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Mammalian development, adult tissue homeostasis and avoidance of severe 74 

diseases including cancer require properly orchestrated cell cycle, as well as 75 

error-free genome maintenance. The key cell-fate decision to replicate the 76 

genome is controlled by major parallel pathways of Myc and cyclin D/CDK-77 

pRB.1,2 Both Myc and the cyclin D-pRB axis are commonly deregulated in 78 

cancer, along with enhanced genomic instability. The autophagic tumor-79 

suppressor AMBRA1 has been linked to the control of cell proliferation, even 80 

though the underlying molecular mechanisms remain poorly understood. 81 

Here we show that AMBRA1 is an upstream master regulator of G1/S 82 

transition, thereby preventing replication stress accumulation. Our combined 83 

cell and molecular biology approaches, and in vivo models reveal that 84 

AMBRA1 regulates abundance of D-type cyclins by mediating their 85 

degradation. Furthermore, through G1/S control, AMBRA1 helps maintain 86 

genomic integrity during DNA replication, counteracting developmental 87 

abnormalities and tumor growth. Finally, we identify the Chk1 kinase as a 88 

potential therapeutic target in AMBRA1-deficient tumours. These results 89 

advance our understanding of the robust control of replication-phase entry 90 

and genome integrity, highlighting the AMBRA1-cyclin D pathway and its 91 

aberrations as a crucial cell cycle-regulatory mechanism deeply 92 

interconnected with genomic (in)stability in embryonic development and 93 

tumorigenesis.    94 
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Main text  95 

The Activating Molecule in Beclin-1-Regulated Autophagy (AMBRA1) is a scaffold 96 

factor that binds proteins involved in several cellular pathways3. We previously 97 

reported that AMBRA1 interacts with members of the Cullin E3 ubiquitin ligases 98 

favoring the stability of key autophagy proteins4–6, and mediates PP2A-dependent 99 

dephosphorylation and degradation of the proto-oncogene c-Myc7. Furthermore, 100 

Ambra1 is essential for nervous system development, and organismal Ambra1-101 

deficiency causes embryonic lethality8. Inspired by the emerging links of AMBRA1 102 

with cell proliferation, development and tumorigenesis3, here we set out to 103 

elucidate the mechanistic basis of AMBRA1 role(s) in cell cycle regulation and 104 

their impact on neurogenesis, genome integrity and cancer.  105 

 106 

Results  107 

AMBRA1 controls Cyclin D-mediated proliferation 108 

To complement and extend the original observations of enhanced proliferation 109 

observed in AMBRA1 downregulation, we generated a nervous system conditional 110 

knockout model (Ambra1 cKO) by selectively depleting Ambra1 in the columnar 111 

neuroepithelial cells at embryonic day E11 (Extended Data Fig. 1a)9. Such 112 

delayed Ambra1 depletion, as opposed to our previous Ambra1gt/gt-deficient 113 

mouse model, allowed us to explore later phases of neural development. Ambra1 114 

cKO mice show increased volume of both cortex and lateral ventricles (Fig. 1a, 115 

Extended Data Fig. 1b, c), associated with an enhanced rate of proliferation in 116 
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the whole E13,5 brain and in the olfactory bulbs (OB) of E18,5 brain (Fig. 1b, 117 

Extended Data Fig. 1d, e). Also, neural stem cells (NSCs) isolated from Ambra1 118 

cKO mice show increased levels of several cell-cycle regulatory proteins (Fig. 1c, 119 

Extended Data Fig. 1f, g), together with higher clonogenic potential and 120 

replication rate (Fig 1d, Extended Data Fig. 1h). Strikingly, levels of cyclin D1 and 121 

D2 proteins and phosphorylated pRb (S807/811) are highly increased both ex and 122 

in vivo (Fig. 1c, e, Extended Data Fig. 1g, i-m), suggesting an AMBRA1-123 

dependent Cyclin D modulation. Indeed, consistent with our previous results7, we 124 

find in neural ex vivo and in vitro cell lines that AMBRA1 directly binds and 125 

regulates the stability of N-Myc, via the phosphatase PP2A, thereby controlling 126 

Cyclin D1 and D2 transcription (Extended Data Fig. 1n-r). Moreover, we noticed 127 

that both cyclin D1 and D2 are highly resilient to proteasomal degradation in 128 

Ambra1-deficiency conditions (Fig. 1f, Extended Data Fig. 2a, b). In line with the 129 

fact that both Myc and D-type cyclins positively regulate G1/S transition 10,11, 130 

Ambra1 cKO NSCs show a shorter G1 phase with faster entry into, and longer 131 

residence in S phase (Extended Data Fig. 2c). By reducing cyclin D/CDK kinase 132 

activity we could restore proliferation to wt levels (Extended Data Fig. 2d), 133 

highlighting the importance of accelerated G1/S transition in the AMBRA1-134 

depleted driven phenotype. Additionally, we found that due to Ambra1 135 

deficiency, deregulated cell cycle progression is followed by increased cell death, 136 

a phenotype rescued upon cyclin D/CDK activity inhibition (Extended Data Fig. 137 

2e, f). Of note, Ambra1 deficiency in neurodevelopment promotes staminal niche 138 
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expansion, inducing an unbalanced expression of Sox2+ multipotent NSCs, at the 139 

expense of partially committed Tbr2+ intermediate progenitors (Extended Data 140 

Fig. 2g). This phenotype was retained at a later embryonal stage, when Ambra1-141 

deficiency reduced neuronal differentiation, confirming the observed 142 

neurogenesis delay induced by cyclin D1 overexpression12 (Extended Data Fig. 143 

2h-j). 144 

Thus, our results indicate that AMBRA1 regulates D-type cyclin stability and 145 

abundance, with implications for G1/S control, cell proliferation, neurogenesis, 146 

and cell death during neurodevelopment. 147 

  148 

AMBRA1 regulates cyclins D via DDB1 and CRL4 149 

Next, we confirmed that the mechanism observed in mouse neurodevelopment is 150 

also applicable in the context of human neural cells (Extended Data Fig. 3a, b). 151 

In line with the fact that AMBRA1 regulates protein turnover by the proteasome 152 

through its direct interaction with several E3-ligases5,6,13, we found that DDB1, a 153 

member of the CRL4-DDB1 complex, is indeed the specific E3 ligase regulating 154 

AMBRA1-dependent cyclin D1 stability, by interacting with AMBRA1 (Fig. 1g, h 155 

and Extended Data Fig. 3c-e). Also, we demonstrated that a phospho-deficient 156 

mutant of cyclin D1 (T286A), resistant to proteasome degradation14, is unable to 157 

bind AMBRA1 (Extended Data Fig. 3f). Consistent with AMBRA1 cKO proliferative 158 

phenotype, also in these conditions, AMBRA1 depletion could boost cell division 159 

