferating cancer cells have increased the requirement of de-novo 345 

protein synthesis, our findings provide new clues on how WRN may impact the growth 346 

of normal and cancer cells differentially. In previous studies, we demonstrated that WRN 347 

influences the levels of metabolic proteins that are required for the production of reducing 348 

equivalent NADPH(19). Upon WRN depletion, a decrease in the levels of NADPH 349 

impacts the reductive biosynthetic pathways, which are especially important in cancer 350 

cells. It also weakens the capacity to regenerates GSH, which plays a key role in ROS 351 

detoxification(19, 26, 27), resulting in the accumulation of reactive oxygen species(19, 352 

86). In this work we show that the changes in the levels of metabolic proteins triggered 353 

by WRN depletion are associated with a more global attenuation in de-novo protein 354 

synthesis. 355 

 356 

Since oxidative stress leads to the accumulation of stress granules and P-bodies, which 357 

sequester stalled mRNAs, translation initiation factors, and other RNA binding 358 

proteins(58, 87, 88), severely limiting translation, we examined whether formation of 359 

stress granule might explain translational attenuation after WRN depletion in Hela cells. 360 

We determined that within the first three days of WRN depletion, when protein synthesis 361 
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is attenuated, there is no detectable accumulation of SGs (Supplementary Fig. 1), nor 362 

an increase in the DNA damage marker phospho--H2AX(89, 90) (Supplementary Fig. 363 

2). Furthermore, our analysis does not reveal alterations in either ribosomal protein or 364 

ribosomal RNAs products (Fig. 2 and Supplementary Fig. 4). Taken together, these 365 

findings suggest that attenuation of protein synthesis in WRN-depleted cells (Fig 1) is 366 

not the result of a stress signal or activation of the DNA damage response (DDR), or do 367 

obey to a defect in some components of the protein synthesis machinery. Rather, 368 

reduced translation is resulting from a yet to be described mechanism linked to WRN 369 

depletion. 370 

 371 

The precursor mRNA matures through a series of modification steps that occur through 372 

the formation of messenger ribonucleoprotein particles (mRNPs)(31, 42, 43, 46, 48-50, 373 

73, 74, 91, 92). mRNPs are transported and dock to the nuclear face of the nuclear pore 374 

complex (NPC) to initiate the export of the genetic information to the cytoplasm(32, 67, 375 

75, 93). It was recently demonstrated that WRN interacts with a subset of nuclear pore 376 

proteins(51-53) including NDC1, a transmembrane nucleoporin(52). Although the 377 

significance of these interactions is unknown, the data suggested that WRN could 378 

contribute to the export of mRNA through the nuclear pore. Thus, we asked whether 379 

reduced levels of protein synthesis in WRN depleted cells could be the result of altered 380 

mRNAs export. Using two distinct approaches, we observed a significant difference in 381 

the nucleocytoplasmic distribution of the mRNAs between WRN depleted and control 382 

cells (Fig. 3 and 4 and Supplementary Fig. 6). Notably, the altered nucleocytoplasmic 383 

ratio of mRNAs is, in part, reverted by re-expression of WRN in HeLa cells, providing 384 

further evidence that WRN is required for efficient mRNA export (Supplementary Fig. 5). 385 

 386 

To better understand the relationship between WRN and the mRNA export machinery, 387 

we asked whether alterations in the levels of components of mRNA maturation and 388 

export machinery could explain the nucleocytoplasmic alterations in the mRNA 389 
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distribution upon WRN depletion. Our results do not show any change in major 390 

components between WRN-depleted and control cells (Fig. 5 and Supplementary Fig. 391 

7), ruling out defects in pre-mRNA processing and mRNP formation. Furthermore, 392 

immunoprecipitation assays demonstrate that WRN interacts with RNA and the RNA 393 

export factor NFX1 (Fig. 6), suggesting that this interaction could contributes to the 394 

nucleocytoplasmic transport of mRNAs. The detection of WRN in the RVC-treated 395 

samples in the mRNA pulldown assay, do not derive from cross contamination that result 396 

from the interaction of the WRN-DNA complex with the beads, since the use of 397 

RNase/DNase-Free abrogates its detection. Intriguingly, we found that a small fraction 398 

of WRN is detected in the cytosolic compartment as others(25, 94), a behavior 399 

resembling to that of other nuclear proteins that shuttle between the nucleus and the 400 

cytoplasm such as CBP80, PABP or ALYREF (reviewed in Gama-Carvalho and Carmo-401 

Fonseca(95)). 402 

 403 

Our data show that WRN interacts with the export receptor NXF-1 but not with CRM1, 404 

indicating a strict specificity in the export of mRNA. It is important to point out that global 405 

