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SUMMARY 40 
Oncogene-induced senescence (OIS) is an inherent and important tumor suppressor 41 
mechanism. However, if not timely removed via immune surveillance, senescent cells will 42 
also present a detrimental side. Although this has mostly been attributed to the senescence-43 
associated-secretory-phenotype (SASP) of these cells, we recently proposed that “escape” 44 
from the senescent state represents another unfavorable outcome. Here, we exploit 45 
genomic and functional data from a prototypical human epithelial cell model carrying an 46 
inducible CDC6 oncogene to identify an early-acquired recurrent chromosomal inversion, 47 
which harbors a locus encoding the circadian transcription factor BHLHE40. This inversion 48 
alone suffices for BHLHE40 activation upon CDC6 induction and for driving cell cycle re-entry 49 
and malignant transformation. In summary, we now provide strong evidence in support of 50 
genomic instability underlying “escape” from oncogene-induced senescence.  51 
 52 
Keywords: DNA damage, senescence, cancer, DNA replication, DEC1, Hi-C, chromatin loop  53 
 54 
HIGHLIGHTS 55 

• Oncogene driven error-prone repair produces early genetic lesions 56 
allowing escape from senescence  57 

• Cells escaping oncogene-induced senescence display mutational 58 
signatures observed in cancer patients   59 

• A single recurrent inversion harboring a circadian TF gene suffices for 60 
bypassing oncogene-induced senescence 61 

• Chromatin loop and compartment remodeling support the “escape” 62 
transcriptional program 63 
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INTRODUCTION 65 
According to the DNA damage model for cancer development, activated oncogenes trigger 66 
genomic instability that at some point breaches the tumor-suppressing barriers of apoptosis 67 
and senescence to promote cancer development [Halazonetis et al., 2008]. This model 68 
readily explains how emerging genomic instability in cancer leads, via the accumulation of 69 
inactivating mutations at key signaling hubs and regulatory factors, to evasion of apoptosis 70 
and “bypass” of senescence [Halazonetis et al., 2008; Negrini et al., 2010; Gorgoulis et al., 71 
2018]. It also provides the grounds for considering senescence as an inherent barrier to 72 
tumour development in precancerous stages [Bartkova et al., 2006; Di Micco et al., 2006; 73 
Collado et al., 2005; Braig et al., 2005; Michaloglou et al., 2005; Chen et al., 2005]. However, 74 
this model does not explain how cells that have entered such a state of irreversible cell cycle 75 
arrest become able to breach this barrier and re-initiate proliferation. 76 
     Recently, we and others demonstrated how, under certain conditions, a subset of cells in 77 
a senescent population do re-enter the cell cycle, thus “escaping” senescence. Such 78 
“escapee” cells adopt a more aggressive phenotype that closely mimics cancer development 79 
[Galanos et al., 2016; Patel et al., 2016; Milanovic et al., 2018; Komseli et al., 2018; Yu et al., 80 
2018; Gorgoulis et al., 2019]. Nevertheless, the molecular mechanism underlying this 81 
“escape” phenomenon has not been deciphered. 82 
     Here we hypothesize that, if our cancer development model [Halazonetis et al., 2008] 83 
should also pertain to the “escape” phenomenon, then accumulating DNA damage traits 84 
during oncogene-induced senescence (OIS) will be selected and should appear in “escape” 85 
cells as functionally meaningful genetic defects. To address this, we combine a prototypical 86 
OIS cellular system with genomics and functional assays to present the first evidence in 87 
support of this hypothesis, while also discussing its clinical significance.   88 

 89 
RESULTS  90 
An oncogene-induced senescence model recapitulating cancer evolution 91 
We recently described a cellular system based on normal human bronchial epithelial cells 92 
(HBECs) carrying a CDC6-TetON overexpression cassette [Moreno et al., 2016; Komseli et al., 93 
2018]. HBECs are of epithelial origin like most common cancer types, and in their un-induced 94 
state (“OFF” in Figure 1A), they are free from the mutation burden found in cancer cells 95 
[Goodspeed et al., 2016; Stratton et al., 2009]. This permits accurate detection of amassing 96 
DNA alterations during CDC6-induced senescence (“ON” state in Figure 1A). 97 
     The replication licensing factor CDC6 was chosen as the inducible oncogenic stimulus 98 
because (i) as a key component of the replication licensing machinery that integrates most 99 
mitogenic and oncogenic stimuli, it is frequently deregulated already in the earliest stages of 100 
cancer [Karakaidos et al., 2004; Liontos et al., 2007; Sideridou et al., 2011; Petrakis et al., 101 
2016]; (ii) compared to other oncogenes tested, such as RAS or BRAF, it proved a more 102 
powerful inducer of senescence [Patel et al., 2016]; and (iii) its overexpression is linked to 103 
poor patient survival across common cancer types (Figure S1). 104 
     Importantly, this system offers the advantage of prompt and quantitative senescence 105 
entry (within <6 days), followed by escape from senescence in a relatively short time period 106 
(within ~40 days; “ESC” in Figure 1A) [Moreno et al., 2016; Komseli et al., 2018]. These 107 