(Extended Data Fig. 3g). 160 
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We further expanded our findings to human non-neural Rb-proficient cell types, 161 

namely U2OS and telomerase-immortalized BJ (BJ-hTERT) cells. Indeed, both 162 

cullin family inhibition by MLN4924 and their individual depletion confirm that 163 

CUL4a (a member of the CRL4-DDB1 complex) is responsible for D-type cyclin 164 

degradation (Fig. 1i, Extended Data Fig. 3h). Of note, AMBRA1-silenced cells 165 

accumulate in S phase (Fig 1j), and exhibit increased levels of nuclear cyclin D1, 166 

along with markers of accelerated G1/S transition (Extended Data Fig. 3i-k). 167 

Next, by employing U2OS-FUCCI cells sorted into specific cell cycle populations, 168 

we found that AMBRA1 knockdown causes overexpression of cyclins D1 and A2, 169 

besides Rb hyperphosphorylation on S807/811 (Extended Data Fig. 3l), 170 

supporting a role for AMBRA1 in cell cycle regulation. Consistently, AMBRA1-171 

depleted fibroblasts and U2OS-FUCCI cells show an accelerated entry into S 172 

phase and an overall shorter doubling time (Fig. 1k, Extended Data Fig. 3m-r). 173 

Overall, our results thus indicate that AMBRA1 regulates D-type cyclin stability 174 

and abundance, therefore impacting on their role, through the CRL4-DDB1 175 

complex. 176 

 177 

AMBRA1 silencing evokes RS and DNA damage  178 

The phenotype observed in neural cells prompted us to investigate a potential 179 

effect of AMBRA1 on genome stability. Indeed, AMBRA1 downregulation causes 180 

increased endogenous DNA damage, mainly in S and G2 phases (Fig. 2a, 181 

Extended Data Fig. 4a, b). Of note, we could rule out that DNA damage was 182 
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related to AMBRA1 pro-autophagic role (Extended Data Fig. 4c-e)5,6,8,13,15. 183 

Autophagy impairment has been shown to reduce homologous recombination 184 

(HR) efficiency16, consistently with our previous results, we showed that AMBRA1-185 

depleted cells, at variance with ATG7 knockout, display functional homologous 186 

recombination (Extended Data Fig. 4f)16. Furthermore, BRCA1 foci formation in 187 

AMBRA1-silenced cells following irradiation are even enhanced (Extended Data 188 

Fig. 4g), most likely reflecting the sum of endogenous and IR-induced lesions. 189 

Overall, these results indicate that AMBRA1 is essential to prevent spontaneous 190 

DNA damage.  191 

Given that AMBRA1-silenced cells accumulate DNA damage in S/G2 192 

phases17, we then assessed potential mitotic defects. AMBRA1-knockdown results 193 

in prolonged mitosis and anaphase bridges formation, without displaying 194 

differences in lagging chromosomes, followed by high cell death rates (Fig. 2b, 195 

Extended Data Fig. 4h, i, Supplementary video 1-2).  196 

Importantly, the occurrence of DNA damage in S phase, anaphase 197 

chromosome bridges, and mitotic abnormalities, along with premature S-phase 198 

entry are all associated with replication stress (RS)18,19. Indeed, the emerging RS 199 

phenotype is further documented in AMBRA1-silenced cells by accumulation of 200 

RPA foci, and enhanced presence of 53BP1 bodies in G120 (Fig. 2c, Extended 201 

Data Fig. 4j). Interestingly, AMBRA1 depletion is associated with an increased 202 

replication fork speed without affecting fork symmetry (Fig. 2d), a phenotype that 203 

we recently reported as a novel mechanism triggering RS and DNA damage 204 
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response (DDR)21. Indeed, hydroxyurea (HU)-induced RS promotes robust H2AX 205 

phosphorylation in AMBRA1 deficiency (Extended Data Fig. 4k). Of note, 206 

AMBRA1 downregulation induces increased levels and hyperphosphorylation of 207 

CHK1 pS345 and of cyclin E2, a key kinase in RS response and a powerful 208 

oncogene, respectively22–24 (Fig. 2e, Extended Data Fig. 4l-n). Next, by a multi-209 

method comparative approach, we found that AMBRA1 knockdown correlates 210 

with a general upregulation of genes involved in DNA repair and transcriptional 211 

regulation of G1/S transition25,26 (Extended data Fig. 4o-s, Supplementary Table 212 

1, 2), such as E2F1 and MYC, that emerge among the top predicted activated 213 

transcriptional factors (Extended Data Fig. 5a). In cell cycle-sorted AMBRA1-214 

silenced FUCCI cells, we observed a cycle phase-specific upregulation of cell 215 

cycle- and DNA repair-genes (Extended Data Fig. 5b), consistently with the S-216 

phase enrichment and RS phenotype seen upon AMBRA1 downregulation. The 217 

silencing of other autophagy genes does not induce upregulation of E2F1, again 218 

indicating that the effect of AMBRA1 deficiency mainly reflects deregulated cell 219 

cycle progression (Extended Data Fig. 5c). 220 

Of note, cyclin D-CDK4/6 kinase inhibitor treatment rescues the DNA damage 221 

phenotype induced by AMBRA1 knockdown (Extended Data Fig. 5d), while cyclin 222 

D1 overexpression induces increased proliferation and accumulation in S phase 223 

(Extended Data Fig. 5e-h), together with a marked occurrence of DNA damage 224 

(Fig. 2f, Extended Data Fig. 5i). Remarkably, we found that cyclin D1 225 

overexpression causes initial acceleration of the fork speed, followed by its 226 
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marked decrease, mostly recapitulating the impact of AMBRA1 depletion 227 