RNA transport is not completely shut down after WRN depletion, since no alteration in 406 

cytoplasmic rRNA is detected under this condition (Supplementary Fig. 4), suggesting 407 

that WRN plays a stimulatory function in the process of export of specific mRNA. 408 

 409 

Since depletion or inactivation of WRN affect proliferation and elicit senescence or 410 

apoptosis(19, 20, 80, 96), our results suggest that WRN contributes to the export of a 411 

critical set of mRNA, whose sustained inhibition could lead to an alteration of cellular 412 

proteostasis. A detailed analysis of the transcripts whose export is affected by WRN 413 

depletion will provide important clues on the cellular pathways that are altered in this 414 

process. 415 

 416 

 417 
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Conclusions 418 

We anticipate that this new finding could aid in the design of approaches that sensitize 419 

cancer cells against chemotherapeutic drugs or slow down their proliferation by reducing 420 

mRNA export. To this end, we need to better understand the mechanisms underlying 421 

this process and thus it will be important to focus future investigations on the role that 422 

WRN plays in modulating protein output through regulation of nucleocytoplasmic mRNA 423 

export. 424 

 425 

Methods 426 

 427 

A detailed procedure used in this work can be found as Supplemental Information. 428 

 429 

Cell lines and culture 430 

HeLa cell (CLS Cat# 300194/p772_HeLa, RRID:CVCL_0030) from ATCC, HeLa cells 431 

harboring the shRNA for WRN silencing and scramble shRNA as control and Werner 432 

Syndrome (WS) human-derived fibroblasts (WI-38) (Coriell Cell repository Cat# 433 

AG06814-J, RRID:CVCL_0579) were maintaining in high glucose Dulbecco’s modified 434 

Eagle’s medium (DMEM) containing L-glutamine and without sodium pyruvate 435 

(BIOWEST L0102-500). The medium was supplement with 10% heat inactivated fetal 436 

bovine serum (FBS), 100 U/mL penicillin and 100 µg/mL streptomycin. Cells were 437 

maintained in a humidified incubator at 37°C in the presence of 5% CO2. 438 

 439 

Western blot analysis  440 

After 3 days of incubation with doxycycline, cells expressing shCTR and shWRN were 441 

lysed on ice for 1 hour with Lysis Buffer containing Tris-HCl, pH 7.6 (25 mM); NaCl (420 442 

mM); NP-40 (0.2%); EDTA (1 mM); PMSF (1 mM); NaF (1 mM); Na3VO4; (1 mM); β-443 

Glycerophosphate (β-GP) (1 mM) and Protease Inhibitor Cocktail (PIC; P8340, Sigma-444 
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Aldrich) (1/100 (v/v)). The extracts were clarified at 13,000 x g for 30 minutes at 4°C and 445 

protein content normalized by Bradford Assay (Sigma-Aldrich B6916). Samples were 446 

resolved in 8%-10% PAA gel using Opti-protein XL marker (G266 Abm) as molecular 447 

size marker. The gels were then electro-transferred to a nitrocellulose membrane. One 448 

hour after blocking at room temp (RT) with blocking solution (5% non-fat milk in 1X 449 

Phosphate buffer saline containing 1% Tween-20 (1X PBS-T)), the membranes were 450 

incubated overnight with the respective primary antibodies prepared in blocking reagent 451 

at 4°C in a roller mixer (a detailed list of the used antibody in this publication can be 452 

found in Supplementary Table 1). Then, the membranes were incubated with the 453 

respective HRP-conjugated secondary antibodies (Supplementary Table 1) for one hour 454 

at RT. HRP chemiluminescence was detected using ECL Western blotting Substrate 455 