transitions recapitulate the whole evolution course of malignant transformation, and are 108 
equally observed in 2D and 3D organotypic cell culture conditions (Figure S2A-C). Thus, for 109 
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our working hypothesis (see Introduction) to be validated, the following need to occur. First, 110 
shutting off CDC6 overexpression in cells that have “escaped” senescence should not result 111 
in phenotype reversal, suggesting acquisition of permanent molecular alterations. Second, 112 
following CDC6 induction, DNA double strand breaks (DSBs) should form and, at least a 113 
fraction of them, should be repaired in an error-prone manner. Finally, genomic alterations 114 
produced in the senescent state should be selected to functionally facilitate “escape”. 115 

 116 
Figure 1. Escape from oncogene-induced senescence.  117 
(A) A human bronchial epithelial cell (HBEC) CDC6-TetON cellular system recapitulating 118 
successive stages of cancer evolution [Komseli et al., 2018]. 119 
(B) FACS-based cell cycle analysis of HBECs at different time points following CDC6 induction 120 
demonstrating progressive S-phase reduction until day 4. Bar graphs show mean reduction 121 
(±S.D.; n=3). On day 25 a small number of S-phase cells reappears.  122 
(C) Representative phase contrast views and immunodetection of epithelial (E-cadherin) and 123 
mesenchymal markers (vimentin) in HBECs showing that escape from CDC6-induced senescence 124 
(ESC) coincides with epithelial-to-mesenchymal transition. 125 

126 
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CDC6 expression is dispensable after EMT-like “escape” from senescence 127 
To exclude mapping of stochastic alterations, we conducted three independent evolution 128 
experiments (Figure S3A). In all three, a fraction of cells (~50 colonies/3x106 cells) re-entered 129 
the cell cycle after a protracted CDC6-induced senescent phase (Figure 1B and Video S1A-B). 130 
These “escape” (ESC) cells adopted epithelial-to-mesenchymal transition (EMT) features 131 
(Figures 1C, S2A-C and Video S1A-B) known to facilitate cancer invasion and metastasis 132 
[Nieto et al., 2016; Thiery et al., 2009]. Moreover, conducting a bioinformatic analysis we 133 
observed that “escape” cells exhibited a mixed stem cell signature encompassing embryonic, 134 
epithelial,  mesenchymal-like and MYC-dependent markers [Ritschka et al., 2017; Wong et 135 
al., 2008; Kim et al., 2010; Ivanova et al., 2002; Chambers et al., 2007; Milanovic et al., 2018] 136 
(Figure S2D). Critically, switching off CDC6 overexpression does not result in ESC phenotype 137 
reversal, hence the preservation of growth and invasion capacities (Figure S2E-G). 138 
 139 
DSBs occur early upon senescence entry and are repaired in an error-prone manner  140 
To determine whether and to which extent double strand breaks (DSBs) occur, we 141 
performed BLISS (Breaks Labeling In-Situ and Sequencing) [Yan et al., 2017] at different times 142 
after CDC6 overexpression. BLISS analysis verified DSB emergence in senescence, with a 143 
dramatic increase after 3 days and an almost 50% reduction at the peak of senescence (day 144 
6) suggesting that a repair process took place (Figure 2A).  145 
     We suspected that, as a replication factor, deregulated CDC6 would alter replication 146 
dynamics and induce “replication stress”, thus explaining DSB formation mechanistically. 147 
Indeed, we recorded strong aberrations in the form of reduced fork speed and asymmetry 148 
following CDC6 induction (Figure 2B). In addition, the fraction of cells with increased DNA 149 
content (>4N) and DNA damage marker expression, indicative of re-replication, progressively 150 
increased (Figure 2C). Given that DSBs detected by BLISS were particularly enriched at 151 
transcription start sites (TSSs) (Figure 2D,E; in agreement with what was observed by Gothe 152 
et al., 2019), we postulated that replication-transcription collisions could occur at these 153 
positions. In line with this, global inhibition of transcriptional elongation by RNAPII using DRB 154 
significantly reduced the levels of DNA damage response (Figure 2F). 155 
     Concurrently with DSB emergence, we recorded a prompt (within ~24 h) and strong 156 
increase in RPA foci (Figure 3A), a single-strand DNA binding factor and surrogate marker for 157 
replication stress [Gorgoulis et al., 2018]. This finding, in combination with our BLISS results, 158 
implies that repair predominantly takes place via homologous recombination during S-phase 159 
and before the peak of senescence establishment. However, the levels of key components of 160 
the main error-free homologous recombination (HR) pathway, that of the synthesis-161 
dependent-strand-annealing (SDSA) repair, like Rad51, BRCA1 and BRCA2, are reduced 162 
(Figure 3B). In contrast, Rad52 levels and foci are increased upon CDC6 overexpression 163 
(Figure 3C,D). Thus, in this “BRCAness” environment with low Rad51 levels, DNA repair will 164 
predominantly rely on Rad52 activity, which is central to both break-induced-replication 165 
(BIR) and single-strand-annealing (SSA) repair routes. Both BIR and SSA are highly error-166 