(Extended Data Fig. 5j, k). Next, γH2AX DNA damage analysis on Ambra1 cKO 228 

embryos and on NSCs confirms that Ambra1 deficiency enhances endogenous RS 229 

also during neurodevelopment (Fig. 2g, Extended Data Fig. 5l-m). Overall, these 230 

results reveal an unexpected role of AMBRA1 in preventing replication stress and 231 

the ensuing endogenous DNA damage and chromosomal instability. Such 232 

genome-destabilizing phenotypes, commonly observed in cancer, become 233 

unmasked upon AMBRA1 depletion, and in part reflect the loss of AMBRA1 234 

function in restraining cyclin D abundance.  235 

   236 

AMBRA1 deficiency sensitizes tumours to CHK1i 237 

Given the relevance for cancer of the above-mentioned results, we next assessed 238 

the frequency of AMBRA1 mRNA downregulation in a spectrum of human 239 

tumours. Notably, we identified the existence of “AMBRA1-low” cancer subsets, 240 

characterized by an AMBRA1 expression much lower than levels seen in the 241 

corresponding normal tissue (Extended Data Fig. 6a). Additionally, in lung cancer 242 

datasets, AMBRA1 expression inversely correlates with the stemness signature 243 

(Extended Data Fig. 6b). Strikingly, AMBRA1 is frequently mutated in different 244 

cancer types (Extended Data Fig. 6c, d) and its depletion/downregulation co-245 

occurs with TP53 mutations (Extended Data Fig. 6e, f). Also, AMBRA1-low 246 

expression can be associated with worse prognosis in different cancer datasets 247 

(Extended Data Fig. 6g, h). Primed by this evidence, we investigated the effect of 248 
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Ambra1 knockout in an inducible lung cancer mouse model, conditionally driven 249 

by KRasG12D (Extended Data Fig. 7a-c). Interestingly, we observed a more 250 

aggressive growth phenotype with larger lesions in Ambra1flox/flox::KRasG12D/+ lungs 251 

compared to Ambra1+/+::KRasG12D/+ (Fig. 3a, Extended Data Fig. 7d). Additionally, 252 

the Ki67-positive proliferative cell fraction is higher in Ambra1flox/flox::KRasG12D/+ 253 

conditions and often in tumour cell clusters, indicating the proliferative clones, 254 

compared with a more even pattern and lower frequency in the 255 

Ambra1+/+::KRasG12D/+ mice (Fig. 3b, Extended Data Fig. 7e). Consistent with our 256 

results, Ambra1flox/flox:: KRasG12D/+ tumours display a markedly higher increase of 257 

cyclin D1, phospho-S62 Myc and RS-associated markers, when compared with 258 

Ambra1-proficient tumours27 (Fig. 3b, Extended Data Fig. 7e). Notably, human 259 

AMBRA1-low cancers also display a higher CHK1 expression (Extended Data Fig.  260 

8a and Supplementary Table 3). 261 

Since HU treatment causes increased γH2AX levels in AMBRA1-silenced 262 

cells, we wondered whether such cells could be more sensitive to anti-cancer 263 

drugs targeting this key RS-response kinase. Interestingly, we found that 264 

inhibition of CHK1 (CHK1i) exacerbates endogenous DNA damage caused by 265 

AMBRA1 depletion, resulting in a robust increase of RS, DNA damage, and cell 266 

death, mostly in S phase (Fig. 3c, d, Extended Data Fig. 8 b-f). Furthermore, the 267 

vulnerability of AMBRA1-low cells to RS response inhibition is selective for CHK1i 268 

(Extended Data Fig. 8g), whose effect specifically results in a strong decrease of 269 

replication fork speed and altered fork symmetry (Extended Data Fig. 8h). Such 270 
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synthetic lethality can be observed with CHK1i in a set of NSCLC cell lines, further 271 

fostering the inverse correlation between AMBRA1 and CHK1 levels (Extended 272 

Data Fig. 8i, j). Moreover, searching for a naturally AMBRA1-deficient cancer 273 

model, we found that the SKUT1b sarcoma cells, which we reported to display 274 

aberrantly-overabundant all three D-type cyclins28, lack AMBRA1 (Extended Data 275 

Fig. 8k). In this cell line, high cyclins D levels are maintained despite cullin 276 

inhibition (Extended Data Fig. 8l), confirming the endogenous impairment of 277 

CRL4-DDB1-dependent degradation. Strikingly, in this system, reconstitution with 278 

AMBRA1 wt, but not the mutant form unable to bind DDB1 (ΔWD40), is able per 279 

se to decrease cyclin D1/D2 level and rescue cell death induced by CHK1i 280 

(Extended Data Fig. 8m, n). To examine whether AMBRA1 deficiency sensitizes 281 

cells to CHK1i in vivo, SKUT1b cells AMBRA1-deficient or reconstituted with 282 

AMBRA1 were subcutaneously implanted in nude mice. Indeed, SKUT1b AMBRA1-283 

deficient grafts are highly sensitive to AZD7762, indicating that a stable AMBRA1 284 

downregulation can lead to CHK1i sensitivity also in human cancer cells in vivo 285 

(Fig. 3f). Similarly, Ambra1gt/gt MEFs transformed by RasV12/E1A oncogenes7 are 286 

highly sensitive to CHK1i in vitro and in vivo7(Fig. 3g, Extended Data Fig. 9a, b). 287 

Finally, and consistently with the model we propose (Fig. 3h), we found that also 288 

cyclin D1 overexpression is synthetically lethal with CHK1 inhibition (Extended 289 

Data Fig. 9c). 290 

Altogether, these results indicate that RS caused by deregulation of AMBRA1-291 

regulated G1/S-controlling pathways, such as overabundance of D-type cyclins, 292 



14 
 

leads to synthetic lethality with CHK1 inhibition, a vulnerability potentially 293 

exploitable in cancer treatment.  294 

 295 

Discussion  296 

The present study advances our understanding of cell cycle regulation. The 297 

concept that emerges from our data is that the pleiotropic factor AMBRA1 plays 298 

a previously unrecognized role as an upstream master gatekeeper, preventing the 299 

potentially hazardous premature or excessive activation of the two parallel key 300 

pathways that drive G1/S transition, namely Myc and the cyclin D/CDK-pRB-E2F 301 

axis, both upregulating the proto-oncogene cyclin E29 (Fig. 2e). AMBRA1 function 302 

in this context depends on its role as a DCAF (DDB1 and CUL4-associated 303 

factors), targeting cyclin D for proteasomal degradation; indeed, AMBRA1 role as 304 

a DCAF parallels the one it plays by binding the E3 ubiquitin ligases HUWE1 and 305 