(ThermoFisher Scientific) and signals captured by X-ray radiography or ChemiDoc with 456 

a CCD camera from Bio-Rad. Gel bands were quantified using NIH ImageJ1.51j8 457 

(ImageJ, RRID:SCR_003070) (97). 458 

 459 

Inducible Tet-ON/Tet-OFF lentiviral shRNA vectors 460 

Hela cells were transduced with lentiviruses for the conditional expression of shCTR and 461 

shWRN. After selection, the cells were subjected to induction by doxycycline (dox) 462 

treatment (1.5 μg/mL). For our study we typically use a three-days treatment, which 463 

results in at least 80% reduction in WRN levels. The levels of WRN in control and WRN 464 

knockdown cells was estimated by Western blotting using antibodies against WRN and 465 

α-tubulin or actin as loading controls (Supplemental Table 1). Bands were quantified 466 

using the NIH ImageJ software. 467 

 468 

Metabolic labeling using 35S-met/cys 469 

For the analysis of de-novo protein synthesis, we prepared two aliquots with equal 470 

volumes of shCTR and shWRN cells extracts for analyses by independent 10% PAA 471 

gels. One gel was used for Coomassie Brilliant Blue (CBB) staining (loading control) and 472 
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the second one for 35S-met/cys measurements. Both gels were vacuum-dried, and 473 

radioactive gels were exposed to a Phosphoscreen and developed using a Pharos FX 474 

molecular imager (BIO-RAD). The same protocol was used in the analysis of WS and 475 

WRN-complemented WS patient-derived fibroblasts. The data were plotted using Graph 476 

Pad Prism (GraphPad Prism, RRID:SCR_002798) and the significance determine by 477 

Student´s t-test of three independent samples. 478 

 479 

Immunoprecipitation of 35S-met/cys labeled proteins 480 

Extracts derived from 35S-met/cys labeled cells samples were subjected to 481 

immunoprecipitation assay. To this end, we used the same concentration of specific 482 

antibodies against G6PD, Ku70 and Tubulin (Supplemental Table 1). Reactions were 483 

incubated overnight at 4 °C in a roller and the immunocomplexes were captured using 484 

Protein A/G PLUS-Agarose (Santa Cruz Biotechnology, sc-2003,) following the 485 

manufacturer’s instructions. The immunoprecipitated complexes were resolved in 10% 486 

PAA and stained with CBB followed by vacuum drying. Lastly, the gels were scanned to 487 

visualize IgG and then exposed to Phosphoscreen and imaged using a Pharos FX 488 

molecular imager (BIO-RAD). 489 

 490 

Nuclei-Cytoplasm fractionation and Polysome Enriched Fraction (PEF) 491 

This procedure was performed in two steps. Briefly, for the preparation of nuclear and 492 

cytoplasmic fractions, the shCTR and shWRN dox-treated cells and WS-derived 493 

fibroblasts were lysates using hypotonic buffer containing NP-40 (0.1%). The cell 494 

extracts were them centrifuged at low RPM to separated nuclei from the rest of the cell 495 

components. The supernatants were centrifuged at high RPM and the newly resulted 496 

supernatants were separated and termed cytoplasmic fraction. The nuclear fraction from 497 

above was extracted in hypotonic buffer supplemented with NaCl (420 mM). The extracts 498 

were collected by high RPM centrifugation. Equal volumes of each fractions were 499 

resolved by SDS-PAGE and probed with nuclear and cytoplasmic markers. For the 500 
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preparation of the polysome-enriched fraction, the cytoplasmic fractions obtained as 501 

described above were loaded on a sucrose cushion and subjected to ultra-centrifugation. 502 

The pellets were quickly rinsed once in hypotonic buffer and resuspended in 2X loading 503 

buffer for proteins analysis or directly extracted by TRIzol for RNA extraction. 504 

 505 

Gene expression analysis by RT-qPCR 506 

We used TRIzol for all RNA extraction process, following the manufacturer´s instructions. 507 