prone mechanisms contributing to genomic instability and oncogenic transformation 167 
[Galanos et al., 2016, 2018; Sotiriou et al., 2016], and we found them significantly activated 168 
in ON cells in a Rad52-dependent manner (Figure 3E). At the same time, SDSA processivity 169 
was strongly reduced, thus satisfying the requirement in our initial hypothesis for a shift 170 
from high to low fidelity DSB repair. 171 
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 172 
 173 
Figure 2. CDC6 induces DNA double strand breaks (DSBs) and alters replication dynamics. 174 
(A) BLISS data generated at the time points after CDC6 activation indicated (UMIs: unique 175 
molecular identifiers) show strongest DSB accumulation at 3 days followed by 50% reduction at 176 
day 6, indicative of DNA repair. 177 
(B) Violin plots depicting DNA fiber fluorography results show decreased fork rate progression 178 
and asymmetry at the time points indicated. **: significantly different to OFF; P < 0.01, Student’s 179 
t-test (±S.D.; n=3). 180 
(C) Quantitative image based cytometry (QBIC) of HBECs at the time points indicated shows cell 181 
cycle distribution of single cells based on cyclin A and DAPI levels (au: arbitrary units). Foci counts 182 
(top) and 53BP1 and γH2AX levels (middle) are indicated by colour-coding. Bar graphs (bottom) 183 
show population means (±S.D.) from QBIC measurements. **: significantly different to OFF; P < 184 
0.01, Student’s t-test (±S.D.; n=3). 185 
(D) Dot plot showing increased frequency of DSBs at gene TSSs on the basis of BLISS data. 186 
(E) Histogram showing BLISS defined DSBs enrichment at gene TSSs upon CDC6 induction. 187 
(F) Representative immunofluorescence imaging (left) of EU-labeled nascent RNA and 53BP1 foci 188 
in control HBECs (DMSO) or treated with a transcriptional inhibitor (DRB) at the time points 189 
indicated. Bar graphs (right) show the percentage (±S.D.; n=3) of cells with 53BP1 foci. *: 190 
significantly different to OFF; P < 0.05, two-tailed unpaired Student’s t-test. 191 

192 
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 193 
Figure 3. Sustained CDC6 expression induces replication stress and error-prone DNA repair.  194 
(A) Quantitative image based cytometry (QBIC) of HBECs at the time points indicated shows cell 195 
cycle distribution of single cells based on cyclin A and DAPI levels (au: arbitrary units). Foci counts 196 
(top) and RPA70 levels (middle) are indicated by color-coding. Bar graphs (bottom) show 197 
population means (±S.D.) from QBIC measurements. **: significantly different to OFF; P < 0.01, 198 
unpaired two-tailed Student’s t-test (±S.D.; n=3). 199 
(B) Heatmap showing reduction in the expression levels of the genes involved in error-free 200 
homologous recombination (HR) DNA repair upon CDC6 induction in HBECs (ON). 201 
(C) Western blots showing RAD52 induction upon CDC6 overexpression in ON cells.  202 
(D) As in panel C, but using immunofluorescence imaging of RAD52 and CDC6. 203 
(E) Reporter assays demonstrating increase (±S.D.; n=3) in RAD52-dependent break-induced 204 
replication (BIR; top) and in single-strand annealing repair of DSBs (SSA; middle). Error-free repair 205 
monitored by a synthesis-dependent strand annealing reporter (SDSA; bottom) is suppressed. *: 206 
P<0.05, unpaired two-tailed Student’s t-test. 207 
 208 
“Escape” cells harbor genomic alterations selected early upon senescence entry 209 
Following a senescent period of ~4 weeks, ESC clones emerged in all three replicates (Figures 210 
S2A-C and S3A). To examine whether traits of DNA damage produced early upon senescence 211 
entry are selected and maintained in ESC populations, we employed whole-genome 212 
sequencing (WGS). Compared to the uninduced cells, WGS uncovered a broad spectrum of 213 
single nucleotide variations (SNVs; sequence alterations of <60 bp) and copy number 214 
variations (CNVs; sequence alterations of >60 bp) (Figures 4A and S3B).  215 
     In more detail, chromosomal distribution of SNVs took a “kategis” form, and we could 216 
deduce a mutation signature (Figure S3C,D) resembling the previously reported “signature 217 
15” associated with mismatch defects seen in stomach and lung cancers [Alexandrov et al., 218 
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2013]. Moreover, SNV analysis revealed that our “cancer evolution” model recapitulated 219 
two of the most frequently occurring cancer mutations, in MUC16 and in NEB (Figure S4A-C), 220 
thus validating its relevance. Both mutants associate with poor outcomes in cancer patients 221 
[Chugh et al., 2015; Kufe, 2009; Mazzoccoli et al., 2017], with MUC16 (also known as CA125) 222 
being an established marker for various cancer types, including lung cancer that is the origin 223 
of our cellular system. Although no mutations were found in the TP53 gene, the most 224 
altered gene in cancer (Figure S4A), its negative regulator MDM2 increases in “escape” cells 225 
leading to its downregulation (Figure S5A).  226 
     Finally, by interrogating the spectrum of recorded CNVs, we made two observations. First, 227 
that — as predicted by our model [Halazonetis et al., 2008; Tsantoulis et al., 2008] — genetic 228 
alterations were located within common fragile sites (CFSs; Table S1). Second, that 58 out of 229 
