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Abstract 1 
When cells encounter stressful situations, they activate the integrated stress response 2 
(ISR), which limits total protein synthesis and redirects translation to proteins that help 3 
the cells to cope. The ISR has also been implicated in cancers, but redundancies in 4 
the stress-sensing kinases that trigger the ISR have posed hurdles to dissecting 5 
physiological relevance. To overcome this challenge, we targeted the regulatory node 6 
of these kinases, namely the S51 phosphorylation site of eukaryotic translation 7 
initiation factor eIF2α and genetically replaced eIF2α with eIF2α-S51A in squamous 8 
cell carcinoma (SCC) stem cells.  While inconsequential under normal growth 9 
conditions, the vulnerability of this ISR-null state was unveiled when SCC stem cells 10 
experienced proteotoxic stress. Seeking mechanistic insights into the protective roles 11 
of the ISR, we combined ribosome profiling and functional approaches to identify and 12 
probe the functional importance of translational differences between ISR-competent 13 
and ISR-null SCC stem cells when exposed to proteotoxic stress. In doing so, we 14 
learned that the ISR redirects translation to centrosomal proteins that orchestrate the 15 
microtubule dynamics needed to efficiently concentrate unfolded proteins at the 16 
microtubule organizing center so that they can be cleared by the perinuclear 17 
degradation machinery. Thus, rather than merely maintaining survival during stress, 18 
the ISR also functions in promoting cellular recovery once the stress has subsided. 19 
This finding exposes a vulnerability to SCC stem cells that could be exploited 20 
therapeutically.  21 
 22 
 23 
Introduction 24 
Eukaryotic cells rely on highly conserved pathways to dynamically control translational 25 
machinery in response to various stimuli. One such pathway, the integrated stress 26 
response (ISR), is triggered when one of four stress-sensing kinases becomes active: 27 
(1) Heme-regulated inhibitor kinase (HRI) activated by oxidative stress, such as 28 
arsenite; (2) Protein Kinase R (PKR) is activated by viral infections; (3) PKR-like 29 
endoplasmic reticulum kinase (PERK) is induced when unfolded proteins accumulate 30 
(proteotoxic stress) and when the endoplasmic reticulum (ER) becomes stressed; and 31 
(4) General control non-depressible 2 (GCN2) is induced in poor nutrient conditions, 32 
particularly amino acid deprivation (Costa-Mattioli & Walter, 2020; El-Naggar & 33 
Sorensen, 2018). Activation of any of these four kinases results in phosphorylation of 34 
serine 51 of eIF2α, a core component of the canonical translational initiation complex. 35 
Since phosphorated eIF2α blocks the guanine nucleotide exchange factor eIF2B from 36 
stimulating the eIF2-GTP-methionyl-initiator tRNA ternary complex, the translation of 37 
housekeeping mRNAs is decelerated, and initiation of new protein synthesis is 38 
dampened. Concomitantly, non-canonical translational mechanisms emerge to 39 
synthesize key stress response proteins that help restore physiological balance to the 40 
cell and aid in survival (Figure 1A) (Pakos-Zebrucka et al., 2016).  41 
 42 
This paradoxical translational upregulation of a subset of mRNAs can be driven by 43 
several mechanisms including (1) lowering the dependency on the cap-binding 44 
complex eIF4F (Schuster & Hsieh, 2019), (2) initiating non-canonical translation within 45 
5’ untranslated regions (5’ UTRs) that harbor dynamic N6-methyladenosine (m6A) 46 
RNA modification sites and/or 5’ upstream open reading frames (uORF) (Sendoel et 47 
al., 2017; Starck et al., 2016; Zhou et al., 2018) and finally (3) directly recruiting 48 
translation factors and ribosomes to the 5’ UTR of stress-responsive mRNAs (Guan 49 
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et al., 2017). This selective repurposing of the translational machinery forms the 50 
foundation of a cellular stress response aimed at restoring homeostasis.  51 
 52 
The best studied translational target of the ISR is Atf4, encoding activating 53 
transcription factor 4 (ATF4) whose translation is repressed in homeostatic conditions 54 
by the presence of inhibitory uORFs in its 5’ UTR. Upon stress, Atf4 translation is 55 
unleashed, and the newly synthesized protein mediates transcriptional upregulation of 56 
stress response genes, thus acting as a crucial regulator in the balance of cell death 57 
and survival. In fact, known ATF4 targets include both cytoprotective and apoptotic 58 
factors. That a single ISR target can have such diverging and context-specific roles 59 
highlights the complexity of the cellular stress response and indicates the possibility 60 
that the ISR might translationally regulate additional cellular programs to coordinate 61 
survival, adaptation and recovery from stress.  62 
 63 
At the interfaces of cellular proliferation, apoptosis, survival, and protein synthesis, the 64 
ISR has naturally emerged as an area of interest in cancer research. Although studies 65 
on the role of the ISR in cancer have been conflicting, the notion that the ISR is 66 
protective for cancer cells has gained traction in recent years (Ghaddar et al., 2021; 67 
Koromilas, 2015). This is in line with the observation that cancer cells experience 68 
hostile microenvironments characterized by nutrient deprivation and low oxygen 69 
availability. Additionally, the proliferative stress and elevated metabolic demands of 70 
cancer cells create an increased reliance on the cellular mechanisms that maintain 71 
proteostasis, a central function of the ISR (Cubillos-Ruiz et al., 2017). Indeed, 72 
proteasome inhibition as an anticancer therapy, is aimed at exploiting this vulnerability. 73 
That said, although proteasome inhibitors have become the standard of care for 74 
multiple myeloma and mantle-cell lymphoma (Manasanch & Orlowski, 2017), this 75 
strategy has been less effective in solid tumors, suggesting that these tumors may 76 
utilize mechanisms that enable them to cope, survive and recover in the face of 77 
proteotoxic stress, thereby evading therapeutics (Tian et al., 2021).  78 
 79 
In the current study, we focus on the most common and life-threatening solid tumors, 80 
squamous cell carcinomas (SCCs), which affect stratified squamous epithelia of the 81 
skin, esophagus, lung and head and neck.  To investigate the roles of the ISR in this 82 
cancer, we took advantage of our ability to culture the tumor-initiating stem cells from 83 
mouse skin SCCs and generated primary, clonal  cell lines in which the endogenous 84 
eIF2α alleles were replaced by myc-epitope tagged but otherwise fully functional 85 
versions of either wild-type eIF2α or eIF2α-S51A (ISR-null). Although unable to mount 86 
an ISR in the face of stress, ISR-null SCC stem cells formed tumors that were similar 87 
in morphology and proliferation characteristics to controls. However, both in vivo and 88 
in vitro, when challenged with proteotoxic stress, ISR-null SCC cells fared 89 
considerably more poorly than their ISR-competent counterparts.   90 
 91 
While the HRI and PERK kinases have emerged as major players in sensing misfolded 92 
proteins (Abdel-Nour et al., 2019; Harding et al., 1999), a detailed understanding of 93 
how the ISR promotes proteostasis  is lacking. To probe into the mechanisms that link 94 
the ISR to proteostasis, we coupled genetics, cell biology, pharmacological inhibitors, 95 
ribosomal profiling and finally functional analyses. We traced the connection to a group 96 
of centrosomal proteins that become selectively translated in response to prototeoxic 97 
stress and which act by strengthening the organizing center for the microtubule 98 
dynamics that are needed to efficiently amass unfolded proteins at the 99 
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pericentrosomal locale, where they can be efficiently targeted for destruction and 100 
clearance. Our findings add a new dimension—microtubule dynamics-- to the role of 101 
the ISR not only in stress, but also in the recovery of cells to stress. In so doing, our 102 
findings also expose a hitherto unappreciated vulnerability of cancer cells when they 103 
are unable to mount an ISR in the face of proteotoxic stress. 104 
 105 
Results 106 
 107 
Generation of ISR-null SCC cells 108 
 109 
In order to directly test the role of the integrated stress response (ISR) in SCC cells, 110 
we generated eIF2α-S51A, or "ISR-null" cancer cells using a knockout and 111 
reconstitution strategy. For this purpose, we used an aggressive HRasG12V murine, 112 
primary-derived skin SCC line expressing an eGFP reporter (Yang et al., 2015). We 113 
transduced these cells with lentiviral constructs harboring a PGK promoter-driven 114 
cDNA encoding either the wild-type (S51) or phospho-dead (S51A) eIF2α protein 115 
(encoded by the eif2s1 locus) (Figure 1B). The eif2s1 transgenes each contained a 116 
synonymous mutation in a protospacer adjacent motif (PAM) site that rendered it 117 
resistant to a small guide RNA (sgRNA) that could be used to specifically target the 118 
endogenous eif2s1 gene for CRISPR/Cas9 deletion.  119 
 120 
After cells were transduced with the myc-tagged eif2s1 constructs, cells were 121 
transfected with liposomes harboring CRIPSR-Cas9/sgRNA ribonucleoproteins, which 122 
targeted the ablation of the endogenous eif2s1 alleles, and thus left the myc-tagged 123 
S51 or S51A transgenes as the sole source of eIF2α expression.  Following ablation 124 
and reconstitution, single cells were isolated by fluorescence activated cell sorting 125 
(FACS) and used to generate stable SCC clones. Successful targeting of the two 126 
endogenous eif2s1 alleles was verified by genomic sequencing (Figure 1B).  127 
  128 
Two of each S51 and S51A eIF2α replacement clones were chosen for further study. 129 
In all assays presented in Figures 1 and 2, the clones of the same eIF2α status grew 130 
and behaved similarly. Hence for the purposes of the current study, we show the 131 
results on pooled clones displaying common genotypes.  Immunoblot analyses 132 
revealed that total eIF2α levels were comparable to the parental eIF2α clone, and the 133 
replacement eIF2α proteins exhibited the expected increase in size due to the epitope 134 
tag (Figure 1C). Importantly, when we treated these SCC lines with sodium arsenite 135 
to induce oxidative stress and activate the HRI kinase (Sendoel et al., 2017), we 136 
observed that like the parental clone, the stressed eIF2α S51 cells displayed phospho-137 
S51 immunolabeling, while the eIF2α S51A clones were refractory to phosphorylation. 138 
Taken together, these results underscored the efficacy of our knockout and 139 
replacement strategy, and verified the dramatic difference in stress-induced abilities 140 
of our two clones to target eIF2α phosphorylation at the heart of the ISR.  141 
  142 
To further interrogate the functionality of our SCC lines in mounting an ISR, we 143 
monitored their protein synthesis rates in response to stress.  Using puromycin 144 
incorporation as a gauge to measure nascent protein synthesis, we observed that 145 
translation within eIF2α S51 cells was comparable to the native eIF2α parental clone, 146 
and markedly dampened upon stress as expected (Figure 1D). Consistent with the 147 
inability of eIF2α-S51A to become phosphorylated and decommissioned, the eIF2α-148 
S51A SCC cells sustained higher levels of protein synthesis during oxidative stress 149 
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than their control counterparts (Figure 1D). Similar results were seen upon exposure 150 
of our SCC cell lines to tunicamycin, which induces ER-stress and eIF2α-S51 151 
phosphorylation through PERK kinase.  152 
 153 
Proteosome inhibitors such as the boronic acid dipeptide derivative, bortezomib, are 154 
known to result in accumulation of misfolded proteins, ER stress and eIF2α 155 
phosphorylation (Jiang & Wek, 2005; Suraweera et al., 2012; Yerlikaya & Okur, 2020).  156 
Typical of a classical ISR, global protein synthesis was reduced in our SCC cells 157 
exposed to bortezomib, consistent with pathway activation (Figure 1D and Figure 1-158 
figure supplement 1A). In contrast, however, there did not seem to be a marked 159 
difference in protein synthesis rates between bortezomib treated eIF2α-S51 and 160 
eIF2α-S51A cells.  In this regard, SCC cells appeared to face proteotoxic stress in a 161 
manner distinct from a classical integrated stress response. 162 
 163 
Probing deeper, we found that under the serum-rich culture conditions used here, S51 164 
and S51A cells proliferated at comparable rates and showed no differences in viability 165 
(Figure 1-figure supplement 1B-C). Analogously, the morphologies of these cells were 166 
indistinguishable under these conditions (Figure 1-figure supplement 1D).  However, 167 
upon exposure to stress, eIF2α-S51A cells were significantly more sensitive than SCC 168 
cells with an intact ISR. Particularly, after 24 hrs of bortezomib treatment, the 169 
percentage of cells positive for the apoptotic marker Annexin-V was appreciably higher 170 
in S51A over S51 cultures (Figure 1E; Figure 1-figure supplement 1E). Taken together, 171 
our collective data thus far pointed to the view that when faced with proteotoxic stress, 172 
SCC cells harboring a functional ISR may gain a fitness advantage over their ISR null 173 
counterparts not by selectively dampening down global protein synthesis, but rather 174 
by shifting to a translational landscape that is more favorable for survival.   175 