For RT-qPCR analysis, the RNAs (2 µg of starting material) was subjected to a step-by-508 

step processing to generates the cDNA. We use rRNA 18S or GAPDH as internal 509 

controls. We run the samples in triplicates (of three biological replicates), and 510 

quantification was performed by comparing the values obtained at the fractional number 511 

of a cycle at which the amount of amplified target reaches a fixed (Ct) threshold. For 512 

evaluation of the differences in means between the two groups in the analysis of the 513 

rRNA abundance and for the alteration in ribosomal proteins (RP) genes, we used two-514 

way ANOVA followed by Sidak's multiple comparisons test, since Sidak’s theorem 515 

provides a more rigorous multiple comparison method by adjusting the significance 516 

level(98). Alike, for the nuclear and cytoplasmic fractionations assays followed by qPCR 517 

analysis in shCTR and shWRN cells, we used two-way ANOVA followed by Sidak's 518 

multiple comparisons test. All these statistical analyses were performed using GraphPad 519 

Prism Version 8.3.0 for Windows GraphPad Software, San Diego, California USA 520 

((GraphPad Prism, RRID:SCR_002798) Version 8.4.2. The analysis of WS patient-521 

derived fibroblast and recovery of WRN protein in HeLa cells experiments were 522 

conducted twice, thus we present the mean and ±SD of two biological replicates without 523 

statistical analysis. 524 

 525 

Immunofluorescence and stress granule formation (SG) assay 526 

To induce SGs formation in shCTR and shWRN cells, the cells were treated with sodium 527 

arsenate after dox treatment. After fixing, the cells were permeabilized and blocked 528 
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before labeling with the appropriate primary and secondary antibodies using Phalloidin 529 

and DAPI as counterstain. The samples were mounted using HardSet Antifade Mounting 530 

Medium and curated for 24 hours in the dark at RT before visualized. The samples were 531 

visualized using a confocal laser scanning microscope (Nikon). 532 

 533 

mRNA Fluorescence In Situ Hybridization (FISH) 534 

RNA FISH was performed as previously described in Viphakone, N. et al, 2012(42) with 535 

some modifications. A completed detailed protocol is found in the Supplementary 536 

Material and Methods. For the FISH analysis we used two-tailed unpaired t test, using 537 

GraphPad Prism Version 8.3.0 for Windows GraphPad Software, San Diego, California 538 

USA. 539 

 540 

Co-Immunoprecipitation assays 541 

We used whole cell lysates for co-immunoprecipitation (Co-IP) assays. The clarified 542 

extracts were incubated with the antibodies indicated in the main text and Supplementary 543 

Table 1. The immunocomplexes were recovery using equilibrated Protein G Magnetic 544 

Beads (NEB S1430S), and eluates were resolved by SDS-PAGE and probe with the 545 

respective antibodies and detected by ECL reaction using X-ray films. 546 

 547 

mRNA pulldown 548 

75% confluent HeLa cells plates were washed with ice-cold 1X PBS twice and pelleted 549 

by centrifugation at 1,500 x g for 5 minutes at 4°C. The cell pellets were resuspended, 550 

equally divided into two RNase/DNase-free pre-chilled 1.5 mL tubes and pelleted again. 551 

Cells were lysate for 1.5 hours on ice with Lysis Buffer (see Supplementary Material and 552 

Methods) for 30 minutes on ice, the crude extracts were clarified at 15,000 x g for 30 553 

minutes at 4°C and supernatants transferred to a new RNase/DNase-free ice-chilled 554 

tube. An aliquot was used to assay RNA integrity. mRNA was pulled down using 555 

Oligo(dT) Magnetic Beads for 2 hours at 4°C in a roller mixer. After extensive washes, 556 
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the bound material was eluted by adding loading buffer and heating at 95°C for 5 557 