>650 CNVs per clone were shared by all three replicates (Figure 4A-C). Aligning the 230 
breakpoints flanking these CNVs to DSB coordinates obtained via BLISS resulted in a striking 231 
overlap for 51 out of 58 of them (Figure 4D).  232 

233 
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Figure 4. Escape cells harbor recurrent copy number variations (CNVs) aligning to DSBs.  234 
(A) Pie charts showing the distribution of CNVs identified in each of three independent replicates 235 
into five categories.  236 
(B) Pie charts showing the distribution of the 58 CNVs shared by all the three replicates. *: 237 
significantly more than expected by chance; P<0.0001, Super Exact test. 238 
(C) List of the type and location of all shared CNVs from panel B, alongside any differentially-239 
expressed genes they harbour in ESC cells (*confirmed by RT-qPCR, not in RNA-seq data). 240 
(D) Superimposing DSB coordinates, as defined by BLISS, with the breakpoints of the shared CNVs 241 
from panel B shows overlap in 51 out of the 58 cases. 242 
 243 
     In summary, the cancer specific mutational signature (Figure S3D), the recapitulation of 244 
the MUC16 and NEB mutations seen in patients (Figure S4), and the 58 non-random shared 245 
CNVs identified in ESC cells (Figure 4B,C) are all indicative of genomic instability being a 246 
decisive determinant in the “escape” from oncogene-induced senescence. 247 
 248 
A large chromosomal inversion uncovers a circadian transcription factor as regulator of 249 
“escape” 250 
Given the above data, a fundamental question of our working hypothesis to be addressed is 251 
whether genetic alterations obtained early are functionally relevant for the “escape” of the 252 
senescence cells that carry them (see Introduction). To this end, we noticed a >3.7 Mbp-long 253 
heterozygous balanced inversion in the short arm of chr3 in our list of 58 recurring CNVs 254 
(Figures 4B-D, 5A and Table S2). Naturally occurring inversions are generally less susceptible 255 
to further recombination, which suggests that genes within such structural variants are 256 
selectively “protected” [Wellenreuther and Bernatchez, 2018]. This HBEC-specific inversion 257 
encompasses the BHLHE40 locus (basic helix-loop-helix family member 40, also known as 258 
DEC1) (Figure 5A) encoding a transcription factor that belongs to the CLOCK (circadian 259 
locomotor output cycles kaput) protein family regulating daily circadian rhythm oscillations 260 
[Kato et al., 2014; Sato et al, 2016]. Publicly-available ENCODE ChIP-seq data reveal that 261 
BHLHE40 exhibits strong and ubiquitous binding across the genome and to regulate >15500 262 
human genes [Rouillard et al., 2016], including many cell cycle regulators (Figure 5B).  263 
     Notably, >68% of genes differentially-expressed upon “escape” from senescence are 264 
reported direct BHLHE40 targets (Figure 5C and Table S3). Our transcriptome data show that 265 
BHLHE40 is strongly upregulated in ESC cells (also at the protein level; Figure S5C) , while 266 
PER1/2, which encode the key circadian factors periodins [Yamada and Miyamoto, 2005; 267 
Wood et al., 2009; Kato et al., 2014; Sato et al, 2016], and BHLHE41 are suppressed (Figure 268 
5D). This suggests a direct role for BHLHE40 in the promotion of “escape”. In fact, the 269 
circadian circuitry governs, amongst other processes, cell cycle progression and its 270 
deregulation affects cell cycle checkpoints and can lead to cancer [Hunt and Sassone-Corsi, 271 
2007; Masri et al., 2013]. Looking into genes encoding replication machinery components, 272 
we found 38 key ones that are βοτη strongly reactivated in ESC cells and bound by BHLHE40 273 
(e.g., BLM, GINS1-4, MCM2-10, PCNA, POLE; Figure 5B,E). Among these was also MDM2, the 274 
main negative regulator of p53 (Figures 5E and S5A,B).  275 
     To test the functional significance of BHLHE40 in this model, we silenced its gene in ESC 276 
cells using siRNAs. This led to deregulated cell cycle profiles and increased cell death, as 277 
shown via FACS (from 1.89 ± 0.8% cells to 21.25 ± 0.3%; Figure 5F) and caspase-3 staining 278 
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(from 0.5 ± 0.8% cells to 59.9 ± 6.8%; Figure 5G). Notably, BHLHE40 silencing also led to 279 
upregulation of PER1 (Figure 5H), known to sensitize cells to apoptosis [Gery et al., 2006; 280 
Hunt and Sassone-Corsi, 2007]. Together, these results show that BHLHE40 upregulation is 281 
necessary for the maintenance of the “escape” phenotype. The significance of BHLHE40 is 282 
also applies to clinical outcomes, as its overexpression is associated with adverse impact on 283 
survival in various malignancies, including lung cancer (Figure S6).  284 
     Apart from the BHLHE40 inversion, which appears to be central in the “escape” 285 
phenomenon, a reciprocal translocation involving chromosomes 9 and 22 typically identified 286 
in chronic myelogenous leukemia (CML) was also shared by all three ESC populations (Figure 287 
S7). Finally, all genes laying in the remaining shared CNVs have been associated with the 288 
senescence process (for details see Table S2Β).  289 

 290 
Figure 5. The chr3 inversion harbors BHLHE40 that is essential for “escape” phenotype 291 
maintenance.  292 