 176 
 177 
The ISR promotes efficient clearance of protein aggregates  178 
 179 
When epidermal stem cells acquire a single oncogenic mutation and will eventually 180 
progress to SCC, they activate alternative translational pathways suggestive of an ISR 181 
(Blanco et al., 2016; Sendoel et al., 2017). Intriguingly, however, when we injected our 182 
SCC cells into the skins of immunocompromised, athymic (Nude) mice, S51A and S51 183 
SCC cells both formed tumors that grew similarly and showed similar morphologies 184 
(Figure 2A; Figure 2-figure supplement 1A). This was not attributable to ‘escapers’ that 185 
had somehow circumvented the S51A mutation in vivo, as FACS sorted SCC stem 186 
cells from our S51A tumors still displayed insensitivity to sodium arsenite-induced 187 
eIF2α phosphorylation in contrast to their S51 counterparts (Figure 2-figure 188 
supplement 1B). 189 
Most strikingly, when we treated our mice with bortezomib, the in vivo S51A SCC 190 
tumors exhibited significantly greater sensitivity to proteotoxic stress and apoptosis 191 
than their counterparts (Figure 2B). These findings were particularly relevant given 192 
that despite intense interest in proteasome inhibitors as a potential new line of cancer 193 
therapeutics, solid tumors have shown resistance to these drugs (Fournier et al., 2010; 194 
Manasanch & Orlowski, 2017). Taken together, our results raised the tantalizing 195 
possibility that if the ISR is first crippled in solid tumors, their tumor-propagating stem 196 
cells may be increasingly sensitive to added stress.   197 
 198 
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While the ISR is known to be activated by the types of unfolded proteins that 199 
accumulate upon proteasome inhibition (Figure 1-figure supplement 1A)(Pakos-200 
Zebrucka et al., 2016), it is incompletely understood how the pathway promotes cell 201 
recovery and survival in the face of this stress. Intrigued that ISR-null cells and tumors 202 
had an intrinsic liability in coping with protein aggregate stress, we established a two-203 
step in vitro model of first triggering SCC cells to accumulate an excess of unfolded 204 
proteins and then allowing them to recover from the stress. To this end, we treated 205 
cultured control or ISR-null SCC cells in vitro with a saturating dose of bortezomib for 206 
6 hrs, at which point we washed the cells and switched to fresh media to allow cells to 207 
recover (Figure 2C). Following this bortezomib "pulse", control SCC cells with a 208 
competent ISR recovered and began to proliferate within 24 to 48 hrs. In striking 209 
contrast, ISR-null SCC cells took a full 24 hrs longer than their counterparts before 210 
they began to proliferate again (Figure 2D). Intriguingly, this could not be imputed to 211 
differences in viability, since following this treatment regime, ISR-null and ISR-intact 212 
SCC stem cells displayed no difference in Annexin-V positivity either at 6 hrs of 213 
bortezomib treatment or at 24 hrs after recovery (Figure 2-figure supplement 2A-C). 214 
  215 
The first step in targeting unfolded proteins for degradation is their ubiquitination 216 
(Smith et al., 2011). We therefore examined the clearance of ubiquitinated proteins in 217 
SCC cells recovering from proteotoxic stress. Following treatment with bortezomib, 218 
cells were lysed in Radio-Immunoprecipitation Assay (RIPA) buffer, and soluble and 219 
insoluble proteins were then fractionated by centrifugation. Each fraction was 220 
normalized based on the protein concentration of the soluble fraction and then 221 
subjected to polyacrylamide gel electrophoresis and analyzed by anti-ubiquitin 222 
immunoblots. 223 
  224 
ISR-null and control SCC cells responded similarly to bortezomib, displaying a rapid 225 
jump in ubiquitinated proteins within 6 hrs of treatment (Figure 2E-F). After withdrawing 226 
bortezomib, however, the rate at which ubiquitinated proteins were cleared from the 227 
insoluble fraction was remarkably reduced in the ISR-null cells compared to controls 228 
SCC cell lysates. As lysine 48-linked polyubiquitin is the specific mark of proteins 229 
targeted for proteasomal degradation (Thrower et al., 2000), we performed anti-K48-230 
polyubiquitin immunoblot analyses (Figure 2E). These data confirmed that SCC cells 231 
that are unable to mount an ISR  are not defective in their E3-ubiquitin-ligase system 232 
per se, but rather are impaired in their ability to efficiently clear proteins that are 233 
marked for proteosomal destruction.  234 
  235 
We also used this assay to interrogate the source of the insoluble protein aggregates 236 
induced by bortezomib. To do so, we treated cells concurrently with cycloheximide, to 237 
block new protein synthesis and with bortezomib, to inhibit proteosome-mediated 238 
aggregated protein clearance. Inhibiting translation elongation with cyclohexamide or 239 
translation initiation with harringtonine nearly quantitatively blocked the buildup of 240 
protein aggregates following 6 hrs of bortezomib treatment. These data suggested that 241 
if an acute block in proteasome function occurs and SCC cells cannot respond quickly 242 
by slowing new protein synthesis, an imbalance in proteostasis arises, resulting in an 243 
accumulation of newly synthesized, unfolded proteins (Figure 2-figure supplement 244 
3A).  245 
 246 
We next addressed the extent to which the proteosome versus autophagy is 247 
responsible for the clearance of these ubiquitin-marked protein aggregates during the 248 
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recovery phase following bortezomib treatment. To do so, we treated with bortezomib 249 
for 6 hrs, and then after washing out the drug, we either allowed both pathways to 250 
participate in clearance or added bafilomycin A1 to block the autophagy pathway. As 251 
shown in Figure 2-figure supplement 3B, BafA1 delayed recovery partially but not fully. 252 
Taken together, these data indicated that both autophagy and the proteasome 253 
cooperate in clearing these ubiquitin-marked protein aggregates during the recovery 254 
phase following proteotoxic stress. 255 
 256 
  257 
The ISR responds to proteotoxic stress by upregulating translation of 258 
centrosomal proteins 259 
  260 
Our findings pointed to the view that the ISR is a major player in the process of cellular 261 
recovery from proteotoxic stress. The delayed rate in protein aggregate clearance 262 
seen in ISR-null cells was not attributable to a higher rate of global protein synthesis, 263 
as this was comparable to the ISR-competent control cells (Figure 1D). We therefore 264 
asked whether the ISR might be required to drive translation of select mRNAs upon 265 
proteotoxic stress, and if so, whether the proteins produced under such circumstances 266 
might give us clues into how the ISR functions in recovery.  To this end, we performed 267 
ribosome profiling to landscape the ISR-mediated impact on translation during 268 
proteotoxic stress (Figure 3A) (Ingolia et al., 2009; McGlincy & Ingolia, 2017). 269 
 270 
Briefly, we subjected control and ISR-null SCC cells to proteotoxic stress (bortezomib) 271 
versus vehicle control. Quadruplicate samples of each condition were then lysed in 272 
the presence of cycloheximide in order to preserve the ribosome location along 273 
transcripts. Total mRNAs were saved, and the remaining lysates were treated with 274 
RNase-I to digest away all mRNAs that were not protected by ribosomes. Total 275 
mRNAs and the ribosome protected fragments (RPFs) were then prepared for deep 276 
sequencing, and the translational efficiency was analyzed by assessing the ratio of 277 
RPFs to total mRNA reads, genome wide. 278 
  279 
Reads were aligned to the mouse reference genome, and quality control was 280 
performed to confirm that we had successfully purified and sequenced RNA fragments 281 
that were protected by actively translating ribosomes. Technical replicates were found 282 
to co-vary within samples by subjecting them to principal component analysis (Figure 283 
3-figure supplement 1A). As a second quality control, metagene analysis was 284 
performed, which demonstrated that the majority of RPFs were found within coding 285 
segments, with relative peaks at the translation start and stop sites, as would be 286 
expected from a high quality ribosome profiling dataset (Figure 3-figure supplement 287 
1B). The read lengths peaked between 29 and 32 nucleotides, corresponding to the 288 
correct length of mRNA protected by ribosomes from RNase-I digestion (McGlincy & 289 
Ingolia, 2017) (Figure 3-figure supplement 1C).  290 
 291 
Having verified the efficacy of our data, we next focused on the translational response 292 
to proteotoxic stress in eIF2α-S51 control SCC cells bearing an intact ISR. To this end, 293 
we sought to identify mRNAs that displayed increased ribosome occupancy (RPF FC 294 
>1.5 and padj(RPF) <0.05) in bortezomib compared to vehicle treated cells. To 295 
eliminate possible translational variances arising from transcriptional differences, we 296 
also normalized the RPF reads of each transcript according to total mRNA levels 297 
(Ingolia et al., 2009; McGlincy & Ingolia, 2017). This allowed us to identify genes with 298 
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translational efficiencies (TE) (RPF/mRNA) that are sensitive to bortezomib, and 299 
whose translational changes are at the heart of ISR-mediated differences (Figure 3B). 300 
Interestingly, in our S51-SCC cells with an intact ISR, proteotoxic stress provoked the 301 
translational upregulation of 199 mRNAs (RPF FC >1.5, padj (RPF) < 0.05 and TE FC 302 
> 1.5) (Figure 3C). 303 
 304 
Next, we performed the same analysis to compare ISR-competent and ISR-null cells 305 
upon proteotoxic stress. This revealed 167 mRNAs whose translational upregulation 306 
was dependent on the presence of an intact ISR (S51-bort vs S51A-bort (RPF FC 307 
>1.5, padj (RPF) < 0.05 and TE FC > 1.5)) (Figure 3D).  These findings clearly showed 308 
that when SCC cells are refractory to proteotoxic stress-induced phosphorylation of 309 
eIF2α, their translational program is selectively perturbed. 310 
  311 
To curate a list of specific ISR-targeted mRNAs, we identified genes for which the 312 
translation changed in response to bortezomib and only in cells with an intact ISR. To 313 
this end, we generated a Venn Diagram, comparing (A) the 199 mRNAs translationally 314 
upregulated in control cells following bortezomib treatment, and (B) the 167 mRNAs 315 
that failed to be translationally upregulated by bortezomib when the ISR was crippled. 316 
By this criterion, 24 mRNAs surfaced as candidates for bona fide ISR translational 317 
targets and showed strong enrichment across all four sets of translational replicates 318 
of proteotoxic stress-induced SCC cells harboring an intact ISR (Figures 3E and 3F).  319 
  320 
We used gene ontology enrichment analysis (GO-term) to ask if the ISR targeted sets 321 
of mRNAs corresponded to common biological processes or cellular components. The 322 
downregulated genes were clearly enriched in components of translational machinery, 323 
which is consistent with the known role for the ISR pathway in downregulating 324 
translation and housekeeping gene synthesis (Figure 3-figure supplement 1D). GO-325 
term analysis of the 24 upregulated ISR-targets was especially interesting (Figure 3G). 326 
Regulation of stress induced transcription featured prominently in the top GO-terms 327 
for biological processes and was exemplified by the presence of ATF4, a well-328 
established stress induced transcriptional regulator that is activated in premalignant 329 
SCC cells by non-canonical translation when eIF2α is phosphorylated (Sendoel et al., 330 
2017).  Most intriguing, however, were the top three GO-terms for cellular components: 331 
Centrosomal proteins, Microtubule organizing center (MTOC) proteins and 332 
Microtubule cytoskeletal proteins (Figures 3G and genes highlighted in green in Figure 333 
3F).  334 
  335 
The centrosome is the major cytoplasmic MTOC within interphase cells (Caviston & 336 
Holzbaur, 2006; Sanchez & Feldman, 2017; Woodruff et al., 2017). In SCC cells, like 337 
most other mammalian cells, the MTOC is located near the nucleus, where it is 338 
surrounded by pericentriolar proteins important for plus-ended microtubule growth 339 
towards the cell periphery. The polarity of microtubules establishes polarized 340 
transport, which depending upon the motor protein involved, can occur either towards 341 
the minus ends at the MTOC, or along the plus ends of the microtubules towards the 342 
focal adhesions. 343 
 344 
Although the ISR had not been previously found to regulate the microtubule 345 
cytoskeleton, we were intrigued by the possibility that the ISR was influencing 346 
microtubule dynamics in response to proteotoxic stress, which in turn might affect how 347 
efficiently proteins are cleared during the recovery phase. This possibility was all the 348 
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more compelling because protein aggregate formation and clearance is known to 349 
depend on microtubule-dependent intracellular transport (Kopito, 2000). Of further 350 
intrigue was the mRNA for ATF5, which like that for ATF4, displayed dramatic 351 
increases in translation specifically in ISR-competent SCC cells exposed to 352 
proteotoxic stress and not in the ISR-null SCC counterparts (Figures 3H and 3I). ATF5 353 
has been previously demonstrated to play a non-transcriptional role at the 354 
centrosome(Madarampalli et al., 2015), strengthening the hypothesis that ISR 355 
activation was driving a subset of centrosomal proteins to preserve the response to 356 
proteotoxic stress. We therefore set out to evaluate how the centrosome and 357 
microtubule dynamics were changing in response to stress in SCC cells with or without 358 
an intact ISR. 359 
 360 
  361 
The ISR protects centrosomal microtubule dynamics  362 
  363 
To evaluate the status of the centrosome during stress, we performed 364 
immunofluorescence for centrosomal markers pericentrin (PCNT) and γ-tubulin 365 
(TUBG1).  Fluorescence intensities of both markers were significantly increased in 366 
control, but not ISR-null, cells and specifically in response to proteotoxic stress (Figure 367 
4A and Figure 4-figure supplement 1).  Quantifications further revealed that the overall 368 
size of the MTOC was also enlarged in response to this stress, but only when the ISR 369 
was intact (Figure 4B).  This was especially intriguing because the pericentriolar region 370 
that surrounds the centrioles of the microtubule organizing centers is a special site of 371 
protein catabolism within the cell, concentrating both autophagosome and lysosomes 372 
as well as proteasomes and proteins marked for degradation (Freed et al., 1999; Liu 373 
et al., 2016; Wigley et al., 1999) . Moreover, although the highly transformed, long-374 
passaged HeLa cell line lacks physiological relevance, it was notable that proteosome 375 
inhibition in these cells resulted in the accumulation of pericentriolar material, including 376 
pericentrin and γ-tubulin (Didier et al., 2008). When we placed these data in the context 377 
of our new findings, we became all the more interested that the ISR may be at the crux 378 
of reinforcing microtubule dynamics following proteotoxic stress.  379 
  380 
If our premise was valid, then when cells cannot trigger an ISR in the face of stressful 381 
situations, microtubule-dependent processes should be vulnerable.  To evaluate 382 
microtubule dynamics during the recovery phase of our cells following proteotoxic 383 
stress exposure, we briefly interrupted existing microtubule assembly/disassembly 384 
dynamics with nocodazole and then examined nascent microtubule nucleation 385 
initiated from the centrosome (Figures 4C and 4D).  386 
  387 
In the absence of stress, the ISR-null state did not appreciably affect MTOC-initiated 388 