minutes., The eluate was resolved by SDS-PAGE and subjected to Western blot 558 

analysis. 559 

 560 

Abbreviations 561 

WS: Werner Syndrome 562 

WRN: Werner Syndrome Protein 563 

ROS: Reactive Oxygen Species 564 

G6PD: Glucose-6-phosphate dehydrogenase 565 

IDH1: Isocitrate dehydrogenase 566 

hnRNAs: Heterogeneous RNA 567 

mRNA: messenger RNA 568 

rRNA: Ribosomal RNA 569 

mRNP: messenger Ribonucleoprotein 570 

snRNAs; Small nuclear RNA 571 

NPC: Nuclear Pore Complex 572 

NE: Nuclear Envelope 573 

Nups: Nucleoporin 574 

TPR: Translocated promoter region protein 575 

NXF1: Nuclear Export Factor 1 576 

CRM1: Chromosome Maintenance Protein 1 577 

TREX-1: TRanscription-EXport complex 1 578 

UAP56: ATP dependent RNA helicase 579 

ALYREF: Aly/REF Export Factor also known as THOC4 580 

THO: subcomplex of the TRanscription-EXport complex 1 581 

THOC1: THO complex subunit 1 582 

THOC2: THO complex subunit 2 583 

THOC3: THO complex subunit 3 584 
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THOC5: THO complex subunit 5 585 

THOC6: THO complex subunit 6 586 

THOC7: THO complex subunit 7 587 

CIP29: Cytokine-Induced Protein 588 

CBP80: Cap-Binding Protein 80, also known as NCBP1 589 

GANP: Germinal center–Associated Nuclear Protein 590 

eIF4E: Eukaryotic translation initiation factor 4E 591 

WHIP1: Werner Helicase Interacting Protein 1 592 

NDC1: Nuclear Division Cycle 1 a transmembrane nucleoporin 593 

Ku70: ATP-dependent DNA helicase 2 subunit KU70 594 

SGs: Stress Granules 595 

TIAR: TIA-1-related protein 596 

-H2AX: Phosphorylated Histone 2AX 597 

FISH: Fluorescent In Situ Hybridizations 598 

Poly (A)+ RNA: Poly Adenylated RNA or mRNA 599 

RVC: Ribonucleoside Vanadyl Complex 600 

POM: Pore Membrane Protein 601 

shWRN: small hairpin complementary oligonucleotides of WRN gene 602 

shCTR: Scramble small hairpin RNA (shRNA) 603 

F-WRN: Human WS derived fibroblasts carrying Flag-WRN 604 

SDS-PAGE: Polyacrylamide-gel electrophoresis 605 

RT-qPCR/qPCR: Quantitative PCR 606 

Co-IP: Co-Immunoprecipitation 607 
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Figures Legend 911 

Fig 1. WRN depletion affects de-novo synthesis of proteins. (A) Pulse-labeling of 912 

shCTR and WRN-depleted HeLa cells 72 h after shRNA induction. The same number of 913 

cells were used to prepare the lysates, and radiolabeled methionine incorporation (right 914 

panel) was visualized as described in Materials and Methods. Coomassie staining (left 915 

panel) of total proteins was used to confirm equal loading. Data plotted represent relative 916 

intensities ± SEM and unpaired Student’s t-test (ns, no significant difference; *** p<0.001) 917 

of three biological replicates. (B) Representative Western blot showing WRN 918 

downregulation 72 h after shRNA induction. Molecular size markers (in KiloDaltons) are 919 

shown. (C) Representative IP assay from radiolabeled shCTR and shWRN extracts 920 

prepared as in (A), using the indicated antibodies. Equal amounts of antibody used in 921 

each IP reaction was confirmed by Coomassie staining (left panel). The amount of each 922 

immunoprecipitated radiolabeled protein (red squares, right panel) in shCTR and 923 

shWRN extracts was normalized against immunoglobulin heavy chain (IgG HC) from the 924 

Coomassie-stained gel (left panel). The experiment shown is a representative of three 925 

biological replicates. (D) Plot of the normalized band intensities of 35S generated by 926 

ImageJ. 927 

 928 

Fig 2. WRN depletion does not affect the levels of ribosomal proteins. (A) A 929 

representative Western blot of WRN depletion after 3 days of dox treatment using actin 930 

as loading control. (B) A representative analysis by Western blot of whole-cell lysate 931 

derived from shCTR and shWRN 72 h after dox induction using antibodies against the 932 

indicated ribosomal proteins. Molecular size markers (in KiloDaltons) are shown for both 933 

experiments. (C) Band intensity determination of three biological replicates was 934 

generated using ImageJ (NIH) and plotted into the graph. (D) Quantitative RT-PCR 935 

analysis of ribosomal proteins genes using GAPDH as internal control (see 936 

Supplementary Table 2) was performed as indicated in Materials and Methods, and the 937 

result of three biological replicates was plotted on the graph. C and D, Two-way ANOVA 938 
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followed by Sidak's multiple comparisons test from GraphPad Prism, was used to 939 

calculate the significance in both approaches. The error bars represent the mean ± SD 940 