(A) WGS data around the chr3 inversion breakpoints in ESC cells. Hard clipped (green lines) and 293 
discordantly mapped reads (blue/purple arrows) are indicated for all three replicates. 294 
(B) Representative genome browser views (left) of BHLHE40 ENCODE ChIP-seq data from IMR90 295 
and GM12878 cells in the E2F2 and PCNA loci. This data was used to infer the BHLHE40 binding 296 
motif logo, and to assign 36.7% of all human genes as its direct targets [Pertea et al., 2018]. 297 
(C) Venn diagram showing 68.8% of all genes differentially-expressed in ESC cells also being 298 
BHLHE40 targets according to ChIP-seq data. 299 
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(D) Heatmap of RNA-seq data shows BHLHE40, but not other circadian genes like PER1/2, being 300 
selectively upregulated in ESC cells. 301 
(E) Heatmap (left) showing that 25.3% of the 2220 differentially-expressed in ON cells are shared 302 
with reported senescence signatures [Hernandez-Segura et al., 2017]. Of these, 38 encode 303 
replication machinery components (right) and are strongly induced in ESC cells. 304 
(F) FACS-based cell cycle profiling of control (siCTRL) and BHLHE40-knockdown (siBHLHE40) cells 305 
showing significantly altered cell cycle progression and increased cell death, denoted with a red 306 
arrow (±S.D.; n=3). *significantly more than in control:P<0.001, Fisher’s exact test. 307 
(G) Representative images of control (siCTRL) and BHLHE40-knockdown cells (siBHLHE40) 308 
immunostained for Caspase-3. Inset numbers indicate the percentage of positive cells (from a 309 
minimum of 100 cells counted in each condition). *: P<0.01, Fisher’s exact test. 310 
(H) Western blots showing reciprocal changes in BHLHE40 and PER1 levels upon BHLHE40-311 
knockdown in ESC cells, thought to drive apoptosis [Hunt and Sassone-Corsi, 2007]. 312 
 313 
A CRISPR-generated inversion in chr3 suffices for senescence bypass  314 
Subsequently, we tested whether genetic alterations, obtained early upon senescence entry 315 
and maintained in ESC cells, are functionally relevant to this transition. In other words, does 316 
the inversion in chr3 facilitate “escape” by promoting BHLHE40 reinduction in response to 317 
oncogenic stimuli? To answer this, we first examined BHLHE40 protein levels along a time 318 
course from OFF to ESC cells. Baseline levels in OFF cells are reduced upon CDC6 induction, 319 
but markedly increased in the “escape” state (Figure S5C). Interestingly, BHLHE40 320 
suppression was partially alleviated by day 6 (Figure S5C). This coincides with the window of 321 
error-prone DSB repair (Figure 2A) and, thus, with the presumed acquisition time of the chr3 322 
inversion. 323 
     Next, we used CRISPR-Cas9 editing in HBECs to target sequences within 72 bp (from 324 
2,920,305) and 50 bp (from 6,680,932) of the inversion breakpoints discovered via WGS. We 325 
generated two independent clones carrying this 3.7-Mbp heterozygous inversion (Figures 6A 326 
and S8A). “Inverted” cells demonstrated a loss of epithelial features with accentuated 327 
spindle morphology, low E-cadherin and emergent Vimentin expression (Figure 6B), 328 
reminiscent of the metastable state characterizing cells undergoing trans-differentiation 329 
[Nieto et al, 2016]. Strikingly, and in accordance to our hypothesis, upon CDC6 induction the 330 
clones carrying this inversion never ceased to proliferate nor did they acquire morphological 331 
features of senescence, supporting the notion that they bypass the senescent barrier 332 
(Figures 6C,D and S8B,C). Notably, at the initial phases of CDC6 induction, the low S-phase 333 
cell percentages observed can be attributed to the particularly energy-demanding state of 334 
this metastable phenotype [Nieto et al., 2016] and/or to DDR activation (Figure S8D,E). This 335 
is, nevertheless, not adequate for triggering senescence in this specific “genetic terrain” 336 
(Figure 6B-D). Soon after this “slow growth” phase (Figures 6C and S8C), inverted cells do 337 
progressively increase their growth rate and invasion capacity (Figure 6E,F). Critically, both 338 
inverted clones overexpressed BHLHE40 upon CDC6 induction (Figures 6G,H and S8F) and 339 
this overexpression drives gene expression changes that favor senescence suppression and 340 
cell cycle reentry (Figure 6I). In summary, a single inversion in one of the alleles harboring 341 
BHLHE40 suffices for driving constitutive expression of this circadian transcription factor in 342 
response to oncogenic overexpression and “escape” from senescence. 343 

344 
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 345 
Figure 6. The 3.7-Mbp inversion in chr3 suffices for bypassing CDC6-induced senescence.  346 
(A) PCR and Sanger sequencing validation of a CRISPR-generated 3.7-Mbp heterozygous inversion 347 
in chr3 that closely mimics that discovered in ESC cells using WGS. 348 
(B) Immunodetection of epithelial (E-cadherin) and mesenchymal markers (vimentin) in 349 
“inverted” OFF and 6-day ON cells is reminiscent of cells undergoing transdifferentiation.  350 
(C) FACS-based cell cycle analysis in “inverted” cells at different times after CDC6 induction 351 
(±S.D.; n=3).  352 
(D) Representative images (bottom) of OFF, ON, and ESC or “bypass” cells stained with 353 