microtubule dynamics (Figure 4D). In striking contrast, the vulnerability of microtubule 389 
dynamics in the ISR-null state became clear when we exposed our cells to the 390 
proteotoxic stress and monitored the recovery process. Even after 4 hrs of bortezomib 391 
recovery, microtubule growth from the MTOC was still markedly impaired in the ISR-392 
null compared to control SCC cells (Figure 4D).  Since microtubule dynamics were 393 
independent of the ISR in the unstressed state, these results suggested that the ISR 394 
is required to reinforce the microtubule dynamics involved in cellular recovery following 395 
proteotoxic stress.  396 
  397 
  398 
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The ISR is required for aggresome formation 399 
  400 
Our evidence that protecting microtubule dynamics during proteotoxic stress is a major 401 
function of the ISR was all the more compelling because of known role for microtubules 402 
in assembling ubiquitinated protein aggregates into larger membraneless structures 403 
called aggresomes (Johnston et al., 1998; Wigley et al., 1999). Through their ability to 404 
associate with proteasomes and autophagosomes, aggresomes appear to be a key 405 
intermediate in the clearance of improperly folded proteins. 406 
  407 
With these insights in mind, and the general view that aggresomes function beneficially 408 
in cellular recovery from proteotoxic stress, we evaluated aggresome formation in our 409 
SCC cells following withdrawal of bortezomib (Figure 5A). To this end, we used 410 
immunofluorescence for p62/SQSTM1, a protein involved in shuttling ubiquitinated 411 
protein aggregates to the aggresome (Christian et al., 2010). As judged by 412 
convergence of intense anti-p62 immunofluorescence to a single large perinuclear 413 
spot within each S51 cell, misfolded protein aggregates began to coalesce into the 414 
aggresome soon after bortezomib withdrawal, peaking at approximately 8 hrs into the 415 
recovery phase (Figure 5B, top panels). By 24 hrs, the recovery phase appeared to 416 
be complete, as the aggresome was no longer present (see quantifications at right). 417 
These findings were in good agreement with the clearance of ubiquitinated misfolded 418 
proteins that had accumulated during the proteosome block (Figure 2E). 419 
  420 
In striking contrast to S51 cells, the S51A cells lacking an intact ISR showed 421 
pronounced defects in their ability to clear misfolded proteins that had accumulated 422 
during bortezomib treatment.  The rise in cytoplasmic p62 immunofluorescence during 423 
the proteosomal block indicated that small protein aggregates had formed in the S51A 424 
cells exposed to proteotoxic stress (Figure 5B, bottom panels). However, even at 8 425 
hrs after bortezomib withdrawal, only a few S51A cells displayed the bright perinuclear 426 
spot reflective of the aggresome. Moreover, while S51 cells had cleared their protein 427 
by 24 hrs after culturing in normal media, S51A cells still exhibited anti-p62 428 
coalescence, indicative of a marked delay in clearance of unfolded proteins. 429 
  430 
Further signs of cellular defects during the recovery process were evident at the 431 
ultrastructural level.  After 8 hrs of recovery, electron dense protein aggregates 432 
pushing into the nucleus were observed in the perinuclear regions of S51 but not S51A 433 
cells. These structures were absent in unstressed cells. (Figures 5C and Figure 5-434 
figure supplement 1A-C). Co-immunolabeling for p62 and γ-tubulin confirmed that the 435 
perinuclear structures present in S51 cells were indeed aggresomes (Figure 5D). 436 
Moreover, S51 cells displayed signs of nuclear deformation, often observed during the 437 
aggresome clearance phase. By contrast, when detected in S51A cells, aggresomes 438 
tended to be small. Rather, S51A cells often displayed widespread vacuole-like 439 
structures which have been reported to occur when the ER becomes overwhelmed 440 
with misfolded proteins (Mimnaugh et al., 2006) (Figure 5-figure supplement 1C).  441 
 442 
Since these structures did not accumulate in S51 cells, it seemed likely that the root 443 
of this phenotype was the inability of ISR-null cells to cope with de novo protein 444 
synthesis in the face of acute proteotoxic stress. However, this did not explain why 445 
clearance of cytoplasmic protein aggregates was markedly diminished in S51A cells.  446 
Rather, the surprising dependence upon an intact ISR for SCC cells to form 447 
aggresomes during proteotoxic stress recovery led us to posit that the ISR functions 448 
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critically in sustaining the necessary microtubule dynamics to enable efficient transport 449 
of misfolded proteins to the MTOC, where they can form aggresomes and be targeted 450 
for perinuclear proteosomal and autophagosomal clearance.  451 
 452 
To further challenge the relation between microtubule dynamics and aggresome 453 
formation, we used the drug, paclitaxel, a chemotherapy that stabilizes microtubules 454 
while at the same time disrupting their dynamics. Strengthening the link between the 455 
ISR, microtubule dynamics, and aggregate clearance, treating cells with paclitaxel 456 
following the induction of protein aggregates potently blocked aggresome formation, 457 
phenocopying the ISR-null cells during this process (Figure 5-figure supplement 2A). 458 
Blocking microtubules polymerization by treating cells with nocodazole had a similar 459 
effect and resulted in a significant reduction in aggresome formation (Figure 5-figure 460 
supplement 2B).  461 
 462 
 463 
The integrated stress response is required for migration and focal adhesion 464 
homeostasis following protein aggregate stress 465 
  466 
During the course of our previous experiments, we made several observations 467 
regarding the cellular morphology, which supported the conclusion that the ISR was 468 
required to maintain proper microtubule dynamics in the face of protein aggregate 469 
stress. First, we noticed that control, but not ISR-null cells, went through a dramatic 470 
change in cell shape while recovering from aggregate stress. Specifically, control cells 471 
"unspread", becoming more compact and tall between 4 and 8 hrs after washing out 472 
bortezomib, the timepoints correlating with peak aggresome formation. ISR-null cells 473 
on the other hand, did not similarly round, and instead they maintained a flattened 474 
shape with some cells also forming elongated processes. Examples of these 475 
differences are shown in Figure 6-figure supplement 1. 476 
  477 
The long cellular extensions were reminiscent of that seen when keratinocytes 478 
displayed defects in the turnover of focal adhesions, a process that we had previously 479 
shown depends not only upon focal adhesion proteins (Schober et al., 2007), but also 480 
on the ability of microtubules to deliver turnover cargo to the focal adhesions (Wu et 481 
al., 2008). Specifically, microtubule-mediated cargo transport is essential for focal 482 
adhesion disassembly and cell migration (Ezratty et al., 2005; Yue et al., 2014). While 483 
the transport of protein aggregates to the centrosome involves minus end-directed 484 
molecular motors, transport to the focal adhesions requires plus end-directed motors. 485 
Reasoning that a defect in MTOC-mediated microtubule dynamics might affect both 486 
processes, we examined the focal adhesions in control and ISR-null cells following 487 
proteotoxic stress. As judged by immunofluorescence for vinculin, upon proteotoxic 488 
stress the ISR promoted a remodeling in cell morphology evident by diminished focal 489 
adhesion and F-actin staining. By contrast, ISR-null cells retained large focal 490 
adhesions suggestive of impaired cytoskeletal dynamics. (Figure 6A). This ISR-491 
mediated difference was specific to stress and was not seen when control and ISR-492 
null cells were cultured in normal media under unstressed conditions. Compellingly, 493 
further analysis of our ribosome profiling dataset revealed a significant enrichment of 494 
focal adhesion genes within mRNAs translationally downregulated upon ISR induction 495 
(Figure 3-figure supplement 1D), suggesting that ISR-mediated translational control 496 
stands at the crux of these dramatic morphological changes by selectively 497 
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upregulating microtubule dynamics and, at the same time, downregulating focal 498 
adhesion components. 499 
 500 
To directly evaluate focal adhesion dynamics in our cells we generated a zyxin-iRFP 501 
construct that would allow for live imaging of cells. Indeed, ISR-null SCC cells 502 
recovering from proteotoxic stress possessed large, stable focal adhesions that did 503 
not disassemble, rendering the cell immobile over the time frame whereas control SCC 504 
cells disassembled their large focal adhesions and displayed considerable dynamics 505 
(Figure 6B and Supplemental Video 1). To confirm these aberrant dynamics, we 506 
performed a scratch wound assay to induce cell migration following bortezomib 507 
treatment. In agreement with our previous data showing large and stable focal 508 
adhesion, ISR-null cells showed markedly impaired mobility relative to control cells 509 
and failed to migrate into the wound site (Figure 6C and Supplemental Video 2-3). 510 
Taken together, these results provided further evidence that in the absence of an ISR, 511 
SCC cells exposed to proteotoxic stress are slow to ignite the microtubule dynamics 512 
necessary for recovery.   513 
 514 
ATF5 acts downstream of the ISR to promote aggresome formation and the 515 
recovery from proteotoxic stress 516 
 517 
Our collective data strongly implicated the ISR in regulating microtubule dynamics with 518 
the purpose of promoting aggresome assembly and the efficient clearance of protein 519 
aggregates that accumulate during proteotoxic stress. Additionally, our analysis of 520 
ISR-dependent translational changes, revealed a selective upregulation of 521 
centrosomal proteins upon proteotoxic stress (Figure 3G). In particular, we were 522 
intrigued by ATF5, which has been described as an integral component of the MTOC 523 
(Madarampalli et al., 2015). In agreement with these previous findings, confocal 524 
microscopy revealed that upon recovery from proteotoxic stress, ATF5 localized at the 525 
centrosome in ISR-competent SCC cells (Figure 7A). Hence, we reasoned that 526 
translational upregulation of ATF5 might be needed to regulate microtubule dynamics 527 
in the face of proteotoxic stress. To test this hypothesis, we engineered ISR-null cells 528 
to overexpress doxycycline-inducible, GFP-tagged ATF5 (Figures 7B and 7C). 529 
 530 
To understand whether ATF5 is needed to clear protein aggregates, we first examined 531 
the clearance of ubiquitinated proteins during the recovery phase following a pulse of 532 
bortezomib. Remarkably, expression of ATF5 significantly improved the ability of ISR-533 
null cells to clear ubiquitinated proteins, as assessed by immunoblot of ubiquitinated 534 
proteins in the insoluble fraction of cells after 24 hrs recovery from bortezomib (Figure 535 
7D and 7E). Strikingly, this corresponded with a significant increase in aggresome 536 
formation, indicating that ISR-mediated ATF5 up-regulation is needed to promote the 537 
retrograde transport of misfolded proteins and the subsequent accumulation of protein 538 
aggregates at the MTOC (Figure 7F). This effect was mediated via protection of 539 
microtubule dynamics as evidenced by increased pericentrin mean fluorescence 540 
intensity at the centrosome in ISR-null cells expressing ATF5 after recovery from 541 
bortezomib treatment (Figure 7G).  542 
 543 
Finally, we asked whether ISR-mediated ATF5 induction promotes cell survival upon 544 
proteotoxic stress of SCC cells in vivo. To this end, we turned to our grafting model 545 
where ISR-null cells displayed increased sensitivity to proteasome inhibition. 546 
Consistent with our hypothesis, ATF5 expression rescued the selective sensitivity to 547 
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bortezomib shown by ISR-null cells. This occurred in the absence of changes in 548 
viability in tumors at steady state (Figure 7H). Altogether, these data implicate ATF5 549 
as a critical ISR target, which orchestrates microtubule dynamics to facilitate the 550 
clearance of protein aggregates and promote cell recovery upon proteotoxic stress. 551 
 552 
 553 
Discussion 554 
 555 
Although a handful of reports have linked the actin cytoskeleton to eIF2a 556 
dephophorylation (Chambers et al., 2015; Chen et al., 2015), cytoskeletal regulation 557 
has not been viewed as a primary function of the ISR. In the current study, we 558 
unearthed a novel and essential role for the ISR in regulating the cytoskeleton, 559 
specifically through preserving microtubule dynamics in stressful situations. We 560 
showed that by doing so, proteotoxically stressed cells can accomplish the necessary 561 
intracellular trafficking to efficiently clear misfolded proteins and prevent them from 562 
accumulating and overtaxing the ER.  563 
 564 
Our findings led us to the remarkable conclusion that the ISR not only is required to 565 
mount a stress response, but also to maintain cell function during recovery from stress. 566 
Although the existence of negative feedback loops that downregulate the ISR upon 567 
termination of stress has long been appreciated (Novoa et al., 2001), an active role for 568 
the ISR in cellular recovery following a stressful experience has hitherto gone largely 569 
unrecognized. 570 
 571 
By temporally profiling the translational differences that arise when proteotoxically 572 
stressed SCC cells are unable to mount an ISR, we gained insights into the 573 
mechanisms underlying the ISR’s importance.  Specifically, we learned that when ISR-574 
competent cells are exposed to proteotoxic stress, they redirect their translational 575 
machinery to a cohort of mRNAs encoding centrosomal proteins. We show that these 576 
proteins function in bolstering the MTOC and reinforcing its microtubule dynamics. 577 
This then facilitates efficient microtubule-mediated transport of misfolded proteins to 578 
the perinuclear space, where they can be assembled into aggresomes and targeted 579 
for ubiquitin-mediated degradation during the stress recovery phase.  Indeed, as we 580 
showed, when eIF2α cannot be phosphorylated and the ISR core is thereby crippled 581 
in proteotoxically stressed cells, the centrosomal proteins are not translated, and 582 
microtubule dynamics emanating from the MTOC are disrupted. As judged by 583 
deficiencies in the aggresome assembly and in focal adhesion turnover, both 584 
retrograde and anterior grade transport of microtubule cargo are slow to recover 585 
following stress, thereby impairing cell fitness. Compellingly, the ISR not only 586 
upregulates a subset of centrosomal proteins, but also downregulates focal adhesion 587 
components, surfacing a network of ISR-regulated cytoskeletal dynamics that directs 588 
morphological changes critical for cell recovery. 589 
 590 
Microtubule trafficking is important to bring misfolded proteins to the perinuclear 591 
space, and our results provided compelling evidence that the ISR functions in this 592 
process. However, our findings also pointed to a hitherto unappreciated role of the ISR 593 
in aggresome assembly specifically. Our studies revealed that this function is in part 594 
mediated by ATF5, a translational target of the ISR in proteotoxically stressed SCC 595 
cells and a previously documented structural component of the centrosomal MTOC 596 
(Madarampalli et al., 2015). We showed that during recovery from protein aggregate 597 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 14, 2022. ; https://doi.org/10.1101/2022.02.13.480280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.13.480280
http://creativecommons.org/licenses/by/4.0/