TRAF666,13, with this defining AMBRA1 as a master regulator of fundamental 306 

proteostasis. Further, we show that deregulation of the AMBRA1/cyclin D axis is 307 

an oncogenic event that evokes features of RS, leading to genomic instability and 308 

cancer.  309 

Whereas the defective AMBRA1/cyclin D axis promotes faster tumour growth and 310 

may cause resistance to inhibitors of cyclin D-associated CDK4/6 kinases, used to 311 

treat some cancers (see also results in this issue of Nature from J. Sage and M. 312 

Pagano labs), we found that AMBRA-low cell lines and tumour models in vivo 313 

become more sensitive to inhibitors of CHK1. Such a synthetic lethality between 314 
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AMBRA1 defects and CHK1 inhibition likely reflects the role of CHK1 signaling in 315 

allowing cells to tolerate replication stress, a scenario also consistent with 316 

multiple examples of tumours exhibiting high levels of RS and being sensitive to 317 

(pre)clinically tested CHK1 inhibitors30–35. Given that a major hurdle is to pin-point 318 

the subset(s) of cancer patients who might most benefit from any emerging 319 

targeted treatment, we propose that defects of AMBRA1 might become a useful 320 

predictive biomarker in clinical oncology.  321 

Last but not least, our results also document the relevance of the new G1/S 322 

regulatory function of AMBRA1 in neurodevelopment and embryogenesis, besides 323 

the already demonstrated autophagy role of AMBRA1 during development36. For 324 

this reason, our results may also shed new light on the involvement of AMBRA1 325 

defects in neurological disorders, such as autism37,38. 326 

Overall, the present report thus highlights the importance of AMBRA1 as a hub, 327 

capable of integrating diverse signaling pathways into complex cellular responses, 328 

with wide implications for severe human diseases. 329 

 330 

  331 
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 431 

 432 

 433 

 434 

Figure 1. AMBRA1 regulates cell proliferation by impacting D-type cyclin 435 

stability through interaction with DDB1 and CLR4. 436 

a, H/E-stained wt (Ambra1flox/flox) and cKO (Ambra1flox/flox::Nestin-Cre) brain 437 

sections. DPall, dorsal pallium; OB, olfactory bulb; pVZ, pallium ventricular zone; 438 

HPC, hippocampus; LV, lateral ventricle. b, wt and Ambra1 cKO E13.5 embryos 439 

sagittal sections stained for Ki67 and Hoechst with 8X magnification (from inserts) 440 

(n=5). vDPall, ventricular dorsal Pallium; vSC, ventricular superior colliculus; vIC, 441 

ventricular inferior colliculus; mVZ, mesencephalic ventricular zone. c, Immunoblot 442 

(IB) of the indicated proteins from extracts of wt and Ambra1 cKO NSCs (n=4). d, 443 

BrdU incorporation wt and Ambra1 NSCs; time points of BrdU administration are 444 

indicated (n=3). e, wt and Ambra1 cKO E13.5 embryo sagittal sections stained for 445 

cyclin D1 and Hoechst (n=5). f, IB of cyclin D1 and D2 after cycloheximide (CHX) 446 

treatment on wt and Ambra1 cKO NSCs (n=3). g, IB of cyclin D1 in U87-MG cells 447 
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silenced for the indicated E3 ubiquitin ligase (n=4). h, TOP, co-IP of cyclin D1 and 448 

AMBRA1 in AMBRA1-overexpressing U87-MG cells (n=3). BOTTOM, model of 449 

cyclin D1 stability regulation by AMBRA1 i, IB of cyclin D1 and D3 in U2OS cells 450 

silenced for the indicated cullin proteins (n=3). j, Percent of cells in the indicated 451 

phase of cell cycle (n=3), immunostained for cyclin D1, and counterstained with 452 

EdU and Hoechst upon AMBRA1 mRNA interference. k, Box plots (centre line, 453 

median; box limits, 25th and 75th percentile; whiskers, minimus and maximum) 454 

showing length of G1 phase of siSCR (n=63 cells) and siAMBRA1 U2OS cells 455 

(n=59 cells) over 3 independent experiments. Unless otherwise noted data are 456 

presented as mean values ± SEM, n: biologically independent samples. d two-457 

sided one-way analysis of variance (ANOVA) followed by Sidak’s multiple 458 

comparisons test. j one-way ANOVA followed by Sidak’s multiple comparisons 459 

test. k two-tailed unpaired T-test. IB quantifications are shown in Extended Data 460 

Figures 1g, 2a, 3c. 461 

 462 

Figure 2. AMBRA1 depletion causes replication stress  463 

a, AMBRA1-silenced and control BJ-hTERT cells immunostained for γH2AX and 464 

counterstained with EdU and HOECHST (siSCR n=716 cells, siAMB=715 cells. 465 

graph representative of 3 independent experiments). b, AMBRA1-silenced and 466 

control U2OS cells stained for γ-TUBULIN (red), p-H3Ser10 (green), and Hoechst 467 

(Blue). Quantification of anaphase bridges and lagging chromosomes (chr) are 468 

shown at right (n=3). c, AMBRA1-silenced and control BJ-hTERT cells 469 
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immunostained for RPA (siSCR 704 cells, siAMB= 720 cells). Quantification of foci 470 

average and of Hoechst vs. RPA intensity are shown at right (n=3). d, DNA fibres 471 

from control and AMBRA1-silenced BJ-hTERT cells. Quantification of mean fork 472 

speed (kb min−1) and of fork symmetry analysis are shown at the bottom. Scored 473 

forks: siSCR n=301; siAMB n=233. Data are presented as mean value ± SD. e, IB 474 

analysis of the indicated proteins in control or AMBRA1-silenced BJ-hTERT cells (). 475 

f, IB analysis of cyclin D1 and γH2AX in control or cyclin D1-induced [doxycyclin 476 

(dox) treatment for the indicated days (d)] BJ-hTERT cells ; i- and e- stands for 477 

induced and endogenous form of cyclin D1, respectively (n=3). g, Wt or Ambra1 478 

cKO E13.5 embryos sagittal sections stained for γH2AX antibody and Hoechst 479 

(n=3). Scale bar 40 µm. IB and IHC quantification are shown in Extended Data 480 

Fig. 4l, 5l, respectively. ACTIN or β-TUBULIN were used as loading controls. 481 

Unless otherwise stated n: biologically independent samples and scale bars 482 

represents 10 µm. Unless otherwise noted data are presented as mean values ± 483 

SEM. b, c two-tailed unpaired T-test d, two-tailed Mann-Whitney test. 484 

 485 

 486 

Figure  3. AMBRA1 is a tumor suppressor and its loss is synthetic lethal with 487 