SenTraGor to assess senescence-bypass in “inverted”  compared to wild-type cells. 354 
(E) Plots depicting mean proliferation (±S.D.; n=3) in the different states of wild-type and 355 
“inverted” cells.*: significantly different to OFF; P<0.05, unpaired two-tailed Student’s t-test. 356 
(F) As in panel E, but quantifying cell invasion capacity (±S.D.; n=3). *: significantly different to 357 
OFF; P<0.05, unpaired two-tailed Student’s t-test. 358 
(G) Western blots showing BHLHE40 suppression upon CDC6-induction in wild-type cells. GAPDH 359 
provides a loading control. 360 
(H) Left: As in panel G, but showing strong BHLHE40 re-expression upon CDC6-induction in cells 361 
carrying the CRISPR-generated inversion. Middle/right: Blots showing aphidicolin (APH) 362 
treatment suppresses CDC6-driven BHLHE40 re-expression in “inverted” bypass cells. GAPDH 363 
provides a loading control. 364 
(I) Heatmap of gene expression data depicting inverse patterns for cell cycle and senescence 365 
regulators between 6-day CDC6-ON wild-type and bypass “inverted” cells. 366 

367 
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Genomic instability-mediated chromatin refolding underlies BHLHE40 induction and 368 
“escape” from senescence 369 
It is now understood that changes in three-dimensional (3D) chromosome architecture, like 370 
those caused by inversions, may mechanistically explain disease manifestation, including 371 
cancer [Ibrahim and Mundlos, 2020]. To test whether this also can also explain BHLHE40 372 
upregulation, we investigated 3D reorganization in the extended BHLHE40 locus. We used 373 
our “inverted” HBECs to generate high-resolution Hi-C maps from OFF and “senescence-374 
bypass” cells (Table S4). Genome-wide comparison of this data revealed that “bypass” cells 375 
exhibit an increase in sub-Mbp interactions (Figure 7A), accompanied by changes in the 376 
identity of compartments. Approximately 10% of A- or B-compartments switch to B or A, 377 
respectively, and this switching explains a considerable fraction (almost 50%) of the gene 378 
expression changes that underlie senescence bypass (Figure 7B). However, only marginal 379 
changes to “topologically-associating domain” positions (TADs; Beagan and Philips-Cremins, 380 
2020) were found (Figure 7C). These effects are, for the most part, the converse of what was 381 
observed for cells transitioning into oncogene-induced or “deep” senescence [Chandra et al., 382 
2015; Criscione et al., 2016].  383 
     Looking specifically into the 3D organization of chromatin around the inversion region on 384 
chr3, we can make three key observations. First, that BHLHE40 resides in one of the two 385 
centrally-located TADs of this extended locus, the long-range contacts of which do not 386 
change between OFF and “bypass” cells (Figure 7D). Thus, we can rule out the “classical” 387 
scenario of BHLHE40 re-expression due to ectopic contacts with enhancers in adjacent TADs 388 
[Ibrahim and Mundlos, 2020]. Second, we recorded the emergence of new loops in this 4-389 
Mbp region, which contribute to the enhanced insulation of the two central TADs from one 390 
another (Figure 7D, circles). Strikingly, a survey of this same 4-Mbp region encompassing 391 
BHLHE40 in publicly-available Hi-C data showed that these two centrally-located TADs 392 
appear fused in normal tissue (Figure S9A), but well-insulated in cancer cells (Figure S9B), 393 
thus reflecting our OFF and “bypass” data, respectively. Third, we found that strong loop 394 
emergence coincided with the strengthening and broadening of the small A-compartment 395 
harboring BHLHE40, which is in line with its more potent activation Figure 7D, bottom). 396 
     Given these effects in the BHLHE40 domain, we speculated that changes to CTCF loops 397 
genome-wide might explain the changes underlying senescence bypass. Indeed, subtracting 398 
OFF from “bypass” Hi-C data revealed new long-range contacts emerging (Figure 7E). Across 399 
all chromosomes ~3500 new loops arise, while >2000 specific to OFF cells are lost (Figure 400 
7F). In line with our subtracted maps, bypass-specific loops are on average larger than OFF-401 
specific ones (Figure 7G). Interestingly, and exactly as in the case of the BHLHE40 domain, 402 
these bypass-specific loops arise at positions of existing insulation that become markedly 403 
strengthened. At the same time, insulation at the anchors of OFF-specific loops show little 404 
fluctuation (Figure 7H). Together, this type of changes suggests rewiring of regulatory gene-405 
enhancer interactions. To cite two characteristic examples, we see the emergence of bypass-406 
specific loops in loci suppressed upon senescence bypass. In both cases, these loops trap the 407 
two genes, RRM2 and NCAPG (involved in replication and mitosis, respectively), in between 408 
consecutive insulated domains to mediate their downregulation (Figure S10A,B; Table S5). 409 
In contrast, LAP3 finds itself within an emerging bypass-specific loop and is induced (Figure 410 
S10B).     411 
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 412 
Figure 7. Analysis of spatial chromatin interactions in “inverted” OFF and bypass cells. 413 
(A) Line plot showing mean interaction strength decay (Hi-C counts) in relation to increasing 414 