 
 

13 

stress, the MTOC size increases concomitantly with aggresome formation, and both 598 
of these events depend upon an intact ISR.  Our data support a model in which ISR-599 
mediated translational upregulation of centrosomal proteins, including ATF5, is 600 
required to remodel the MTOC and concentrate protein aggregates in the perinuclear 601 
space so that they can be degraded and cleared by proteosomes and 602 
autophagosomes.  603 
 604 
Several studies have provided tantalizing evidence that some cells may be able to 605 
asymmetrically partition their centrosomal aggregates when division resumes 606 
following proteotoxic stress, such that one daughter (e.g. a stem cell) remains healthy, 607 
while the other daughter inherits the aggregates and becomes slated to differentiate 608 
(Morrow et al., 2020; Rujano et al., 2006; Singhvi & Garriga, 2009). We did not see 609 
evidence for this in our SCC cells. Rather, there was a lag in cell cycle reentry such 610 
that it coincided with the timing at which accumulated ubiquitinated misfolded proteins 611 
were cleared (Figures 2D and 5B). This coupling was especially striking in comparing 612 
the behaviors of ISR-null versus ISR-competent cells. Thus, during the recovery 613 
phase, ISR-null cells were delayed by > 24 hrs in both aggregate clearance and cell 614 
cycle re-entry. That said, when the ISR was crippled either in vivo or in vitro, SCC cells 615 
were jeopardized in their overall ability to survive proteotoxic stress.  In this scenario, 616 
as a major regulator of cell survival in response to proteotoxic stress, our findings 617 
suggest that by coupling  pharmacologic inhibition of the ISR (Sidrauski et al., 2015) 618 
with proteosomal inhibitors such as bortezomib, such a regimen may find an Achilles 619 
heel for this family of difficult to treat cancers.  620 
 621 
Ideas and speculation 622 
Our findings are also likely to have relevance for other diseases, including 623 
neurodegenerative diseases, which are driven by or associated with protein 624 
aggregates (Soto & Pritzkow, 2018). To date, the function of the ISR in 625 
neurodegenerative diseases has been attributed largely to the emergence of 626 
alternative translation pathways and to ATF4 transcriptional activity that drives 627 
expression of cytoplasmic chaperones and balances cell survival and cell death (Bond 628 
et al., 2020; Costa-Mattioli & Walter, 2020). In SCC cells, although it is possible that 629 
chaperones may be upregulated indirectly through ISR-driven transcription factors, 630 
these proteins did not emerge as major translational targets of the ISR in our ribosome 631 
profiling analysis. Moreover, since cells have parallel pathways, most notably the heat 632 
shock response, that can upregulate chaperones when needed (San Gil et al., 2017), 633 
it seems unlikely that this would be ISR’s sole function in maintaining proteostasis.   634 
 635 
The necessity of an ISR-driven pathway to preserve centrosome dynamics during 636 
proteotoxic stress raises an important question regarding centrosome function in 637 
neurodegenerative disorders.  If ISR-driven translation of centrosomal proteins is 638 
required to protect microtubule dynamics during stress, it follows that the accumulation 639 
of unfolded proteins should negatively impact the MTOC and/or its microtubule-640 
associated dynamics. In Alzheimer’s disease and other tauopathies, the microtubule 641 
associated protein Tau is the main driver of the aggregates of neurofibrillary tangles 642 
that ensue, and this alone is likely to negatively impact microtubule-mediated 643 
trafficking in neurons (Ballatore et al., 2007). In addition, misfolded protein aggregates 644 
often inadvertently sequester properly folded cellular proteins, such as p62 and the 645 
disaggregase p97/VCP, which can exacerbate their toxic effects on cells (Donaldson 646 
et al., 2003; Olzscha et al., 2011; Yang & Hu, 2016). It seems plausible that misfolded 647 
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protein aggregates might either sequester low-complexity centrosomal or 648 
pericentrosomal proteins (Woodruff et al., 2017), or structurally interfere with MTOC 649 
function. In fact, one study found that proteotoxic stress does indeed inhibit 650 
centrosome function in neurons (Didier et al., 2008), raising the question as to whether 651 
the ISR might also be involved in maintaining the MTOC of long-lived, non-dividing 652 
neurons, which face challenging microtubule-mediated cellular trafficking dynamics of 653 
the likes that few if any other cell type of the body does.  654 
 655 
In summary, our work supports a model in which most if not all cells, but likely cancer 656 
cells and neurons in particular, rely upon the ISR to restore proteostasis following 657 
protein aggregate stress. By redirecting the translational machinery towards 658 
synthesizing proteins involved in enlarging the MTOC and bolstering microtubule 659 
dynamics, the ISR aids in the intracellular microtubule-mediated trafficking necessary 660 
to assemble aggresomes at the MTOC, where they can be efficiently targeted to the 661 
perinuclear protein degradation machinery.  662 
 663 
 664 

Materials and methods 665 
CRISPR cloning 666 
Lentiviral particles containing the gene replacement construct, pLKO-PGK-eIF2α-667 
mycTag-P2A-NeoR were prepared by transfecting the lentiviral plasmid along with 668 
packaging plasmids into HEK293T cells, and viral supernatant was collected 48 hours 669 
post transfection. This construct was integrated into the genome of a clonal, parental 670 
primary SCC mouse line by incubating 100 μL with 0.1 mg/mL polybrene for 8 hours. 671 
48 hours later cells with the integrated construct were selected with 0.5 mg/mL 672 
Neomycin selection for 2 days. Following selection the endogenous allele was 673 
targeted for deletion using CRISPR-Cas9 RNP particles. The replacement allele had 674 
a synonymous mutation in the PAM site rendering it resistant to this CRIPSR 675 
construct. CRISPR-Cas9 RNP particles targeting the endogenous allele were 676 
prepared as follows: eIF2α gRNA (target sequence: ATATTCCAACAAGCTGACAT) 677 
was designed using Guidescan software (Perez et al., 2017) and complexed with 678 
ATTO550-tracrRNA and Cas9. All reagents were acquired from IDTdna’s “AltR 679 
system”. Duplexed gRNA:tracrRNA was prepared by mixing 1 μM of each component 680 
in IDTdna duplex buffer, heated to 95° C in a thermocycler and annealed by gradually 681 
lowering the temperature to 25° C at a rate of 0.1° C/second. Duplexed 682 
gRNA:tracrRNA was complexed with Cas9 by mixing 1 μM of the duplex with 1 μM 683 
Cas9 in OptiMEM (ThermoFisher) and incubating at room temperature for 5 minutes.   684 
RNP complexes then were transfected into 60% confluent 12 well plates using 685 
RNAiMAX as follows: 30 μL of 1 μM RNP complexes were mixed with 4.8 μL RNAiMAX 686 
in 335 μL of optiMEM and RNP-lipid complexes were allowed to form for 15 minutes 687 
at room temperature. At the end of the incubation 400 μL of complexes were added 688 
dropwise to cells, and media was changed 16 hours later. 48 hours after transfection 689 
single cells were isolated using fluorescence activated cell sorting (FACS) as follows: 690 
Cells were dissociated with trypsin (Gibco) and resuspended in 500 μL of FACS  buffer 691 
(PBS supplemented with 5% FBS and 5 uM EDTA), and single, ATTO-550 positive 692 
cells were sorted using BD FACSAria cell sorter into wells of 96-well plates containing 693 
100 μL of 50-50 mixture of fresh media and conditioned media. Clones that grew to 694 
confluency were transferred to 12 well plates, and following growth to confluency in 12 695 
well plates, cells were dissociated with trypsin and frozen in freezing media 696 
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supplemented with 10% FBS and 10% DMSO. At this stage a small aliquot of cells 697 
(75% of the plate) was lysed in 200 μL of QuickExtract DNA Extraction solution 698 
(Lucigen) and gDNA was prepared by heating to 65° C for 10 minutes followed by heat 699 
inactivation at 95° C for 2 minutes. These gDNA samples were used for further 700 
analysis. For HRI KO cells the protocol was exactly the same except that gRNA 701 
targeting HRI (target seq: ATTTAAACACCTGTTTGGAG) was used.   702 

 703 
NGS analysis of CRISPR outcomes 704 
Knockout of the endogenous allele was evaluated using primers targeting a 300 705 
basepair region of genomic DNA with the targeted locus in the middle of the amplicon. 706 
Primers had 5’ overhangs with sequences compatible with the Illumina Nextera XT 707 
index primers (R: overhang: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG, L 708 
overhang: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG).  Amplicons were 709 
generated with 1 μL of input gDNA and the NEB phusion kit according to 710 
manufacturer’s instructions, and amplicons were isolated using Agencout Ampure XP 711 
beads (Beckman Coulter). A second barcoding PCR was performed using Nextera XT 712 
index primers as follows: 2 μL of cleaned amplicons were used as input, primers were 713 
added so that each isolated clone had a unique combination of left and right barcodes, 714 
and barcodes were added using a 8 cycle PCR reaction with 55° C annealing temp, 715 
again with the NEB Phusion kit, and the barcoded amplicons were cleaned and primer 716 
dimers were removed using Ampure XP beads. Amplicons were normalized to the 717 
same concentration, pooled, and sequenced using a single Illumina MiSeq Nano lane 718 
using the 250 basepair, paired end kit. Demultiplexed reads were analyzed and 719 
screened for indels using the RGEN Cas Analyzer (http://www.rgenome.net). A KO 720 
clone was confirmed if the only reads detected in that sample were indels that would 721 
create a frameshift. 722 
 723 
Cell culture 724 
Primary murine SCC cells were generated and cultured in E medium supplemented 725 
with 15% FBS and 50 mM CaCl2 as previously described (Yang et al., 2015). Cells 726 
were passaged 3 times per week and passage numbers were maintained counting 727 
from the point of cell line generation. Frozen cell stocks were generated by freezing 728 
cells in complete media supplemented with 10% additional FBS and 10% DMSO. 729 
ATF5-GFP overexpressing cells were generated by infecting ISR-null cells with ATF5-730 
GFP lentivirus in the presence of 5 µg/mL polybrene. Infected cells were selected 731 
using 2 µg/mL puromycin for 5 days. Induction of ATF5 was induced using 1 µg/mL 732 
doxycycline at the time of plating for eachexperiment. 733 
 734 
Proliferation and cell viability assays 735 
For proliferation assays 2500-5000 cells were plated per well in clear-bottom, black 736 
optical 96 well plates (Nunc) and allowed to attach overnight. A baseline plate was 737 
collected the next day as a zero hour sample, and then plates were collected at 24, 738 
48, and 72 hours after this timepoint. At the time of collection media was washed and 739 
cells were fixed in 4% PFA in PBS for 10 minutes at room temperature. After fixation, 740 
PFA was washed with PBS and cells were stored in PBS at 4° C until the end of the 741 
experiment. Following collection of the final plate, nuclei were stained in all samples 742 
using 1 ug/mL DAPI in PBS for 5 minutes at room temperature. DAPI was washed and 743 
replaced with PBS, and nuclei were imaged on a Biotek Cytation 5 high content 744 
imager, and cells were counted using Gen5 software. To measure cell death, single-745 
cell-suspensions were washed once with PBS, stained with 3 μl of AnnexinV-PE 746 
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conjugates (Thermo Fisher) and 0.1 μg/ml DAPI (Thermo Fisher) in 100 μl of 1X 747 
Annexin Binding Buffer (Thermo Fisher) for 15 min at room temperature. Data were 748 
collected using a BD LSR Fortessa X20 flow cytometer and analyzed using FlowJo 749 
software. 750 
 751 
Measurement of translation rates 752 
Cells were plated to 75% confluency in 6 well plates. The next day cells were treated 753 
with 50 μM sodium arsenite, 100 ng/mL tunicamycin or 100 nM borteozomib, or a 754 
vehicle control and incubated at 37° C for 6 hrs. At this time 20 μM puromycin was 755 
supplemented to the media, and cells were incubated for 30 min. Cells were then lysed 756 
in RIPA buffer and translation rates were evaluated by immunoblotting for 757 
puromycilated peptides using an anti-puromycin antibody.  758 
 759 
Microtubule nucleation assay 760 
Cells were plated to 50% confluency in glass slides (Millicell EZ, Millipore Sigma) and 761 
treated with 100 nM bortezomib or a vehicle control for 6 hrs followed by a PBS wash 762 
and replacement with fresh media. 4 hrs later the media was supplemented with 13 763 
μM nocodazole, and cells were incubated at 37° C for 20 mins. At the end of the 764 
incubation slides were washed and media was replaced with fresh, nocodazole-free 765 
media, and microtubules were allowed to recover during a 2 min incubation at room 766 
temperature. At this time cells were fixed in 4% PFA for 10 min at room temperature. 767 
Additional control slides without nocodazole or with nocodazole and no recovery were 768 
fixed as controls. Slides were processed for immunofluorescence targeting α-tubulin, 769 
pericentrin, and λ-tubulin, immunofluorescence signal was imaged by confocal 770 
microscopy, and microtubule nucleation rates were evaluated by quantifying the 771 
relative α-tubulin signal intensity within the centrosome region, which was defined 772 
using 3D volumetric assessment (Imaris) of pericentrin-positive volumes.   773 
 774 
Scratch assay 775 
Cells were plated in plastic bottom optical slides (Ibidi 80826) and allowed to reach 776 
confluency in in 48 hours. At this time cells were treated with 100 nM bortezomib or a 777 
vehicle control for 6 hours followed by PBS wash and replacement with fresh, drug-778 
free media. At the time of wash scratch wounds were manually created by gently 779 
scaping cells using a rubber cell scraper. Movement of wound-edge SCC cells was 780 
evaluated using time-lapse confocal microscopy of GFP signal (marking all cells) with 781 
images acquired every 2 minutes for 8 hours. Scratch closure was evaluated using 782 
Imaris software to measure the percentage of scratch closed by leading edge cells 783 
over the course of the experiment.  784 
 785 
FACS isolation of ex vivo tumor cells  786 
To sort SCC cells out of tumors formed from ISR-WT and ISR-null cells lines, Day 35 787 
tumors were dissected from the skin and finely minced in 0.25% of collagenase 788 
(Sigma) in HBSS (Gibco) solution. The tissue pieces were incubated at 37º C for 20 789 
minutes with gently shaking. After a single wash with ice-cold PBS and samples were 790 
further digested into single cell suspension in 0.25% Trypsin/EDTA (Gibco) for 10 min 791 
at 37º C. After neutralization with the FACS buffer (PBS supplemented with 4% FBS, 792 
5 mM EDTA, and 1 mM HEPES), single-cell suspensions was then centrifuged, 793 
resuspended, and strained before preparing for staining. A cocktail of Abs for surface 794 
markers at the predetermined concentrations (CD31-APC 1:100, Biolegend; CD45-795 
APC 1:200, Biolegend, CD117-APC 1:100, Biolegend; CD140a-APC 1:100, Thermo 796 
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Fisher; CD29-APCe780, 1:250, Thermo Fisher, Biolegend) was prepared in the FACS 797 
buffer with 100 ng/ml DAPI. Sorting was performed using a BD FACSAria equipped 798 
with FACSDiva software to isolate a population of cells that was GFP-positive (pan-799 
SCC), DAPI-negative (live), and APC-negative (dump gate to exclude immune cells, 800 
endothelial cells, and fibroblasts), and new cell lines were established from bulk 801 
populations of sorted cells.  802 
 803 
Tumor allografting 804 
Squamous cell carcinoma allografts were generated by intradermally injecting 1x105 805 
SCC cells suspended in a 50:50 mix of PBS and growth-factor reduced Matrigel 806 
(Corning, 356231) in an injection volume of 50 μL. Grafts were generated in the flanks 807 
of 6-8 week old female (Nude) mice. Tumor dimensions were measured every 5 days 808 
using electronic calipers and tumor volume was calculated using the formula V = 0.5 809 
× length × width2. For tumor growth experiments sample sizes of N=8 were calculated 810 
to yield an 80% power to detect a significant (p<0.05) effect size of 50% assuming 811 
standard deviation of 25%, conservate estimates based on past lab experience 812 
suggesting targeting ISR-related genes in SCC which yielded larger effect sizes 813 
(Sendoel et al., 2017). Experiment was performed twice ISR-WT and ISR-null using 814 
two different clones for each, with each experiment powered independently to 80%, 815 
yielding total sample size of N=16 when pooling data. Experiments evaluating 816 
apoptosis in vivo were set up for 80% power to detect a significant (p<0.05) effect size 817 
of 66% with 25% SD, which yielded minimum sample size of N=4.    818 
 819 
Immunofluorescence/histology 820 
For immunofluorescence of tumors, samples were fixed in 4% PFA for 1 hr at room 821 
temperature , dehydrated in 30% sucrose overnight at 4°C, and mounted into OCT 822 
blocks and frozen. 14 μm thick sections were cut using a Leica cryostat deposited onto 823 
SuperFrost Plus slides (VWR). For immunofluorescence of cells in culture, cells were 824 
plated on glass slides (Millicell EZ, Millipore Sigma) coated with human plasma 825 
fibronectin (Millipore Sigma) diluted to 100 μg/mL in PBS. At the conclusion of 826 
experiments samples were fixed with 4% PFA for 10 minutes at room temperature. 827 
Samples were permeabilized with 0.3% Triton-X100 in PBS and blocked using 2.5% 828 
normal donkey serum, 2.5% normal goat serum, 1% BSA, 2% fish gelatin, and 0.3% 829 
Triton X-100 in PBS. Primary antibodies were applied in blocking buffer overnight at 830 
4° C. Samples were washed with 0.1% Triton X-100 and secondary antibodies with 831 
Alexa 488, Alexa 594, and Alexa 647 were applied for 1 hour at room temperature in 832 
blocking buffer containing 1 μg/mL DAPI. Slides were washed with 0.1% triton and 833 
mounted using Prolong Diamond Antifade Mountant with DAPI (ThermoFisher).  834 
 835 
Microscopy and image analysis 836 
Microscopy of tumors and 40X images of aggresomes and spreading cells were 837 
performed using an Axio Observer Z1 epifluorescence microscope equipped with a 838 
Hamamatsu ORCA-ER camera (Hamamatsu Photonics), and with an ApoTome.2 839 
(Carl Zeiss) slider using a 20X air, 40X oil, or 63X oil objective. 63X confocal 840 
microscopy images were collected on an Andor Dragonfly spinning disk imaging 841 
system with a Leica DMi8 Stand and cMOS Zyla camera. Images were analyzed in 842 
FIJI or Imaris. For fluorescence intensity measurements of tumors GFP masks were 843 
generated and signal was measured within the mask. Aggresomes were manually 844 
counted as discrete p62-positive juxtanuclear puncta on maximum intensity Z-845 
projections. Cell dimensions were calculated using the length measuring tool, and cell 846 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 14, 2022. ; https://doi.org/10.1101/2022.02.13.480280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.13.480280
http://creativecommons.org/licenses/by/4.0/