CHK1 inhibitors. 488 

a, H/E-stained murine lung sections showing neoplastic lesions in Ambra1-489 

proficient (Ambra1+/+::KRasG12D/+) and Ambra1-deficient (Ambra1flox/flox:: KRasG12D/+) 490 

lung tissue 20 weeks post-infection. Four different samples are shown 491 



23 
 

representative of 4 mice. Scale bar 1mm. b, IHC analyses of Ki67, γH2AX, RPA pS 492 

4/8, cyclin D1 and Myc pS62 (20 weeks post-infection). Scale bar, 40 µm. c, 493 

AMBRA1-silenced and control BJ-hTERT cells treated with 100 nM AZD7762, 494 

immunostained for γH2AX and Hoechst. Scale bars, 5 µm. Quantification (%) of 495 

pan-γH2AX cells following CHK1i treatments with AZD7762 is shown at right (n=3 496 

independent experiments). d, BJ-hTERT cells treated with AZD7762 and stained 497 

with Tunel and Hoechst. Scale bars, 5 µm. Quantification of the average of Tunel 498 

positive cells is shown at right (n=3 independent experiments). e, Survival curves 499 

of mice xenotransplanted with control sarcoma SKUT1b cells or SKUT1b cells 500 

reconstituted with AMBRA1. Mice were treated with vehicle or AZD7762 (n=4 501 

mice). f, Volume evaluation of Ambra1wt/wt and Ambra1gt/gt MEFs xenografts in 502 

mice treated with AZD7762 or vehicle (Ambra1wt/wt vehicle n=8 days 17-21, n=7 503 

from day 24th; Ambra1wt/wt AZD7762 n=8; Ambra1gt/gt vehicle n=10; Ambra1gt/gt 504 

AZD7762 n=11 mice). Data are presented as the mean value ± SD g, AMBRA1 505 

regulates the G1/S phase transition by mediating the degradation of cyclin D 506 

proteins and c-MYC. Defective AMBRA1/cyclin D axis causes a premature entry in 507 

S phase, leading to replication stress and genome instability. The increased DNA 508 

damage causes faster tumour growth and neurodevelopmental defects. IHC 509 

quantification is shown in Extended Data Fig. 7e Unless otherwise noted data 510 

are expressed as the mean value ± SEM. f day 23 *P=0,0348, day 24 P=0,0353, 511 

day 25 P=0,0228, ****p < 0.0001. c, d, f two-tailed unpaired T-test, e LogRank 512 

Mantel-Cox. 513 
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Methods 516 

 517 

No statistical methods were used to predetermine sample size. The experiments 518 

were not randomized, and—in some experiments (see Reporting Summary)—519 

investigators were not blinded to allocation during experiments and outcome 520 

assessment. 521 

 522 

Generation of Ambra1flox/flox/Nestin-cre and Ambra1flox/flox/KrasG12D mice  523 

To generate Ambra1flox/flox/Nestin-cre and Ambra1flox/flox/KrasG12D animals, 524 

homozygous Ambra1flox/flox females were bred onto Ambra1wt/flox/Nestin-cre or 525 

Ambra1wt/flox/KRasG12D. Nestin-cre and KrasG12D mice were purchased from Jackson 526 

Lab and maintained in the animal facility Plaisant Castel Romano (RM, Italy) and 527 

at the Danish Cancer Society Research Center (Copenhagen, DK), respectively. 528 

Mutants were genotyped by PCR of genomic DNA extracted from tails or ears 529 

using the following primers: 530 

Tm1c FW  5’-TGATAGTCCACGCTCGACCT-3’,  531 

Tm1c RV  5’-CTAATCCGCCTACTGCGACT-3’, 532 

Ambra1 wt FW 5’-TCTGGTTGCCTAGATGGGGA-3’, 533 

Ambra1 wt RV 5’-ACTCATGTTAGAGCCTCCTGC-3', 534 

Cre FW  5’-CGGTCGATGCAACGAGTGATGAGG-3’, 535 

Cre RV  5’-CCAGAGACGGAAATCCATCGCTCG-3’, 536 

Kras WT FW  5’-GTCGACAAGCTCATGCGGG-3’, 537 
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Kras mut FW  5’-CCATGGCTTGAGTAAGTCTGCAGG-3’, 538 

Kras common RV 5’-CGCAGACTGTAGAGCAGCG-3’.  539 

To distinguish AMBRA1 WT and floxed alleles, RT-PCR was performed by using 540 

the following primers:  541 

AMBRA1 exon 3 FW  5’-TCGACCTTCTTACTGGCCT-3’, 542 

AMBRA1 exon 5 RV  5’-GGCATTGTTGCTGTCTGTG-3’  543 

All in vivo experiments were approved by and performed in accordance with the 544 

ethical international, EU and national requirements and were approved by the 545 

Italian Health Ministry (D.lgs 26/2014; N°. 737 03/2013; N°88/2016-PR) and the 546 

Danish Health Authorities (Dyreforsøgstilsynet, 2019-15-0201-01668), 547 

(Dyreforsøgstilsynet, 2018-15-0201-01391, C2). 548 

  549 

Cell culture  550 

All cell lines were grown at 37 °C in a humidified incubator containing 5% CO2.  551 

Neural Stem Cells (NCSs) were extracted from Medial Ganglionic Eminences at 552 

E14.5. NSCs were dissociated mechanically into a single-cell suspension and 553 

cultured in Selective medium (SM) for stem cells enrichment, containing 554 

DMEM/F12 (Gibco) supplemented with 0.6% glucose, 25 mg/ml insulin, 60 mg/ml 555 

N -acetyl-L-cysteine, 2 mg/ml heparin, 20 ng/ml EGF, 20 ng/ml bFGF (Peprotech, 556 

Rocky Hill, NJ), Zell-Shield (Minerva Biolabs), and B27 supplement (Gibco). U87-557 

MG were a kind gift of A. Di Giannatale and were cultured in DMEM 558 

supplemented with 10% FBS (Gibco) and antibiotics.  559 
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U2OS, A549 and cells were purchased from the American Type Culture Collection 560 

(ATCC) and cultured in Dulbecco’s modified eagle’s medium (DMEM) GlutaMAXTM 561 

(Gibco) supplemented with 10 % fetal bovine serum (FBS) (Gibco) and antibiotics. 562 