separation of interacting fragments in OFF (black) and bypass “inverted” cells (yellow). 415 
(B) Changes in A/B-compartments in bypass versus OFF Hi-C data. Strong B-to-A and A-to-B 416 
switching (dotted squares) are indicated, and the GO terms associated with differentially-417 
expressed genes embedded in each switched domain. 418 
(C) Exemplary Hi-C heatmaps from OFF and bypass cells showing negligible changes in TAD 419 
positions for a subregion on chr19. 420 
(D) Composite Hi-C heatmap depicting interactions from OFF (bottom) and bypass “inverted” 421 
cells (top) in the region harboring BHLHE40 on chr3. The data is aligned to CTCF and H3K27ac 422 
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ChIP-seq data from normal OFF HBECs, as well as to A/B-compartment positions from OFF and 423 
bypass cells. CTCF-anchored loops emerging upon senescence bypass are denoted on the Hi-C 424 
map (circles) and aligned below (yellow arches). 425 
(E) Subtracted Hi-C heatmap showing changes in interactions upon transition from OFF to bypass 426 
“inverted” cells for a subregion on chr4. 427 
(F) Venn diagram showing the number of loops unique to OFF and bypass “inverted” cells or 428 
shared. Median loop lengths (square brackets) are indicated. 429 
(G) Violin plots showing distribution of lengths for the loops from panel H. *: significantly 430 
different to OFF; P-value <0.05, Wilcoxon-Mann-Whitney test. 431 
(H) Line plots showing mean insulation of chromatin interactions in the 200 kbp around loop 432 
anchors unique to OFF (black) or bypass “inverted” loops (yellow) using Hi-C data from OFF 433 
(dotted lines) and bypass cells (solid lines). 434 
(I) Update on the DNA damage model for cancer development [Halazonetis et al., 2008]. Cells 435 
respond to oncogenic stimuli by eliciting senescence as an anti-tumor barrier. The high DNA 436 
damage (DSBs) burden amassing during senescence engages error-prone repair mechanisms. 437 
Consequently, genetic aberrations accumulate with concurrent chromatin remodeling that 438 
provide a “pool” of genomic defects, from which those that facilitate “escape” from senescence, 439 
cell cycle re-entry and aggressive features are selected and maintained. 440 
 441 

Furthermore, given that replication origins in mammalians are not defined by specific 442 
sequences but rather by structural chromatin context  [Antequera, 2004; Cvetic and Walter, 443 
2005] we reasoned that changes in chromatin segment orientation could additionally 444 
reorganize the replication process, and in turn affect gene transcription [Lin et al., 2003; 445 
Chen et al., 2019; Fisher and Mechali 2003]. The dependence of transcription on replication 446 
(S-phase dependence) has been demonstrated in various developmental procedures [Fisher 447 
and Mechali 2003]. This, combined with the fact that replication origins can be activated due 448 
to replication stress [Courtot et al., 2018], like that induced by CDC6 overexpression, 449 
prompted us to investigate if BHLHE40 up-regulation is linked to replication. Indeed, treating 450 
bypass “inverted” cells with aphidicolin markedly reduced the protein levels of BHLHE40, 451 
which was not the case for OFF cells (Figure 6H). Likewise, wild-type ESC, but not OFF, cells 452 
responded the exact same way to aphidicolin by suppressing BHLHE40 levels (Figure S8G). 453 
Together, such 3D reorganization events can explain gene expression changes leading to 454 
senescence bypass. 455 

 456 
DISCUSSION  457 
Entry into senescence is a generalized physiological stress response and as such it is also 458 
triggered by oncogene activation to serve as a tumor suppressing mechanism [Gorgoulis et 459 
al., 2019]. Still, as with any form of senescence, if the resulting cells are not removed from 460 
their niche in a timely manner, an undesirable pro-tumorigenic facet can arise [Rodier and 461 
Campisi, 2011; Muñoz-Espín and Serrano, 2014; Gorgoulis et al., 2018; 2019]. This adverse 462 
effect has been attributed to the SASP, the secretory cocktail that senescence cells release 463 
into their surroundings to trigger chronic inflammation [Gorgoulis et al., 2019]. However, 464 
recent reports by us and other proposed that some senescent cells can “escape” this state of 465 
oncogene-induced senescence to initiate malignancy [Galanos et al., 2016; 2018; Komseli et 466 
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al., 2018; Milanovic et al., 2018], but the molecular mechanisms underlying this “escape” still 467 
remain obscure.        468 
     Here, we present the first mechanistic evidence of how DNA lesions acquired early upon 469 
entry into oncogene-induced senescence can drive this phenomenon of “escape”. We 470 
exploit normal human bronchial epithelial cell driven to senescence by overexpressing the 471 
CDC6 oncogene. From the populations of these senescent cells, mesenchymal-like, 472 
aggressively proliferating cells eventually emerge within ~40 days. Thus, we essentially 473 
mimic “cancer evolution” to find that (i) forced CDC6 expression induces DSBs genome-wide 474 
as early as 3 days post-senescence entry; (ii) these DSBs are predominantly repaired in an 475 
error-prone manner; (iii) poorly repaired lesions are actively selected during this “cancer 476 