(n=3). ** p value < 0.01; ns, no significant differences. 941 

 942 

Fig 3. qPCR reveals spatial distributions alterations of mRNAs in HeLa cells and 943 

in WS fibroblast. (A) HeLa cells were lysed as mention in the section Nuclei-Cytoplasm 944 

fractionation and Polysome Enriched Fraction (PEF) and described in Supplementary 945 

Material and Methods to obtain nuclear and cytoplasmic fractions. Anti-TRF2 antibody 946 

was used to assure cytoplasmic extracts are not contaminated with nuclear proteins. (B) 947 

From each fraction we extracted total RNAs and analyzed by qPCR using the indicated 948 

set of primers (Supplementary Table 2). The results were plotted into a graph using 949 

GraphPad Prism. (C) WS patient-derived fibroblast and its derivative cells harboring the 950 

re-insertion of WRN as a flag-fusion protein (WS/F-WRN) were lysed as in (A) to obtain 951 

nuclear and cytoplasmic fractions. Anti-TRF2 antibody was used to assure no 952 

cytoplasmic contaminated with nuclear proteins. Molecular size markers (in KiloDaltons) 953 

are shown. (D) From each fraction we extracted total RNAs and analyzed by qPCR using 954 

the indicated set of primers as in (B). This experiment was conducted two obtained 955 

similar results. Two-way ANOVA followed by Sidak's multiple comparisons test was used 956 

to calculate the significance between shCTR and shWRN cells. The error bars represent 957 

the mean ± SD (n=3). * p value < 0.05; ** p value < 0.001; *** p value  0.0002; ns, no 958 

significant differences. 959 

 960 

Fig 4. FISH analysis revels a significative alteration in mRNA distribution after 961 

WRN depletion in HeLa cells. (A) Representative images from shCTR and shWRN 962 

cells after 72 hours post dox treatment. Molecular size markers (in KiloDaltons) are 963 

shown. (B) The intensities were ascertained as mention in Supplementary Material and 964 

Methods. The average of the fluorescence intensity (pixels) from the nuclei was divided 965 

by the average of the fluorescence intensity (pixels) of the cytoplasm for each measured 966 
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cell, and the resulting data was used to generate the graph. Two-tailed unpaired t test 967 

from GraphPad Prism was used to calculate the significance between WRN-depleted 968 

and control cells. The error bars represent the mean ± SD (n=3). **** p value < 0.0001. 969 

 970 

Fig 5. WRN depletion in HeLa cells does not influence levels of the main mRNA 971 

export receptors. (A) Representative gel of samples derived from shCTR and shWRN 972 

72 h after dox induction resolved in by SDS-PAGE and immunoblotted against the 973 

indicated antibodies. Molecular size markers (in KiloDaltons) are shown. (B) Band 974 

intensity quantitation of four biological replicates was generated using ImageJ (NIH) and 975 

plotted into the graph. Two-way ANOVA followed by Sidak's multiple comparisons test 976 

was used to calculate the significance of the means and normalized against tubulin from 977 

GraphPad Prism. The error bars represent the mean ± SD (n=4).; ns, no significant 978 

differences. This experiment was conducted three times using three biological replicates. 979 

 980 

Fig 6. WRN protein interacts in vivo with mRNA export receptor NXF1 and mRNAs. 981 