Monoclonal U2OS-FUCCI cells 39 were a kind gift from Robert Strauss. U2OS 563 

mRFP-α-TUBULIN H2B-GFP cells (mixed population) were a kind gift from L. 564 

Lanzetti, and were cultured as described above supplemented with neomycin (500 565 

µg/ml). BJ-hTERT were a kind gift from the lab of A. Lund and cultured in DMEM 566 

GlutaMAXTM (Gibco) supplemented with 10 % FBS (Gibco) and antibiotics. H1299 567 

cells were purchased from ATCC and cultured in RPMI-1640 Medium (Gibco), 568 

supplemented with 10% FBS (Gibco) and antibiotics. MEFs immortalized cells were 569 

generated by lentiviral infection as described in 7. HCC827 cells were and cultured 570 

in RPMI-1640 Medium (Gibco), supplemented with 10% FBS (Gibco) and 571 

antibiotics. 572 

SKUT1B cells were and cultured in DMEM GlutaMAXTM (Gibco) supplemented with 573 

10 % FBS (Gibco) and antibiotics. 574 

 575 

Transfections, plasmids and siRNAs.  576 

Transient overexpression was carried out using Lipofectamine 2000 or 577 

Lipofectamine 3000, depending on the experimental conditions and according to 578 

the manufacturer instructions (Invitrogen). Plasmids for transient overexpression 579 

coding for AMBRA1 wt and AMBRA1 ΔWD40 were constructed as previously 580 

described5. Conversely, cDNAs for stable overexpression of AMBRA1 wt, AMBRA1 581 
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ΔWD40 and AMBRA1 PXP were PCR amplified using Q5 High Fidelity DNA 582 

Polymerase (New England Biolabs) and sub-cloned into pLVX-PURO lentiviral 583 

backbone. Homo Sapiens cyclin D1-FLAG and cyclin D1-T286-FLAG cDNAs were 584 

PCR amplified and sub-cloned following the same procedure, into pBABE-PURO 585 

Retroviral backbone containing N-terminal FLAG/HA/STREP/mAzG/EGFP/mPlum-586 

tags. For inducible overexpression of cyclin D1 lentiviral pTRIPZ-CCND1-FFSS was 587 

used for cyclin D1 inducible overexpression and pLVX-TREGS-GFP-3xFlag plasmid 588 

was used as negative control.   589 

siRNA transfections were carried out using Lipofectamine RNAiMAX (Invitrogen) 590 

as described by the manufacturer. RNA interference was performed using the 591 

oligonucleotides as previously described7. MISSION® siRNA Universal Negative 592 

Control #1 (Sigma) or ON-TARGETplus Non-targeting Control Pool (D-001810-01-593 

20), were used as siRNA control. Employed siRNA sequences are as follows: 594 

siAMBRA1-5’UTR: 5’-GGACAACUUACAAGGACCU-3’  595 

siAMBRA1: 5’-GAGUAGAACUGCCGGAUAG-3’; 596 

siATG7:5’-CAGUGGAUCUAAAUCUCAAACUGAU-3’,  597 

siULK1: 5’-CCCUUUGCGUUAUAUUGUA-3’,   598 

siDDB1: 5’-GCUGAGUGCUUGACAUACCUUGAUA-3’ ;  599 

siTRAF6: 5’-CCACGAAGAGAUAAUGGAUGCCAAA-3’; 600 

CUL1: L-004086-00-0005;  601 

CUL2: L-007277-00-0005;  602 

CUL3: L-010224-00-0005;  603 
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CUL4A: L-012610-00-0005;  604 

CUL4B: L-017965-00-0005;  605 

CUL5: L-019553-00-0005;  606 

 607 

Virus production and infection  608 

For lentiviral production vectors were produced by transfecting human embryonic 609 

kidney (HEK) 293T cells with the Fugene (Promega) in accordance with the 610 

manufacturer’s instructions. After removal of cell debris with filter, the 611 

supernatant containing lentivirus added with FBS and used to infect U87-MG. 612 

After 48h cells were harvested and subjected to downstream analyses.  613 

 614 

Antibodies  615 

Primary antibodies used for immunoblot (IB), immunoprecipitation (IP) 616 

immunohistochemistry (IHC) and immunofluorescence (IF) were: α-TUBULIN 617 

(Sigma-Aldrich T6074 WB 1:5000), β-TUBULIN (Sigma-Aldrich, T4026, IB 1:1000), 618 

γ-TUBULIN (Sigma-Aldrich, T3559, IF 1:200), β-actin (Sigma A2066 IB 1:5000), 619 

AMBRA1 (Millipore ABC131 IB 1:1000), AMBRA1 (G-6) (Santa Cruz sc-398204 IB 620 

1:1000), N-Myc (Cell Signaling 84406 IB 1:1000), N-Myc (Santa Cruz 53993 IB 621 

1:1000 / IP 1:100), Cyclin D1 (Cell Signaling 2978 IB 1:1000), Cyclin D1 (Abcam 622 

16663 IF 1:300 / IP 1:100), Cyclin D2 (Cell Signaling 3741 IB 1:1000), Cyclin D2 623 

(Santa Cruz sc-452 IF 1:50), Cyclin D3 (Thermo Fisher Scientific MA5-12717 WB 624 

1:1000), Cyclin A2 (Santa Cruz sc-596 IB 1:500), Cyclin E2 (Cell Signaling 4132  IB 625 
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1:1000), Cyclin B1 (Abcam ab7957-1 IB 1:1000), cul1: (Thermo Fisher Scientific 32-626 

2400 WB 1:1000), cul2: (Bethyl Laboratories A302-475A WB 1:1000), cul3: (Bethyl 627 

Laboratories A301-109A WB 1:1000), cul4a (Bethyl Laboratories A300-739A WB 628 

1:1000), cul5: (Bethyl Laboratories A302-173A WB 1:1000), Ki67 (Abcam 15580 IF 629 

1:200), NCL-Ki67p (Leica Biosystems IHC 1:6000), PARP (Cell Signaling 9542 IB 630 

1:1000), pRb 780 (Cell Signaling 8307 1:1000) pRb 807/811 (Cell Signaling 9308 IB 631 

1:1000), Rb (Cell Signaling 9313 IB 1:1000), NeuN (Abcam ab104224 IF 1:100),  632 

Tbr2 ( Abcam ab216870 IF 1:100) , Sox2 (Santa Cruz sc-17320 IF 1:100),  ULK1 633 

(Cell Signaling Technology, 8054, IB 1:1000), Chk1 (G4, Santa Cruz, sc-8408 IB 634 