 
 

18 

spreading was evaluated manually by observing for spread morphology. RGB images 847 
were generated with FIJI and saved as TIFF files. For 3-dimensional reconstructions 848 
and volumetric analyses of microtubule organizing centers, Imaris was used to 849 
generate 3D images, and volumes were generated to create 3D volumes 850 
encompassing the discrete puncta of pericentrin staining. Volume as well as summed 851 
pericentrin and γ-tubulin fluorescence intensity were measured within these volumes 852 
 853 
Electron microscopy 854 
Cells were fixed in a solution containing 4% PFA, 2% glutaraldehyde, and 2 mM CaCl2 855 
in 0.1 M sodium cacadylate buffer (pH 7.2) for 1 hr at room temperature, and then 856 
placed at 4° C. Cells were next postfixed in 1% osium tetroxide and processed for 857 
Epon embedding; ultrathin sections (60-65 nm) were then counterstained with uranyl 858 
acetate and lead citrate, and images were acquired using a Tacnai G2-12 transmission 859 
electron microscope equipped with an AMT BioSprint29 digital camera. 860 
 861 
Cell fractionation 862 
Cells were lysed in RIPA buffer (20 mM Tris- HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 863 
1 mM EGTA, 1% Triton X-100, 0.5% deoxycorate, 0.1% SDS) containing protease 864 
inhibitors (Complete mini, Roche) and phosphatase inhibitors (PhosStop), and lysed 865 
for 10 minutes at room temperature. Membrane fraction was pelleted by centrifuging 866 
at 1000 g for 10 minutes at 4° C. The supernatant (cytosolic fraction) was transferred 867 
to new tubes which were centrifuged at 20,000 g for 30 min at 4° C.  The supernatant 868 
(RIPA-soluble fraction was transferred to a new tube, and the pellets (RIPA-insoluble 869 
fractions) were washed with 300 μL of RIPA buffer, centrifuged 20,000 g for 10 min at 870 
4° C, and then resuspended in 30 μL of  1X LDS-βME by vortexing vigorously and 871 
boiling at 98° C for 10 minutes. The protein concentration of the RIPA-soluble fraction 872 
was measured with a BCA assay (Pierce). RIPA-soluble fractions were mixed into 1X 873 
LDS-βME and protein concentration was normalized. The insoluble fractions were 874 
normalized by adding 1X LDS-bMe so that the same volume corresponds to the same 875 
volume of insoluble-fraction lysate (eg. Insoluble fraction from 100 µg of cell lysate). 876 
Samples were run on immunoblots as previously described and probed for ubiquitin 877 
signal.  878 
 879 
Western blotting 880 
Cells were lysed with RIPA (20 mM Tris- HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 881 
mM EGTA, 1% Triton X-100, 0.5% deoxycorate, 0.1% SDS) containing protease 882 
inhibitors (Complete mini, Roche) and phosphatase inhibitors (PhosStop). Lysates 883 
were clarified by centrifugation and protein concentration of supernatants was 884 
evaluated using BCA assay (Pierce). Protein lysates were normalized, mixed with LDS 885 
(ThermoFisher) and β-mercaptoethanol (Thermofisher), and denatured at 95° C for 5 886 
minutes. Protein was separated by gel electrophoresis using 4–12% or 12% NuPAGE 887 
Bis-Tris gradient gels (Life Technologies) and transferred to nitrocellulose membranes 888 
(GE Healthcare, 0.45 μm). Membranes were blocked with 2% BSA in TBS 889 
supplemented with 0.1% Tween 20, and primary antibodies were stained overnight in 890 
blocking buffer at 4° C or overnight at room temperature, and HRP-conjugated 891 
secondary antibodies were stained for 1 hour at room temperature. Membranes were 892 
washed and then incubated with ECL plus chemiluminescent reagent (Pierce) for 30 893 
seconds. Chemiluminescent signal was evaluated using CL-XPosure Film 894 
(ThermoFisher). 895 
 896 
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Antibodies and counterstains 897 
The following antibodies and dilutions were used for immunoblotting. 1/1000 β-Actin 898 
(Cell Signaling Technologies, 3700); 1/1000 p-eIF2α  (Invitrogen, 44-728G); 1/5000 p-899 
eIF2α (Cell Signaling Technologies, 3597); 1/1000 eif2a (Cell Signaling Technologies, 900 
9722) 1/3000 puromycin (Millipore Simga MABE343); 1/1000 p62/SQSTM1 (Cell 901 
Signaling Technologies, 5114); 1/1000 Atf4 (Cell Signaling Technologies, 11815); 902 
1/1000 ubiquitin (Cell Signaling Technologies, 3393S); 1/1000 K48-linked 903 
polyubiquitin (Cell Signaling Technologies, 8081); 1/1000 Myc-tag (Abcam, ab32); 904 
1/5000 α-tubulin (Millipore Sigma, T5168); and 1/1000 Atf5 (Santa Cruz, sc377168). 905 
For immunofluorescence the following antibodies and dilutions were used. 1/500 α6-906 
integrin (BD Bioscience, 555734); 1/500 GFP (Abcam, ab13970); 1/500 E-Cadherin 907 
(Cell Signaling Technologies, 3195); 1/100 G3BP (BD Bioscience 611126); 1/500 908 
Vinculin (Millipore Sigma, V9131); 1/100 Phospho-Myosin Light Chain 2 (Ser19) (Cell 909 
Signaling Technologies, 3675); 1/250 p62/SQSTM (Cell Signaling Technologies, 910 
7695); 1/500 LaminB1 (Santa Cruz, 374015); 1/500 α-tubulin (BD Biosciences, 911 
MCA77G); 1/500 γ-tubulin (Millipore Sigma, T6557); 1/250 Pericentrin (Abcam, 912 
ab4448) 1/200 Atf5 (Abcam ab184923). Nuclei were counterstained with 1 μg/mL 913 
DAPI (ThermoFisher) and F-Actin was stained with 1/400 Rhodamine or AlexaFluor-914 
488-conjugated phalloidin (ThermoFisher). 915 
 916 
Ribosome profiling and analysis 917 
To perform ribosome profiling we closely followed a recently published protocol 918 
(McGlincy & Ingolia, 2017). In short cells were lysed in polysome buffer supplemented 919 
with 0.1 mg/mL cyclohexamide. Lysates were treated with 500 U of RNAse I 920 
(Epicentre) per 25 μg of RNA (quantified by Qubit fluorimetry – ThermoFisher), and 921 
ribosome protected fragments were isolated using sephacryl S400 columns (GE 922 
Healthcare) in TE buffer. Ribosomes and ribosome protected fragments (RPFs) were 923 
dissociated in Trizol (Invitrogen) and RNA was collected with  protected fragments 924 
were purified using  Zymo Research DirectZol MiniPrep columns. RPFs were purified 925 
by running total RNA on a 15 % TBE-Urea gel (ThermoFisher) and cutting the region 926 
corresponding to 17 to 34 nucleotides. RNA was purified and precipitated, 927 
dephosphorylated with PNK (NEB), and ligated to preadenylated barcoded linker 928 
oligonucleotides, and then unligated linker was digested away with 25 U Yeast 5’-929 
deadenylase (NEB) and 5 U RecJ exonuclease (Epicentre). Up to 8 libraries were 930 
pooled, and rRNA was depleted using the Lexogen Ribocop V2 kit, and reverse 931 
transcription of RPF-linker fragments was performed in presence of 20U Superase-IN 932 
(Invitrogen) and 200U Protoscript II (NEB). cDNAs were circularized using 100U 933 
CircLigase I ssDNA ligase (Epicentre), and cDNA concentration was quantified by 934 
QPCR of cDNA compared to a standard curve of a reference sample. Libraries were 935 
amplified with Illumina-compatible barcoded primers and a 10 cycle PCR. DNA of the 936 
correct size (~160 bp) was isolated on TBE-PAGE gel, precipitated, and resuspended 937 
in TE buffer. Total mRNA samples were prepared in parallel, and mRNA was selected 938 
by rRNA depletion, and libraries were prepared using Illumina Ribozero kit. 939 