evolution” time course and appear essential for the establishment and/or maintenance of 477 
the “escape” clones (Figure 7I). 478 
     Large genomic cancer studies have shown that the path to malignancy is not uniquely 479 
defined, but rather needs to fulfill particular characteristics that allow for the aggressive and 480 
unhindered proliferation capacity cancer cells exhibit [Gorgoulis et al., 2018]. We believe 481 
that this also applies to the “escape” from senescence. Indeed, our independent ESC clones 482 
display recurrent structural and sequence variants that can linked to their phenotype. For 483 
example, the precise recapitulation of frequent cancer mutations in MUC16 and NEB, or the 484 
resemblance of the ESC SNV signature to that previously discovered in actual patient tumors 485 
[Alexandrov et al., 2013]. Another prerequisite for HBEC “escape”, and for most malignant 486 
transformation [Aylon and Oren, 2011], is inactivation of the p53 response [Halazonetis et 487 
al., 2008]. This also occurs in our model, not via CDC6-dependent mutation of the TP53 locus 488 
itself, but rather indirectly via MDM2 upregulation to shut down p53. This course of events is 489 
not confined to the bronchial epithelium, but can be recapitulated in human pancreatic duct 490 
epithelial cells (HPDECs) that carry an inducible CDC6 construct and in which p53 function is 491 
inactivated via HPV16-E6 transduction [Ouyang et al., 2000]. This is a relevant cell system 492 
because CDC6 overexpression and senescence are frequently detected in precancerous 493 
pancreatic lesions [Myrianthopoulos et al., 2019]. As predicted, following CDC6 induction, 494 
HPDECs follow a trajectory that bypasses senescence (Figure S11). 495 
     Nevertheless, a prominent and recurrent feature in our ESC clones is the 3.7-Mbp 496 
heterozygous inversion on chr3. While essentially all types of structural aberrations have 497 
been functionally linked to cancer development [Stratton et al., 2009; Danieli and 498 
Papantonis, 2020], inversions appear to confer specific properties as regards their selection. 499 
Their predominant heterozygous nature allows for their lower recombination potential and, 500 
thus, their selective maintenance so that the genes they harbor function in an advantageous 501 
“enhanced” mode [Puig et al., 2015; Wellenreuther and Bernatchez, 2018]. Accordingly, the 502 
BHLHE40 gene harbored in our 3.7-Mbp inversion encodes a circadian transcription factor 503 
known for controlling a large number of human genes and a variety of processes, including 504 
the cell cycle [Hunt and Sassone-Corsi, 2007; Wood et al., 2009; Kato et al., 2014; Sato et al, 505 
2016]. In our system, control of >70% of differentially-regulated genes in “escape” cells can 506 
be attributed to BHLHE40. Despite the fact that its expression has been linked to senescence 507 
[Collado et al., 2006; Qian et al., 2008], dependence of this “escape” phenomenon on 508 
BHLHE40 can be explained by the following sequence of molecular events. Soon after, within 509 
<3 days, erroneous repair establishes an inverted locus where this circadian gene is now 510 
responsive to CDC6 overexpression and markedly upregulated. A major player in this 511 
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appears to be CTCF and its ability to direct loop formation along chromosomes [Rada-Iglesias 512 
et al., 2018; Braccioli and de Wit, 2019]. Remodeling of the BHLHE40 topological domain via 513 
the emergence of de novo loops coincides with its activation. The resulting abundance of this 514 
potent transcription factor is reminiscent of an oncogenic stimulus that can only exert its 515 
pro-tumorigenic potential once relieved of the senescence barrier. Such a mode-of-action 516 
would then explain contentious reports showing that BHLHE40 triggers senescence or 517 
supports cell proliferation, EMT, tumor formation and poor patient survival [Sato et al., 518 
2016; Yamada and Miyamoto, 2005; Qian et al., 2008]. It can also explain those “escape”-519 
relevant gene expression changes that correlate with loop rewiring, in line with the 520 
proposed role for BHLHE40 in regulating CTCF binding genome-wide [Hu et al., 2020]. 521 
     Taken together, our work suggests that it is in the early phase of oncogene-induced 522 
senescence that the “genetic seeds” of the forthcoming malignant transformation are 523 
planted in chromosomes (Figure 7K). Whether “escape” will always be the inevitable destiny 524 
of a subset of cells or whether there are cell-autonomous or non-cell-autonomous factors 525 
that can dictate this remains to be elucidated. Nonetheless, these findings can have far-526 
reaching clinical implications: the majority of clinically-used chemotherapeutic agents target 527 
proliferating cancer cells, while senescent cells represent a dormant compartment tolerant 528 
to traditional therapy. Hence, targeting senescent cells can prove of major clinical 529 
importance. In light of the expanding field of senotherapeutics [Zhu et al., 2015; Childs et al., 530 
2015; Gorgoulis et al., 2019; Myrianthopoulos et al., 2019], such consideration will be critical 531 
in order to prioritize therapeutic choices.      532 
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