1:1000) Chk1(Ser345) (Cell Signaling, 2341, IB 1:1000), H2AX (Merck-Millipore 07-635 

627 IB 1:1000), H2AX p-S139 (Merck Millipore 05-636 IF 1:1000 / IB 1:1000), H2AX 636 

p-S139 (Cell Signaling 2577 IHC 1:400), C-Myc (9E10) (Santa Cruz sc-40 1:1000), 637 

SOD1 (Santa Cruz sc-11407 IB 1:1000), LDH (Santa Cruz sc-33781 IB 1:1000), 638 

GAPDH (Merck-Millipore CB1001 IB 1:10000), Histone H3 p-S10 (Abcam ab5176 IF 639 

1:1000), BRCA1 (Bethyl laboratories, IHC 00278, IF 1:500 IB 1:1000), Rad51 -640 

(Abcam, ab213, IB 1:1000), RPA pS4-S8 (Bethyl A300-245A IB 1:1000, and Novus 641 

Biologicals, NBP1-23017, 1:2000), RPA (abcam ab2175 IF 1:200), CDK2 (Santa Cruz 642 

sc-6248 IB 1:400), CDK2 pT160160 (Santa Cruz sc-101656 IB 1:500). pMyc S62 has 643 

been developed and validated by the Prof. Sears laboratory 27. 644 

 645 

Real time PCR (qRT-PCR)  646 
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RNA from U20S and BJ-hTERT was isolated by using NucleoSpin® RNA 647 

(MACHERY-NAGEL), while NSCs RNA was extracted with Qiagen RNeasy Mini Kit  648 

according to the manufacturer’s instructions. First-strand cDNA was generated by 649 

using the GoScript Reverse Transcription System (Promega,Real-time PCR was 650 

performed using the iTAQ universal SYBR Green Supermix (Bio-Rad) or SYBR-651 

Green (Applied Byosystems) on ViiA 7 Real-Time PCR System (Applied 652 

Biosystems) and QuantStudio 12K Flex (Applied Biosystems). 653 

All reactions were run as triplicates. Resulting data were analyzed by t ViiA™ 7 654 

Software. The fold changes in mRNA levels were determined relative to a control 655 

after normalizing to an internal standard as reported. The primers used in real-time 656 

PCR are the following: murACTIN FW-CTGGGTATGGAATCCTGTGG RV-657 

GTACTTGCGCTCAGGAGGAG,  murMYCN FW-GTGTCTGTTCCAGCTACTGC 658 

RV-CATCCTTCCTCCTCGTCATC, murCyclinD1 FW-659 

GCGTACCCTGACACCAATCTC RV-CTCCTCTTCGCACTTCTGCTC, murCyclinD2 660 

FW-GAGTGGGAACTGGTAGTGTTG RV-CGCACAGAGCGATGAAGGT, murID2 661 

FW-ATGAAAGCCTTACAGTCCGGTG RV-AGCAGACTCATCGGGTCGT, 662 

murMKi67 FW-CCGACCCTACAAAATGCTG RV-GAGCCTGTATCACTCATCTG, 663 

murCCNA2 FW-AGTTCCTTACCCAGTACTTCC RV-664 

CAATGAGTGAAGGCAGGTAC, L34 FW-GGCCCTGCTGACATGTTTCTT, RV-665 

GTCCCGAACCCCTGGTAATAGA, BRCA1 FW-CCCAGAAGAATTTATGCTCGTGT, 666 

RV-CTTGCTCGCTTTGGACCTTG, CCNA2 FW-AGATGCTGACCCATACCTCAA, 667 

RV-ATGATTCAGGCCAGCTTTGT, Rad51 FW-AGAGACCGAGCCCTAAGGAG, 668 
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RV-CCTGGCTTACGCTCCACTT, CHK1 FW-GGTCACAGGAGAGAAGGCAA, RV-669 

CAGATAAACCACCCCTGCCA, CCNE1 FW-GAGGGAGCGGGATGCG, RV-670 

GGTCACGTTTGCCTTCCTCT. 671 

   672 

Cell proliferation, cell death and neurospheres assays  673 

Cell proliferation of NSCs was assessed by BrdU incorporation assay (5-674 

bromodeoxyuridine – Invitrogen 00-5525). Neurospheres were enzymatically 675 

dissociated at single-cell level and were left to recover for 48h before being 676 

treated with BrdU according to manufacturer’s instructions. Time-points 1h, 2h 677 

and 6h of treatment were analyzed through flow cytometry (Source Data). For 678 

neurospheres number and diameters analysis, cells were enzymatically dissociated 679 

at single-cell level and plated at low density (<50 cells/mL). Neurospheres 680 

diameter was calculated through ImageJ software. For U87-MG cell count, cells of 681 

the different conditions were plated at the same density and counted at 48h or 682 

72h later with the Celìgo Imaging Cytometer (Nexcelom) depending on 683 

experimental conditions. Apoptotic levels of NSCs, U87-MG and Skut1B were 684 

evaluated by Annexin V (BD Biosciences 550474) alone or in combination with PI 685 

(Propidium Iodide) depending on experimental conditions and analyzed by flow 686 

cytometry (Source Data).   687 

 688 

Cell cycle analysis 689 
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Neurospheres were enzymatically dissociated at single-cell level and were left to 690 

recover for 48h before being synchronized in G2/M phase with 100 ng/mL 691 

nocodazole treatment for 16h. At the indicated time points after release from the 692 

nocodazole block, cells were washed twice with PBS, resuspended in 693 

methanol/acetone 4:1 and left overnight at 4°C to allow proper fixation and 694 

permeabilization. Cells were then resuspended with RNase 2 mg/ml solution in 695 

PBS and eventually treated with PI 0,1 mg/mL for 30’ in the dark before flow 696 

cytometry analysis.  697 

Otherwise, depending on the experimental requirements, immortalized cell lines 698 

(BJ-hTERT and U87-MG) were either: resuspended in methanol/acetone 4:1 and 699 

left overnight at 4°C, then treated with RNase 2 mg/ml solution in PBS and 700 

eventually added with PI 0,1 mg/mL for 30’ in the dark before flow cytometry 701 

analysis, or plated on plastic coverslips and treated with control, AMBRA1 or 702 