Ribosome profiling and total RNA libraries were pooled and sequenced on a 940 
Novaseq using the S1, 1x100 bp kit. Reads were demultiplexed, trimmed using FastX 941 
trimmer, and aligned to the mm10 reference genome using bowtie2. Sequences were 942 
counted in bins of 5’ UTR, CDS, and 3’ UTR as defined using plastid 943 
(https://plastid.readthedocs.io/en/latest/). Count data was analyzed using DESeq2 944 
(Love et al., 2014), an R package designed for statistical analysis of gene counts 945 
generated from Illumina-based sequencing. For expression analysis of ribosome 946 
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profiling data only reads in the CDS were included and reads coming from the first 15 947 
codons (45bp) and last 5 codons (15bp) were excluded. Additionally, only reads of 948 
size between 20-23bp or 26-32bp were counted. Gene lists were generated as 949 
described in the main text, first by filtering genes with significant differences in RPF-950 
read counts, and then genes that changed specifically at the translation level were 951 
identified as the subset of filtered  genes with translational efficiency (TE=normalized 952 
RPF/normalized total RNA) fold changes greater than 1.5. 953 
 954 
Data availability  955 
The total mRNA and ribosome protected fragments datasets generated during the 956 
ribosome profiling experimetns performed in this study have been deposited to the 957 
Gene Expression Omnibus (GEO) repository with accession code GSE193945. 958 
 959 
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Figure 1: Generation of isogenic ISR-null SCC cell lines. 984 
 985 
A. Schematic of the integrated stress response pathway showing activating kinases, 986 
inhibitory phosphatases, and downstream effects. Mutation of eIF2α serine 51 to 987 
alanine renders cells insensitive to the ISR activating kinases ("ISR-null"). 988 
B. Reconstitution and knock out strategy to generate ISR-null SCC cell lines. 989 
Constructs encoding a myc-epitope tagged and CRISPR-Cas9 resistant eIF2α (either 990 
S51 or S51A) are packaged into lentivirus and integrated into a parental SCC stem 991 
cell (SCC-SC) line. Following neomycin selection, CRISPR-Cas9 is delivered by RNP 992 
transfection to selectively knock out endogenous eIF2α alleles. Clones grown from 993 
single cells are analyzed for knock out by deep sequencing the gRNA target locus.  994 
C. Representative immunoimmunoblot confirms both the replacement of the 995 
endogenous eIF2α with myc-tagged eIF2α and the failure of cells expressing eIF2α-996 
S51A to activate the ISR. Cells were treated with 100 µM sodium arsenite for 6 hrs to 997 
induce oxidative stress. 998 
D. ISR-null cells show reduced capacity to activate the ISR as judged by global protein 999 
synthesis rate. ISR-WT and ISR-null cells are treated with 50 μM sodium arsenite (to 1000 
induce oxidative stress), 100 ng/mL tunicamycin (to induce ER stress) or 100 nM 1001 
bortezomib (to induce proteotoxic stress) for 6 hrs followed by incubation with 1002 
puromycin at 1 μM for 30 minutes and anti-puromycin immunoimmunoblot. Bar graph 1003 
on the right shows rate of protein synthesis ± standard deviation (SD) normalized to 1004 
b-actin and relative to vehicle-treated S51 cells. Quantification of at least 3 1005 
independent biological replicates. * P<0.05 ns, no statistical significance (t test). 1006 
E. ISR-null cells are more sensitive to stress. Early signs of apoptosis are measured 1007 
by annexin V binding in control and ISR-null cells treated with 5 µM sodium arsenite, 1008 
100 ng/mL tunicamycin or 4 nM bortezomib for 24 hrs. Bar graph shows percentage 1009 
of annexin-V positive cells ± SD of N=3 independent biological experiments. *P<0.05, 1010 
**P<0.01, ns, no statistical significance (t test). 1011 
  1012 
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Figure 2: The ISR is required for efficient clearance of protein aggregates. 1013 
 1014 
A. Left, growth of tumor allografts derived from control or ISR-null SCC cells. Tumor 1015 
volume is comparable between conditions. Error bars represent SEM from N=16 1016 
tumors per condition. ns, no statistical significance (simple linear regression). Right, 1017 
α6-integrin and E-cadherin immunofluorescence of SCC at day 17 reveals that ISR-1018 
ablation does not impact tumor morphology. Boxed regions are shown at higher 1019 
magnification images to the right of each image.  Scale bar 100 µm. 1020 
B. Cleaved caspase 3 immunofluorescence of tumor sections reveals elevated 1021 
apoptosis, a sign of increased sensitivity of ISR-null SCC tumors to proteotoxic stress. 1022 
(Bortezomib treatment 1.2 mg/kg i.p. on days 13, 15, and 17). No significant difference 1023 
in viability is observed in vehicle treated SCC tumors. White arrows indicate cleaved 1024 
caspase-3 positive cells. Bar graph on the right shows percentage of cleaved caspase-1025 
3 positive cells ± SD within the GFP+ tumor cells, in at least 5 independent tumors. * 1026 
P<0.05, ns, no statistical significance (one-way ANOVA, multiple comparisons). Scale 1027 
bar 100 µm. 1028 
C. Schematic of protein aggregate pulse-recovery experiments. Cells are treated with 1029 
a saturating (100 nM) dose of bortezomib for 6 hrs, a timepoint at which protein 1030 
aggregates have accumulated, but cells are still viable. Bortezomib is washed from 1031 
the media and cells are then monitored during the recovery phase.  1032 
D. Cellular proliferation during the protein aggregate recovery phase indicates that 1033 
control cells regain proliferative capacity 24 hrs prior to ISR-null cells. N=4 biological 1034 
replicates, n=16 total technical replicates, error bars denote SD of technical replicates. 1035 
****P<0.0001 (two-way ANOVA, multiple comparisons). 1036 
E. Protein aggregates evaluated by anti-ubiquitin and K48-linked polyubiquitin 1037 
immonblot following cellular fractionation of soluble and insoluble proteins. 1038 
Representative immunoblot of the insoluble fraction shows clearance of aggregates in 1039 
control but not ISR-null cells at 24 hrs.  1040 
F. Bar graph shows log2 fold change (FC) ubiquitin levels ± SD normalized over b-1041 
actin and relative to vehicle-treated control cells. **P<0.01 (t test). 1042 
  1043 
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Figure 3. The ISR induces synthesis of centrosomal proteins in response to 1044 
proteotoxic stress. 1045 
 1046 
A. Schematic of ribosome profiling experiment. N=4 samples per condition of control 1047 
or ISR-null cells were treated with or without 100 nM bortezomib for 4 hrs. Cells were 1048 
lysed in the presence of 100 µg/mL cyclohexmide and total mRNA and ribosome 1049 
protected fragments were sequenced to analyze translational efficiency genome-wide.  1050 
B. Filtering strategy to identify a high-confidence list of translationally-regulated 1051 
mRNAs targeted by the ISR following protein aggregate stress. To identify 1052 
translationally regulated mRNAs, a two-step approach was taken. First, genes with 1053 
ribosome protected fragments (RPF) of a fold change > 1.5 and padj <0.05 (DESeq2 1054 
generalized linear model) were identified. Second, within this list, genes with 1055 
translational efficiency (TE) fold change > 1.5 were selected (red dots, panel C and 1056 
D). Finally, ISR target genes are identified by the overlap of mRNAs with significantly 1057 
upregulated translation in two comparisons: (1) ISR-competent-bort vs. ISR-1058 
competent-vehicle and (2) ISR-competent-bort vs. ISR-null-bort. 1059 
C. Dot plot shows translational efficiency log2 fold change vs. log2 mean transcript 1060 
abundance genome-wide in ISR-competent-bort vs. ISR-competent-vehicle highlights 1061 
both up-regulated genes as well as a down-regulated group of highly abundant 1062 
transcripts (see legend in panel B). As expected, highly expressed house-keeping 1063 
transcripts are translationally downregulated. 1064 
D. Dot plot shows RPF log2 fold change vs. total mRNA log2 fold change genome wide 1065 
in ISR-competent-bort vs. ISR-null-bort (see legend in panel B). 1066 
E. Pie chart shows high confidence translational up-regulated ISR targets. Overlap 1067 
between translationally upregulated genes in (1) ISR-competent-bort vs. ISR-1068 
competent-vehicle and (2) ISR-competent-bort vs. ISR-null-bort is shown. 1069 
F. Z-scored heat map of translational efficiencies for 24 genes translationally induced 1070 
by the ISR. Centrosomal proteins are highlighted in green lettering.  1071 
G. Top gene ontology (GO) terms identified in categories of biological processes and 1072 
cellular components using translationally induced genes by the ISR. Centrosomal 1073 
proteins are clearly enriched among cellular components.  1074 
H. Representative RPF tracks for Atf5 reveal coding sequence translation is 1075 
specifically induced in control cells treated with bortezomib. Atf5 coding sequence is 1076 
shaded in red.  1077 
I. Representative immunoblot confirms ISR-dependent induction of ATF4 and ATF5 1078 
following protein aggregate stress.  1079 
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Figure 4: The ISR protects centrosomal microtubule dynamics during recovery 1081 
from protein aggregate stress. 1082 
 1083 
A and B. Representative immunofluorescence images of S51 and S51A cells vehicle-1084 
treated or treated with a bortezomib pulse (100 nM, 6 hrs) and let to recover for 4 hrs. 1085 
Immunolabeling is to highlight the centrosomal MTOC (pericentrin, PCNT and γ-1086 
tubulin, TUBG1), and the cytoplasmic microtubules (α-tubulin, TUBA1A). Scale bar 10 1087 
µm. White arrows indicate centrosomal MTOCs. B. Both volume and fluorescence 1088 
intensity of MTOC markers are increased specifically in control cells recovering from 1089 
protein aggregate stress. All data are visualized on a per centrosome basis from N=2 1090 
independent experiments. ****p<0.0001 ns, no statistical significance (two-way 1091 
ANOVA with multiple comparisons).  1092 
C. Schematic of microtubule recovery assay to assess the capacity of centrosomes to 1093 
nucleate new microtubules following 4 hrs recovery from protein aggregate stress. 1094 
Cells with or without protein aggregates are treated with 13 μM nocodazole for 20 min 1095 
to depolymerize microtubules. Nocodazole is washed from the media, and new 1096 
microtubules are allowed to form during a 2 min incubation at room temperature. Cells 1097 
are fixed and MTOCs (PCNT+) and cytoplasmic microtubules (TUBA1A) are 1098 
quantified and analyzed by immunofluorescence. Bottom, representative images 1099 
demonstrate complete depolymerization of microtubules by nocodazole and 1100 
nucleation of new centrosomal microtubules following nocodazole wash. White arrows 1101 
indicate centrosomal MTOCs. Scale bar 5 µm.  1102 
D. Representative images of centrosomal microtubule nucleation following 1103 
nocodazole wash out in control and ISR-null cells with or without protein aggregates. 1104 
Centrosomal microtubule nucleation is analyzed by measuring α-tubulin signal at the 1105 
centrosome, which is defined as the pericentrin-positive volume. White arrows indicate 1106 
centrosomal MTOCs. Scale bar 5 µm. Quantification of mean centrosomal α-tubulin 1107 
intensity indicates that control cells are partially protected against impaired 1108 
microtubule dynamics during stress. N=2 independent experiments. ****p<0.0001 ns, 1109 
no statistical significance (two-way ANOVA with multiple comparisons). 1110 
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Figure 5: The ISR is required for aggresome formation. 1112 
 1113 
A. Schematic of aggresome formation assay. During recovery from proteotoxic stress, 1114 
aggresome formation is assessed by anti-p62/SQSTM1 immunofluorescence, which 1115 
appears as a well-defined, perinuclear puncta.  1116 
B. Time course of aggresome formation in control and ISR-null cells indicates 1117 
diminished aggresome formation in cells with an ablated ISR. White arrows indicate 1118 
aggresomes. Quantification of the percentage of aggresome-positive cells. N=2 1119 
independent experiments with at least 145 cells quantified per condition. Error bars 1120 
represent 95% confidence interval calculated by Wilson's method for confidence 1121 
interval of a proportion. ****p<0.001 using two sample Z-test for a proportion 1122 
(comparisons: control vs. ISR-null at 4 hrs and 8 hrs). Scale bar 40 µm. 1123 
C. Aggresomes visualized at the ultrastructural level by transmission electron 1124 
microscopy. In control cells aggresomes characteristically appear as a perinuclear 1125 
cluster of electron dense granules and partially-degraded organelles that often deform 1126 
the nuclear membrane. Fewer aggresomes form in ISR-null cells, and those that do 1127 
are smaller, more diffuse and rarely indent the nucleus. White arrow indicates nuclear 1128 
envelope deformation. Scale bar 4 µm. Yellow shade in the zoomed-in images at the 1129 
lower left highlights aggresomes and protein aggregates. Nu, nucleus. Cy, cytoplasm, 1130 
Agg, aggresome. *, lipid droplet. Scale bar 1 µm. 1131 
D. Confocal immunofluorescence microscopy and 3D reconstruction to visualize the 1132 
location of the aggresome in relation to the MTOC (γ-tubulin, TUBG1) and cytoplasmic 1133 
microtubules (α-tubulin, TUBA1A). In control cells, aggresomes appear as dense p62-1134 
positive structures directly adjacent to the MTOC puncta. Representative cells from 8 1135 
hrs post-bortezomib wash out are shown. White arrow indicates MTOC. Scale bar 4 1136 
µm. 1137 
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Figure 6: The ISR is required for focal adhesion remodeling and cell migration 1139 
upon proteotoxic stress. 1140 
 1141 
A. Impaired focal adhesion dynamics in ISR-null cells. Immunofluorescence for 1142 
vinculin and F-actin shows that during recovery from protein aggregate stress, the ISR 1143 
promotes the remodeling of focal adhesions. White arrows show characteristic long 1144 
cellular extensions connected to enlarged focal adhesions in the ISR-null but not 1145 
control cells recovering from protein aggregate stress. Consistent with the known role 1146 
of microtubules in targeting focal adhesion turnover, these features resemble those of 1147 
keratinocytes lacking microtubule-focal adhesion targeting proteins (Wu et al., 2008). 1148 
Scale bar 10 µm. 1149 
B. Static frames from live imaging of zyxin-iRFP cells. White arrows show large (10 1150 
µm3 or greater) and stable (over the whole duration of imaging period) focal adhesion 1151 
clusters. Bar graphs show total number of stable and large focal adhesion clusters per 1152 
cell (left) and percentage of stable over total focal adhesion clusters (right) over a 14 1153 
min live imaging time course. 3-5 cells were imaged per condition in two independent 1154 
biological replicates. *p<0.05 ns, no statistical significance (t test). 1155 
C. Live imaging of GFP-positive cells migrating in a scratch assay reveals loss of 1156 
migratory capacity in ISR-null cells recovering from protein aggregate stress (6 hrs of 1157 
100 nM bortezomib followed by wash). Scratch closure is quantified during an 8 hrs 1158 
interval, in N=2 independent experiments with n=3-5 technical replicates per condition. 1159 
Bar graph shows percentage of scratch closure ± SD. *p<0.05 ns, no statistical 1160 
significance (one-way ANOVA with multiple comparisons). 1161 
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Figure 7: ISR-induced ATF5 protects microtubule dynamics and promotes 1163 
clearance of protein aggregates. 1164 
 1165 
A. Confocal microscopy confirms previously reported ATF5 localization at the MTOC. 1166 
Insets on the right show higher magnification images with merged (top) and ATF5 1167 
(middle) and γ-tubulin (bottom) separately.  1168 
B. Schematic representation of rescue strategy to express a doxycycline inducible 1169 
GFP-tagged ATF5 in ISR null SCC cells. 1170 
C. Immunoblot confirms ATF5 expression upon Dox administration (1 µg/mL for 24 1171 
hrs) in proteotoxically stressed S51A-ATF5 cells whose endogenous ATF5 translation 1172 
is suppressed. 1173 
D. ATF5 expression partially rescues the ability of proteotoxically stressed ISR-null 1174 
cells to clear ubiquitinated proteins. Representative immunoblot (of 3 indepdendent 1175 
biological replicates) shows level of ubiquitinated proteins in the RIPA-insolubule 1176 
fraction of S51, S51A and S51A-ATF5 SCC cells in the absence or proteotoxic stress 1177 
or following 24hrs recovery from a 6 hrs bortezomib pulse.  1178 
E. Quantifications of experiments in (D). Bar graph shows ubiquitin levels ± SD at 24 1179 
hrs recovery normalized over actin and relative to ubiquitin levels in untreated cells in 1180 
3 independent biological replicates. *p<0.05 ns, no statistical significance (one-way 1181 
ANOVA with multiple comparisons). 1182 
F. ATF5 promotes aggresome formation. Aggresomes are visualized by p62/SQSTM1 1183 
immunofluorescence in SCC cells treated with a 6 hrs bortezomib pulse followed by a 1184 
4 hrs recovery period. White arrows point to aggresomes. Scale bar 30 µm. Bar graph 1185 
shows percentage of cells with aggresomes ± SD in 2 independent biological 1186 
replicates. Approximately 300 cells were quantified per each experiment. *p<0.05 ns, 1187 
no statistical significance (one-way ANOVA with multiple comparisons). 1188 
G. ATF5 protects centrosomal MTOC dynamics. Centrosomal MTOC is visualized by 1189 
pericentrin and g-tubulin immunofluorescence. Cells were treated with bortezomib for 1190 
6 hrs and let recover for 4 hrs. Scale bar 10 µm. Bottom row shows higher 1191 
magnification of the area highlighted in top row. White arrows indicate MTOCs. Scale 1192 
bar 5 µm. Bar graph shows mean fluorescence intensity for pericentrin in 2 1193 
independent biological replicates. ****p<0.0001 (one-way ANOVA with multiple 1194 
comparisons). 1195 
H. ATF5 induction protects ISR-null cells from protein aggregates-induced cytotoxicity. 1196 
Immunofluorescence shows SCC tumors (GFP+) after treatment with bortezomib (1.2 1197 
mg/kg i.p.). Cell death is quantified by cleaved caspase 3 positive cells. White arrows 1198 
point to cleaved caspase-3 positive cells. Scale bar 50 µm. Bar graph shows 1199 
percentage of cleaved caspase 3 positive cells per tumor. *p<0.05 ns, no statistical 1200 
significance (one-way ANOVA with multiple comparisons).1201 
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Figure 1-Figure supplement 1: ISR-null cells are more sensitive to stress, but 1202 
show no difference at steady state. 1203 
 1204 
A. ISR-competent cells induce eIF2a phosphorylation upon stress. Representative 1205 
immunoblot shows levels of eif2a phosphorylation of cells treated with either 50 μM 1206 
sodium arsenite, 100 ng/mL tunicamycin or 100 nM bortezomib for 6 hrs. 1207 
B. Bar graph shows no difference in viability in control and ISR-null cells at steady 1208 
state. ns, no statistical significance (t test). 1209 
C. Quantification of cell count over time demonstrates no difference in proliferation 1210 
rate between ISR-competent and ISR-null cells. Representation of N=4 experiments 1211 
and n=16 total technical replicates per condition, error bars denote SD of pooled 1212 
technical replicates.  1213 
D. Representative brightfield microscopy images of control and ISR-null cells show 1214 
similar morphology in the absence of stress. 1215 
D. ISR-null cells are more sensitive to stress. Representative FACS plot show 1216 
increased annexin-V staining in ISR-null cells after 24 hrs treatment with 5 µM sodium 1217 
arsenite or 100 ng/mL tunicamycin. 1218 
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Figure 2-Figure supplement 1: Characterization of ISR-null SCC tumors. 1220 
 1221 
A. Bar graph shows tumor volume quantification ± SD at day 40 in mice transplanted 1222 
with either control or ISR-null SCCs. A minimum of 7 tumors per condition were 1223 
quantified. ns, no statistical difference (t test). 1224 
B. Secondary ex vivo control and ISR-null SCC cell lines were generated by FACS 1225 
isolation of day 35 tumors initiated and grown from transplantation of our primary 1226 
control and ISR-null SCC lines. p-eIF2α and ATF4 immunoblot following 4 hrs 1227 
treatment with 50 μM sodium arsenite shows that neither ISR-null clone (N=2) has 1228 
escaped ISR-ablation. This experiment rules out the trivial explanation that ISR-null 1229 
SCC growth is due to ‘escaper’ cells that have reverted to a wild-type ISR state.   1230 
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Figure 2-Figure supplement 2: Characterization of bortezomib pulse and 1232 
recovery system. 1233 
 1234 
A. Schematic illustrates experimental design for our bortezomib pulse and recovery 1235 
system. Cells are treated for 6 hrs with 100 nM bortezomib and let recover for 24 hrs. 1236 
Viability is assessed at two time points (0 hrs recovery and 24 hrs recovery) 1237 
B. ISR-null cells show no difference in viability after a short (6 hrs) pulse of 100 nM 1238 
bortezomib. Bar graph shows percentage of live cells ± SD quantified as DAPI 1239 
negative cells by FACS in three independent experiments. ns, no statistical 1240 
significance (t test). 1241 
C. ISR-null cells show no difference in viability after a 24 hrs recovery from a 6 hrs 1242 
pulse of 100 nM bortezomib. Bar graph shows percentage of live cells ± SD quantified 1243 
as DAPI negative cells by FACS in three independent experiments. ns, no statistical 1244 
significance (t test). 1245 
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Figure 2-Figure supplement 3: Characterization of protein aggregate source and 1247 
clearance mechanism. 1248 
 1249 
A. Protein aggregates formation is dependent on newly synthesized proteins. Ubiquitin 1250 
immunoblot in the RIPA-insoluble fraction shows absence of protein aggregates in 1251 
control cells either treated with 10µM of the translation elongation inhibitor 1252 
cycloheximide or 2 µg/mL of the translation initiation inhibitor harringtonine 1253 
concomitantly with the bortezomib pulse. 1254 
B. Autophagy is only partially required to clear protein aggregates. Ubiquitin 1255 
immunoblot in the RIPA-insoluble fraction shows partial accumulation of protein 1256 
aggregates in presence of 100 nM of the autophagy inhibitor bafilomycin A1. 1257 
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Figure 3-Figure supplement 1: Quality control of ribosome profiling libraries. 1259 
 1260 
A. PCA plot shows variance of 4 independent replicates. Two major sources of 1261 
variance are identified in our dataset: S51 vs S51A (x-axis) and vehicle vs bortezomib 1262 
(y-axis). 1263 
B. Metagene analysis shows fraction of RPF reads respectively aligned to 5’UTR, CDS 1264 
and 3’UTR.  1265 
C. Histograms show fraction of RPF reads corresponding to their length in nucleotides. 1266 
As expected the majority of reads are found between 29-30 nt. 1267 
D. GO analysis shows top terms for biological processes and cellular components of 1268 
120 genes translationally downregulated by the ISR. 120 genes are defined by the 1269 
overlap of mRNAs with significantly downregulated translation in two comparisons: (1) 1270 
ISR-competent-bort vs. ISR-competent-vehicle and (2) ISR-competent-bort vs. ISR-1271 
null-bort. 1272 
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Figure 4-Figure supplement 1: Increased centrosomal MTOC size upon 1274 
proteotoxic stress is dependent on the ISR.  1275 
 1276 
High magnification images show centrosomal MTOC by pericentrin and g-tubulin 1277 
staining in S51 and S51A cells vehicle-treated or treated with a bortezomib pulse (100 1278 
nM, 6 hrs) and let to recover for 4 hrs. White arrows indicate MTOCs. Scale bar 10 1279 
µm. 1280 
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Figure 5-Figure supplement 1: ISR promotes aggresomes formation upon 1282 
recovery from proteotoxic stress. 1283 
A. Transmission electron microscopy shows no difference at steady state between 1284 
ISR-competent and ISR-null cells. No aggresomes are observed in the absence of 1285 
bortezomib. Scale bar 2 µm. 1286 
B. Transmission electron microscopy shows aggresomes, which form in S51 cells 1287 
during recovery from proteotoxic stress. Aggresomes are highlighted by a yellow 1288 
shadow. As expected aggresomes are perinuclear structures distorting the nucleus. 1289 
Nu, nucleus. Cy, cytoplasm. Agg, aggresome. Scale bar 1 µm. 1290 
C. Transmission electron microscopy reveals swollen ER that is present in some of 1291 
the ISR-null cells following proteotoxic stress. These cells are viable and do recover 1292 
from stress, but their presence is indicative of ER stress and unfolded protein that 1293 
accumulate in the ER as well as the cytoplasm. White arrows indicate ribosomes 1294 
attached to the ER membranes. ER, endoplasmic reticulum. Cy, cytoplasm Scale bar 1295 
2 µm. 1296 
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Figure 5-Figure supplement 2: Aggresome formation is dependent on 1298 
microtubule dynamics. 1299 
A. Formation of aggresomes is dependent on microtubule-mediated transport. 1300 
Blocking microtubule dynamics by using 200 nM of paclitaxel inhibits aggresome 1301 
formation. Graph shows percentage of cells with aggresomes as quantified by 1302 
immunofluorescence in two independent biological experiments. 1303 
B. Aggresomes formation is dependent on microtubule-mediated transport. 1304 
Microtubule polymerization was blocked adding 13 µM nocodazole at the time of 1305 
bortezomib wash-out. Percentage of cells with aggresomes ± SD is quantified in two 1306 
independent biological replicates.  1307 
  1308 
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Figure 6-Figure supplement 1: ISR promotes dramatic morphological changes 1309 
in response to proteotoxic stress. 1310 
 1311 
ISR-competent or ISR-null cells are visualized via immunofluorescence by anti-GFP 1312 
staining. Stress response in ISR-competent cells in vitro is characterized by a dramatic 1313 
transient change in cell morphology, which is not observed in ISR-null cells.   1314 
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Source data 
 