(A) Whole-cell extracts were treated with RVC or RNase A (see Supplemental Material 982 

and Methods) and the integrity of the total RNAs was verified by EtBr-agarose gel. The 983 

gel shown the RNAs from the samples at the end of incubation with the Oligo(dT)25 984 

magnetic beads. (B) A representative Pull downs assay that were performed using 985 

whole-cell lysates derived from HeLa from using Oligo(dT)25 magnetic beads. The 986 

sample was divided in two tubes for each mentioned treatments and capture mRNPs 987 

were resolved in a polyacrylamide gel, followed by Western blot analysis for WRN 988 

reactivity using WRN antibody; 1% of the input was loaded. We use two cognate mRNA 989 

binding proteins (CBP80 and ALYREF) and Tubulin as a positive and negative controls, 990 

respectively. Molecular size markers (in KiloDaltons) are shown. This experiment was 991 

conducted at least three times obtained same results. (C) Co-IPs assay from HeLa 992 

whole-cell extract treated with RVC or Benzonase (see Supplementary Material and 993 

Methods for details) were conducted using the indicated antibodies to immunoprecipitate 994 
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the endogenous targets. The eluted immunocomplexes were analyzed by western using 995 

indicated antibodies. (D) EtBr- formaldehyde-agarose gel was conducted to confirm the 996 

integrity of the total RNAs after each treatment. This experiment was conducted three 997 

times observing same results. Molecular size markers (in KiloDaltons) are shown. 998 

 999 

Supplementary Figures legends 1000 

Supplementary Fig 1. Analysis of stress granules formation. (A) Western blot 1001 

analysis showing WRN depletion in HeLa cells used for SG formation experiment. 1002 

Molecular size markers (in Kilo Daltons) are shown. (B) WRN-depleted and control HeLa 1003 

cells harboring non-related shRNA were seeded in an 8-well chamber slide. After fixation 1004 

and permeabilization, the cells were incubated with the respective antibodies (see 1005 

Supplemental Material and Methods and Supplementary Table 1) and counterstain 1006 

solutions. The samples were analyzed by immunofluorescence using confocal 1007 

microscopy. Treatment with 3 mM sodium arsenite for 2 h was used to induce stress 1008 

granule formation in both cell lines. Expanded boxed regions are shown on the right 1009 

(Scale bar = 20 µm). 1010 

 1011 

Supplementary Fig 2. Oxidative DNA damage response analysis. shCTR and WRN-1012 

depleted HeLa cells 72 h after shRNA induction by incubation in dox were lysates for 1013 

total protein extraction. (A) Western blot analysis showing reduction of WRN after dox 1014 

induction. (B) The extracts were Bradford-normalized and same amount of protein were 1015 

loaded in a polyacrylamide gel. The samples were probed to confirm WRN depletion 1016 

(upper panel) and for phospho -H2AX (lower panel), using tubulin as loading control. 1017 

We load two different amounts of total protein to better visualize any variation in the 1018 

phospho -H2AX (lower panel). Molecular size markers (in KiloDaltons) are shown. 1019 

 1020 

Supplementary Fig 3. Nuclei-cytoplasm fractionation and Polysome purification. 1021 

Differential centrifugation assay followed by ultracentrifugation in a 30% sucrose cushion 1022 
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bed was used to generate five fractions. (A) A schematic representation of the procedure 1023 

is shown. (B) In each lane of the immunoblotting analysis, equal volumes of each fraction 1024 

were loaded. The absence of nuclear protein marker PARP1, in the post-nuclear 1025 

fractions indicates the absence of nuclear contamination in these fractions. In addition to 1026 

PARP1 the fractions were analyzed by using subcellular markers including G6PD 1027 

(Cytosol), Cox6b1 (mitochondria), RPL7a (ribosomes) and actin to assay each fraction. 1028 

The lack of detection of any marker in the Polysome enriched fraction (PEF) indicated 1029 

high purity of Polysomes used for analysis of the rRNA 5.8S, 18S and 28S by qPCR (Fig. 1030 

2C). This experiment was conducted several times with the same result. 1031 

 1032 

Supplementary Fig 4. WRN depletion does not affect the levels of ribosomal 1033 

rRNAs. (A) Representative Western blot of nuclei-cytoplasm fractionation. Nuclei and 1034 

Cytoplasm was generated from HeLa cells and nuclear proteins contamination in the 1035 

cytoplasm was confirmed using Lamin A/C marker and Tubulin as cytoplasmic marker. 1036 

WRN depletion was confirmed in the same blot and ribosomes was obtained after 1037 

cytoplasm ultracentrifugation. Molecular size markers (in KiloDaltons) are shown. (B) 1038 