Figure 1C – Source Data 1 
Raw immunoblots show eIF2a phosphorylation status in ISR-competent and ISR-null 
cell lines. 
 
Figure 1D – Source Data 2 
Raw immunoblots show protein synthesis rate in ISR-competent and ISR-null SCC cells 
upon indicated stresses. 
 
Figure 1 – Figure supplement 1A – Source Data 3 
Raw immunoblots show phosphorylation of eIF2a upon indicated stresses. 
 
Figure 2E – Source Data 4 
Raw immunoblots show ubiquitin and K48-linked polyubiquitin levels in ISR-competent 
and ISR-null SCC cells upon recovery from proteotoxic stress. 
 
Figure 2 – Figure supplement 1B - Source Data 5 
Raw immunoblots show eIF2a phosphorylation status of ISR-competent and ISR-null 
cells isolated from allografted tumors at day 35. 
 
Figure 2 – Figure supplement 3A - Source Data 6 
Raw immunoblots show ubiquitin levels upon recovery from proteotoxic stress in ISR-
competent cells treated with the translation inhibitors cycloheximide or harringtonine. 
 
Figure 2 – Figure supplement 3B - Source Data 7 
Raw immunoblots show ubiquitin levels upon recovery from proteotoxic stress in ISR-
competent cells treated with the autophagy inhibitor bafilomycinA1 
 
Figure 3I – Source Data 8 
Raw immunoblots show ATF5 and ATF4 levels in ISR-competent and ISR-null cells 
treated for 6 hrs with either vehicle or bortezomib. 
 
Figure 7C – Source Data 9 
Raw immunoblots show GFP-tagged ATF5 overexpression S51A-ATF5 cells. 
 
Figure 7C – Source Data 10 
Raw immunoblots show ubiquitin levels in the insoluble fraction of cells with indicated 
genotypes either vehcle treated of treated for 6hrs with bortezomib and let to recover for 
24 hrs. 
 
Source Data 11 
Numerical data for each experiment included in the manuscript. 
 
Source Data 12 
Read counts for ribosome profiling and total RNA sequencing. 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 14, 2022. ; https://doi.org/10.1101/2022.02.13.480280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.13.480280
http://creativecommons.org/licenses/by/4.0/


REFERENCES 
 
Abdel-Nour, M., Carneiro, L. A. M., Downey, J., Tsalikis, J., Outlioua, A., Prescott, D., 

Da Costa, L. S., Hovingh, E. S., Farahvash, A., Gaudet, R. G., Molinaro, R., 
van Dalen, R., Lau, C. C. Y., Azimi, F. C., Escalante, N. K., Trotman-Grant, A., 
Lee, J. E., Gray-Owen, S. D., Divangahi, M., . . . Girardin, S. E. (2019). The 
heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls 
innate immune signaling. Science, 365(6448). 
https://doi.org/10.1126/science.aaw4144  

Ballatore, C., Lee, V. M., & Trojanowski, J. Q. (2007). Tau-mediated 
neurodegeneration in Alzheimer's disease and related disorders. Nat Rev 
Neurosci, 8(9), 663-672. https://doi.org/10.1038/nrn2194  

Blanco, S., Bandiera, R., Popis, M., Hussain, S., Lombard, P., Aleksic, J., Sajini, A., 
Tanna, H., Cortes-Garrido, R., Gkatza, N., Dietmann, S., & Frye, M. (2016). 
Stem cell function and stress response are controlled by protein synthesis. 
Nature, 534(7607), 335-340. https://doi.org/10.1038/nature18282  

Bond, S., Lopez-Lloreda, C., Gannon, P. J., Akay-Espinoza, C., & Jordan-Sciutto, K. 
L. (2020). The Integrated Stress Response and Phosphorylated Eukaryotic 
Initiation Factor 2alpha in Neurodegeneration. J Neuropathol Exp Neurol, 79(2), 
123-143. https://doi.org/10.1093/jnen/nlz129  

Caviston, J. P., & Holzbaur, E. L. (2006). Microtubule motors at the intersection of 
trafficking and transport. Trends Cell Biol, 16(10), 530-537. 
https://doi.org/10.1016/j.tcb.2006.08.002  

Chambers, J. E., Dalton, L. E., Clarke, H. J., Malzer, E., Dominicus, C. S., Patel, V., 
Moorhead, G., Ron, D., & Marciniak, S. J. (2015). Actin dynamics tune the 
integrated stress response by regulating eukaryotic initiation factor 2alpha 
dephosphorylation. Elife, 4. https://doi.org/10.7554/eLife.04872  

Chen, R., Rato, C., Yan, Y., Crespillo-Casado, A., Clarke, H. J., Harding, H. P., 
Marciniak, S. J., Read, R. J., & Ron, D. (2015). G-actin provides substrate-
specificity to eukaryotic initiation factor 2alpha holophosphatases. Elife, 4. 
https://doi.org/10.7554/eLife.04871  

Christian, F., Anthony, D. F., Vadrevu, S., Riddell, T., Day, J. P., McLeod, R., Adams, 
D. R., Baillie, G. S., & Houslay, M. D. (2010). p62 (SQSTM1) and cyclic AMP 
phosphodiesterase-4A4 (PDE4A4) locate to a novel, reversible protein 
aggregate with links to autophagy and proteasome degradation pathways. Cell 
Signal, 22(10), 1576-1596. https://doi.org/10.1016/j.cellsig.2010.06.003  

Costa-Mattioli, M., & Walter, P. (2020). The integrated stress response: From 
mechanism to disease. Science, 368(6489). 
https://doi.org/10.1126/science.aat5314  

Cubillos-Ruiz, J. R., Bettigole, S. E., & Glimcher, L. H. (2017). Tumorigenic and 
Immunosuppressive Effects of Endoplasmic Reticulum Stress in Cancer. Cell, 
168(4), 692-706. https://doi.org/10.1016/j.cell.2016.12.004  

Didier, C., Merdes, A., Gairin, J. E., & Jabrane-Ferrat, N. (2008). Inhibition of 
proteasome activity impairs centrosome-dependent microtubule nucleation and 
organization. Mol Biol Cell, 19(3), 1220-1229. https://doi.org/10.1091/mbc.e06-
12-1140  

Donaldson, K. M., Li, W., Ching, K. A., Batalov, S., Tsai, C. C., & Joazeiro, C. A. 
(2003). Ubiquitin-mediated sequestration of normal cellular proteins into 
polyglutamine aggregates. Proc Natl Acad Sci U S A, 100(15), 8892-8897. 
https://doi.org/10.1073/pnas.1530212100  

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 14, 2022. ; https://doi.org/10.1101/2022.02.13.480280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.13.480280
http://creativecommons.org/licenses/by/4.0/


 
 

1 

El-Naggar, A. M., & Sorensen, P. H. (2018). Translational control of aberrant stress 
responses as a hallmark of cancer. J Pathol, 244(5), 650-666. 
https://doi.org/10.1002/path.5030  

Ezratty, E. J., Partridge, M. A., & Gundersen, G. G. (2005). Microtubule-induced focal 
adhesion disassembly is mediated by dynamin and focal adhesion kinase. Nat 
Cell Biol, 7(6), 581-590. https://doi.org/10.1038/ncb1262  

Fournier, M. J., Gareau, C., & Mazroui, R. (2010). The chemotherapeutic agent 
bortezomib induces the formation of stress granules. Cancer Cell Int, 10, 12. 
https://doi.org/10.1186/1475-2867-10-12  

Freed, E., Lacey, K. R., Huie, P., Lyapina, S. A., Deshaies, R. J., Stearns, T., & 
Jackson, P. K. (1999). Components of an SCF ubiquitin ligase localize to the 
centrosome and regulate the centrosome duplication cycle. Genes Dev, 13(17), 
2242-2257. https://doi.org/10.1101/gad.13.17.2242  

Ghaddar, N., Wang, S., Woodvine, B., Krishnamoorthy, J., van Hoef, V., Darini, C., 
Kazimierczak, U., Ah-Son, N., Popper, H., Johnson, M., Officer, L., Teodosio, 
A., Broggini, M., Mann, K. K., Hatzoglou, M., Topisirovic, I., Larsson, O., Le 
Quesne, J., & Koromilas, A. E. (2021). The integrated stress response is 
tumorigenic and constitutes a therapeutic liability in KRAS-driven lung cancer. 
Nat Commun, 12(1), 4651. https://doi.org/10.1038/s41467-021-24661-0  

Guan, B. J., van Hoef, V., Jobava, R., Elroy-Stein, O., Valasek, L. S., Cargnello, M., 
Gao, X. H., Krokowski, D., Merrick, W. C., Kimball, S. R., Komar, A. A., 
Koromilas, A. E., Wynshaw-Boris, A., Topisirovic, I., Larsson, O., & Hatzoglou, 
M. (2017). A Unique ISR Program Determines Cellular Responses to Chronic 
Stress. Mol Cell, 68(5), 885-900 e886. 
https://doi.org/10.1016/j.molcel.2017.11.007  

Harding, H. P., Zhang, Y., & Ron, D. (1999). Protein translation and folding are coupled 
by an endoplasmic-reticulum-resident kinase. Nature, 397(6716), 271-274. 
https://doi.org/10.1038/16729  

Ingolia, N. T., Ghaemmaghami, S., Newman, J. R., & Weissman, J. S. (2009). 
Genome-wide analysis in vivo of translation with nucleotide resolution using 
ribosome profiling. Science, 324(5924), 218-223. 
https://doi.org/10.1126/science.1168978  

Jiang, H. Y., & Wek, R. C. (2005). Phosphorylation of the alpha-subunit of the 
eukaryotic initiation factor-2 (eIF2alpha) reduces protein synthesis and 
enhances apoptosis in response to proteasome inhibition. J Biol Chem, 
280(14), 14189-14202. https://doi.org/10.1074/jbc.M413660200  

Johnston, J. A., Ward, C. L., & Kopito, R. R. (1998). Aggresomes: a cellular response 
to misfolded proteins. J Cell Biol, 143(7), 1883-1898. 
https://doi.org/10.1083/jcb.143.7.1883  

Kopito, R. R. (2000). Aggresomes, inclusion bodies and protein aggregation. Trends 
Cell Biol, 10(12), 524-530. https://doi.org/10.1016/s0962-8924(00)01852-3  

Koromilas, A. E. (2015). Roles of the translation initiation factor eIF2alpha serine 51 
phosphorylation in cancer formation and treatment. Biochim Biophys Acta, 
1849(7), 871-880. https://doi.org/10.1016/j.bbagrm.2014.12.007  

Liu, W. J., Ye, L., Huang, W. F., Guo, L. J., Xu, Z. G., Wu, H. L., Yang, C., & Liu, H. F. 
(2016). p62 links the autophagy pathway and the ubiqutin-proteasome system 
upon ubiquitinated protein degradation. Cell Mol Biol Lett, 21, 29. 
https://doi.org/10.1186/s11658-016-0031-z  

Madarampalli, B., Yuan, Y., Liu, D., Lengel, K., Xu, Y., Li, G., Yang, J., Liu, X., Lu, Z., 
& Liu, D. X. (2015). ATF5 Connects the Pericentriolar Materials to the Proximal 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 14, 2022. ; https://doi.org/10.1101/2022.02.13.480280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.13.480280
http://creativecommons.org/licenses/by/4.0/


 
 

2 

End of the Mother Centriole. Cell, 162(3), 580-592. 
https://doi.org/10.1016/j.cell.2015.06.055  

Manasanch, E. E., & Orlowski, R. Z. (2017). Proteasome inhibitors in cancer therapy. 
Nat Rev Clin Oncol, 14(7), 417-433. https://doi.org/10.1038/nrclinonc.2016.206  

McGlincy, N. J., & Ingolia, N. T. (2017). Transcriptome-wide measurement of 
translation by ribosome profiling. Methods, 126, 112-129. 
https://doi.org/10.1016/j.ymeth.2017.05.028  

Mimnaugh, E. G., Xu, W., Vos, M., Yuan, X., & Neckers, L. (2006). Endoplasmic 
reticulum vacuolization and valosin-containing protein relocalization result from 
simultaneous hsp90 inhibition by geldanamycin and proteasome inhibition by 
velcade. Mol Cancer Res, 4(9), 667-681. https://doi.org/10.1158/1541-
7786.MCR-06-0019  

Morrow, C. S., Porter, T. J., Xu, N., Arndt, Z. P., Ako-Asare, K., Heo, H. J., Thompson, 
E. A. N., & Moore, D. L. (2020). Vimentin Coordinates Protein Turnover at the 
Aggresome during Neural Stem Cell Quiescence Exit. Cell Stem Cell, 26(4), 
558-568 e559. https://doi.org/10.1016/j.stem.2020.01.018  

Novoa I, Zeng H, Harding HP, Ron D. (2001). Feedback inhibition of the unfolded 
protein response by GADD34-mediated dephosphorylation of eIF2alpha. J Cell 
Biol. 153(5):1011-22. https://doi.org/10.1083/jcb.153.5.1011 

Olzscha, H., Schermann, S. M., Woerner, A. C., Pinkert, S., Hecht, M. H., Tartaglia, 
G. G., Vendruscolo, M., Hayer-Hartl, M., Hartl, F. U., & Vabulas, R. M. (2011). 
Amyloid-like aggregates sequester numerous metastable proteins with 
essential cellular functions. Cell, 144(1), 67-78. 
https://doi.org/10.1016/j.cell.2010.11.050  

Pakos-Zebrucka, K., Koryga, I., Mnich, K., Ljujic, M., Samali, A., & Gorman, A. M. 
(2016). The integrated stress response. EMBO Rep, 17(10), 1374-1395. 
https://doi.org/10.15252/embr.201642195  

Perez, A. R., Pritykin, Y., Vidigal, J. A., Chhangawala, S., Zamparo, L., Leslie, C. S., 
& Ventura, A. (2017). GuideScan software for improved single and paired 
CRISPR guide RNA design. Nat Biotechnol, 35(4), 347-349. 
https://doi.org/10.1038/nbt.3804  

Rujano, M. A., Bosveld, F., Salomons, F. A., Dijk, F., van Waarde, M. A., van der Want, 
J. J., de Vos, R. A., Brunt, E. R., Sibon, O. C., & Kampinga, H. H. (2006). 
Polarised asymmetric inheritance of accumulated protein damage in higher 
eukaryotes. PLoS Biol, 4(12), e417. 
https://doi.org/10.1371/journal.pbio.0040417  

San Gil, R., Ooi, L., Yerbury, J. J., & Ecroyd, H. (2017). The heat shock response in 
neurons and astroglia and its role in neurodegenerative diseases. Mol 
Neurodegener, 12(1), 65. https://doi.org/10.1186/s13024-017-0208-6  

Sanchez, A. D., & Feldman, J. L. (2017). Microtubule-organizing centers: from the 
centrosome to non-centrosomal sites. Curr Opin Cell Biol, 44, 93-101. 
https://doi.org/10.1016/j.ceb.2016.09.003  

Schober, M., Raghavan, S., Nikolova, M., Polak, L., Pasolli, H. A., Beggs, H. E., 
Reichardt, L. F., & Fuchs, E. (2007). Focal adhesion kinase modulates tension 
signaling to control actin and focal adhesion dynamics. J Cell Biol, 176(5), 667-
680. https://doi.org/10.1083/jcb.200608010  

Schuster, S. L., & Hsieh, A. C. (2019). The Untranslated Regions of mRNAs in Cancer. 
Trends Cancer, 5(4), 245-262. https://doi.org/10.1016/j.trecan.2019.02.011  

Sendoel, A., Dunn, J. G., Rodriguez, E. H., Naik, S., Gomez, N. C., Hurwitz, B., 
Levorse, J., Dill, B. D., Schramek, D., Molina, H., Weissman, J. S., & Fuchs, E. 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 14, 2022. ; https://doi.org/10.1101/2022.02.13.480280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.13.480280
http://creativecommons.org/licenses/by/4.0/


 
 

3 

(2017). Translation from unconventional 5' start sites drives tumour initiation. 
Nature, 541(7638), 494-499. https://doi.org/10.1038/nature21036  

Sidrauski, C., McGeachy, A. M., Ingolia, N. T., & Walter, P. (2015). The small molecule 
ISRIB reverses the effects of eIF2alpha phosphorylation on translation and 
stress granule assembly. Elife, 4. https://doi.org/10.7554/eLife.05033  

Singhvi, A., & Garriga, G. (2009). Asymmetric divisions, aggresomes and apoptosis. 
Trends Cell Biol, 19(1), 1-7. https://doi.org/10.1016/j.tcb.2008.10.004  

Smith, M. H., Ploegh, H. L., & Weissman, J. S. (2011). Road to ruin: targeting proteins 
for degradation in the endoplasmic reticulum. Science, 334(6059), 1086-1090. 
https://doi.org/10.1126/science.1209235  

Soto, C., & Pritzkow, S. (2018). Protein misfolding, aggregation, and conformational 
strains in neurodegenerative diseases. Nat Neurosci, 21(10), 1332-1340. 
https://doi.org/10.1038/s41593-018-0235-9  

Starck, S. R., Tsai, J. C., Chen, K., Shodiya, M., Wang, L., Yahiro, K., Martins-Green, 
M., Shastri, N., & Walter, P. (2016). Translation from the 5' untranslated region 
shapes the integrated stress response. Science, 351(6272), aad3867. 
https://doi.org/10.1126/science.aad3867  

Suraweera, A., Munch, C., Hanssum, A., & Bertolotti, A. (2012). Failure of amino acid 
homeostasis causes cell death following proteasome inhibition. Mol Cell, 48(2), 
242-253. https://doi.org/10.1016/j.molcel.2012.08.003  

Thrower, J. S., Hoffman, L., Rechsteiner, M., & Pickart, C. M. (2000). Recognition of 
the polyubiquitin proteolytic signal. EMBO J, 19(1), 94-102. 
https://doi.org/10.1093/emboj/19.1.94  

Tian, X., Zhang, S., Zhou, L., Seyhan, A. A., Hernandez Borrero, L., Zhang, Y., & El-
Deiry, W. S. (2021). Targeting the Integrated Stress Response in Cancer 
Therapy. Front Pharmacol, 12, 747837. 
https://doi.org/10.3389/fphar.2021.747837  

Wigley, W. C., Fabunmi, R. P., Lee, M. G., Marino, C. R., Muallem, S., DeMartino, G. 
N., & Thomas, P. J. (1999). Dynamic association of proteasomal machinery 
with the centrosome. J Cell Biol, 145(3), 481-490. 
https://doi.org/10.1083/jcb.145.3.481  

Woodruff, J. B., Ferreira Gomes, B., Widlund, P. O., Mahamid, J., Honigmann, A., & 
Hyman, A. A. (2017). The Centrosome Is a Selective Condensate that 
Nucleates Microtubules by Concentrating Tubulin. Cell, 169(6), 1066-1077 
e1010. https://doi.org/10.1016/j.cell.2017.05.028  

Wu, X., Kodama, A., & Fuchs, E. (2008). ACF7 regulates cytoskeletal-focal adhesion 
dynamics and migration and has ATPase activity. Cell, 135(1), 137-148. 
https://doi.org/10.1016/j.cell.2008.07.045  

Yang, H., & Hu, H. Y. (2016). Sequestration of cellular interacting partners by protein 
aggregates: implication in a loss-of-function pathology. FEBS J, 283(20), 3705-
3717. https://doi.org/10.1111/febs.13722  

Yang, H., Schramek, D., Adam, R. C., Keyes, B. E., Wang, P., Zheng, D., & Fuchs, E. 
(2015). ETS family transcriptional regulators drive chromatin dynamics and 
malignancy in squamous cell carcinomas. Elife, 4, e10870. 
https://doi.org/10.7554/eLife.10870  

Yerlikaya, A., & Okur, E. (2020). An investigation of the mechanisms underlying the 
proteasome inhibitor bortezomib resistance in PC3 prostate cancer cell line. 
Cytotechnology, 72(1), 121-130. https://doi.org/10.1007/s10616-019-00362-x  

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 14, 2022. ; https://doi.org/10.1101/2022.02.13.480280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.13.480280
http://creativecommons.org/licenses/by/4.0/


 
 

4 

Yue, J., Xie, M., Gou, X., Lee, P., Schneider, M. D., & Wu, X. (2014). Microtubules 
regulate focal adhesion dynamics through MAP4K4. Dev Cell, 31(5), 572-585. 
https://doi.org/10.1016/j.devcel.2014.10.025  

Zhou, J., Wan, J., Shu, X. E., Mao, Y., Liu, X. M., Yuan, X., Zhang, X., Hess, M. E., 
Bruning, J. C., & Qian, S. B. (2018). N(6)-Methyladenosine Guides mRNA 
Alternative Translation during Integrated Stress Response. Mol Cell, 69(4), 
636-647 e637. https://doi.org/10.1016/j.molcel.2018.01.019  

 
 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 14, 2022. ; https://doi.org/10.1101/2022.02.13.480280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.13.480280
http://creativecommons.org/licenses/by/4.0/