Total RNA was purified from the Polysome fractions as described in Supplemental 1039 

Materials and Methods, and used for quantitative RT-qPCR analysis using a set of 1040 

primers against 5.8S, 18S and 28S rRNAs. GAPDH was used as internal control (see 1041 

Supplementary Table 2). Molecular size markers (in KiloDaltons) are shown. The 1042 

significance of the fold changes of three biological replicates was calculated using two-1043 

way ANOVA followed by Sidak's multiple comparisons test from GraphPad Prism. The 1044 

error bars represent the mean ± SD (n=3). ns, no significant differences. 1045 

 1046 

Supplementary Fig 5. Recovery of WRN in shWRN depleted cells by removal of 1047 

dox reverts the alteration in the ratio nuclei/cytoplasm. (A) After three days of dox 1048 

induction, dox was washed away and shCTR and shWRN cells were continue incubated 1049 

for additional 3 days. After this period of time, the cells were lysates in as for the other 1050 
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fractionations mentioned above and analyzed for WRN expression levels. The Western 1051 

blot confirm the recovery of the WRN expression after dox removal in shWRN cells. 1052 

Molecular size markers (in KiloDaltons) are shown. (B) The nuclei/cytoplasm fractions 1053 

were used to isolated total RNA and used to analyze the levels of the indicated genes. 1054 

This experiment was conducted twice, thus we present the means and ±SD of two 1055 

biological replicates without statistical analysis and comparing with Fig. 4 after 1056 

normalization. 1057 

 1058 

Supplementary Fig 6. mRNA detection by FISH. (A) The cells were fixed and 1059 

hybridized with Oligo(dT)50-Cy3 as mentioned in Supplementary Material and Methods. 1060 

The image shows the mRNA signal in both cell lines (Poly (A)+) and the line (in yellow) 1061 

used to quantitate the fluorescence intensity in pixels in the Merge images is shown. 1062 

(Scale bar = 20 µm). After calculate the fluorescence intensities, we use the nuclear 1063 

periphery (delimited by DAPI) to determine the values of the cytoplasmic and nuclear 1064 

Poly (A)+ signal. (B) The obtained data was plotted into a graph using ImageJ and the 1065 

boundary of nuclei was identified (green-dotted line). (C) The sum of the resulting 1066 

intensities from the nuclei and cytoplasm quantitation was used to calculate the ratio 1067 

nuclei/cytoplasm in shCTR and shWRN cell and plotted into graph using GraphPad 1068 

Prism. This is a representative image from the experiment showed in the Figure 4B; thus, 1069 

no statistical analysis was performed. 1070 

 1071 

Supplementary Fig 7. TREX-1 complex components are not altered after WRN 1072 

depletion in HeLa cells. (A) A representative Western blot of shCTR and shWRN cells 1073 

after induction with dox for three days. (B) (Top panel) a representative Western blot of 1074 

TREX-1 component THOC1 and proteins implicated in the maturation (spliceosome 1075 

assembly) and export of mRNA, UAP56 and eIF4E respectively, that compares levels 1076 

between WRN-depleted cells and control. (Lower panel) band quantitation of the 1077 

expression levels for the top image. (C) (Top panel) a representative Western blot of 1078 
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TREX-1 component THOC2 and accessory protein ALYREF together with CBP80,  1079 

proteins implicated in the capping and export of mRNA after WRN depletion and 1080 

compared to the respective control cells. (Lower panel) band quantitation of the 1081 

expression level. (D) (Left panel) A representative Western blot showing the level of 1082 

expression of the complementary mRNA export receptor GANP after WRN depletion and 1083 

compared to the respective control cells. (Right panel) band quantitation of the 1084 

expression level. Each of the proteins was probed three times with the same results and 1085 

using the same extracts (four biological replicates) derived from Fig 5. Molecular size 1086 

markers (in KiloDaltons) are shown. 1087 

 1088 

Supplementary Tables Legend 1089 

Supplementary Table 1. List of the primary and secondary antibodies used in this study. 1090 

 1091 

Supplementary Table 2. List of the primers for qPCR used in this study. 1092 
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