ATG7 siRNAs. 48 hours after the silencing was initiated, the cells were incubated 703 

with 10µM EdU (5-ethynyl-20-deoxyuridine) for 30 min and fixed in 4 % 704 

formaldehyde. Subsequently, detection of EdU was performed with the Click-it 705 

EdU kit (Invitrogen), and the slides were counterstained with Hoechst 33342. For 706 

each condition, 20 non-overlapping images of 3 independent experiments were 707 

acquired using the Scan^R screening station (Olympus). At least 1,000 cells were 708 

processed using Scan^R Analysis software (Olympus) and Spotfire software 709 

(TIBCO). Bar graphs were prepared in Graph Pad Prism, n = 3.  710 

 711 
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Cell viability and death 712 

Cell viability was determined by monitoring the reducing power of living cells 713 

through AlamarBlue® Cell Viability Reagent (Life Technologies). Following the 714 

indicated treatments, cells were incubated 2 h with the pre-mixed AlamarBlue 715 

reagent in complete media. Following the fluorescence emission was read at 590 716 

nm. Cell death was evaluated by Tunel staining with the In Situ Cell Death 717 

Detection Kit, TMR red (12156792910 ROCHE). Cells were stained according to 718 

the manufacturer’s instructions and analyzed with a fluorescent filter.  719 

  720 

Pharmacological treatments and Ionizing radiation 721 

U2OS cells were exposed to ionizing radiation of 3 that was delivered at the dose 722 

rate 2.18 Gy/min by an x-ray generator (Pantak; HF160; 150 kV; 15 ma). 723 

Nocodazole was purchased by Selleck Chemicals S2775 and used 100 ng/mL. For 724 

protein stability evaluation cells were treated with 100 μg/mL CHX (cycloheximide 725 

- SIGMA C4859) alone or in combination with 5 μM MG132 (SIGMA M7449) for 726 

the indicated time points. For cell cycle analysis and WB, NSCs were treated with 727 

abemaciclib mesylate (LY2835219 - Selleck Chemicals S7158) 100 nM for 24hrs 728 

prior to BrdU administration or lysis, respectively. NEDD-8 activating enzyme 729 

inhibitor, MLN4924, for Cullins inhibition was used in U87-MG, BJ-hTERT, U2OS 730 

and SKUT1b for 4hrs with 2,5 μM.  Cells were treated with SML0350 SIGMA 731 

AZD7762 hydrochloride, and xenograft experiments were performed with 732 
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AZD7762 ApexBio: A5919. PARP inhibitor olaparib was purchased by Selleck 733 

Chemicals, AZD2281. LY2603618 was purchased by ApexBio, A8638. 734 

  735 

Co-Immunoprecipitation (Co-IP)  736 

Cells were lysed in a buffer composed of 150 mM NaCl, 0,3%CHAPS, 40mM pH 737 

7.5 Hepes, 2 mM EDTA. Lung tissues were lysed in 50 mM Tris HCl pH 7.5, 738 

320mM Sucrose, 50 mM NaCl, 1% Triton X-100 and protease inhibitors. Lysates 739 

(0.5 –3 mg) were then incubated at 4 °C for 30 min. Equal amo      unts of protein 740 

were incubated with 10 μl of monoclonal anti-Cyclin D1 (Abcam) or 2mg of anti-741 

AMBRA1 (Millipore) overnight at 4 °C, followed by 60 min incubation with 10     μl of 742 

magnetic Dyna-Beads Protein G (Invitrogen). Exclusively for cyclin D1 wt and 743 

phospho-deficient mutant IP was performed by incubating protein lysates with 20 744 

μl of FLAG-M2 Magnetic Beads (Sigma). Magnetic Beads were resuspended in 745 

Loading Buffer 2x and then analyzed by IB.  746 

 747 

Immunoblot analysis (IB)  748 

Cell lysates were prepared with RIPA buffer or whole-cell lysis buffer (50 mM Tris-749 

HCl pH 6.8, 10 % Glycerol, 2% SDS) for 5 min at 95°C at 1300 rpm agitation. 750 

Embryos brain lysates were obtained using a solution containing 50 mM Tris-HCl pH 751 

7.5, 10% NP-40, 10% Glycerol and 320 mM Sucrose). All lysis buffers were added 752 

with 1x protease and phosphatase inhibitors (Sigma-Aldrich). Protein extracts were 753 

quantified using the DC protein assay (Bio-Rad), and denatured in NuPAGE® LDS 754 
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Sample Buffer (Life technologies). RIPA protein extracts were subjected to SDS-755 

PAGE and transferred to polyvinylidene fluoride (PVDF) membranes in 25 mM Tris, 756 

192 mM glycine. Whole-cell extracts were separated by acrylamide gradient gels 757 

BioRad precast gels and transferred to PVDF membranes (Biorad) using wet 758 

electroblotting Trans-Blot turbo system (Bio-Rad laboratories). The membranes were 759 

blocked using 5% (w/v) dry milk in PBS-Tween-20 (0.5% vol/vol) and probed with the 760 

indicated primary antibodies in blocking solution overnight at 4°C, followed by 761 

incubation in secondary horseradish-peroxidase (HRP)-conjugated antibodies (Bio-762 

Rad) (1:5000) for 1 hour at RT. Secondary antibody detection was performed using 763 

Amersham ECL Prime (GE Healthcare) or Immobilion ECL Ultra Western HRP 764 

Substrate (Merck Millipore IBULS0100) and the signal was acquired by ChemiDoc™ 765 

Imaging System from Bio-Rad or by Invitrogen iBright CL1500. Densitometric levels 766 

were quantified using Image Lab software or Image J.  767 

  768 

Sorting    769 

48h after the transfection, cells were washed with PBS, trypsinized and collected 770 

in DMEM without phenol red (Gibco, Thermo-Fisher Scientific). Cells were filtered 771 

using a 40 µm Cell Strainer (Falcon) and kept on ice. Cell cycle analysis and 772 

sorting of cell cycle phases subpopulations were carried out by a FACSMelody 773 

cell sorter (BD bioscience) using the FITC filter to detect cells in G2 phase, RFP for 774 

cells in G1 and cells showing double-positive signal (FITC+RFP+) were considered 775 

in S phase (Supplementary Methods 1d). At least 1x10^6 cells for each cell cycle 776 
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phase were sorted, cells were collected by centrifugation and the pellet was 777 

utilized for Western blotting samples preparation.  778 

   779 

Live imaging-based analysis of cell cycle   780 

Live-imaging monitoring of cell cycle was achieved by growing  U2OS-FUCCI cells 781 

on 96-well flat-bottom plates for microscopy (Greiner). Cells were seeded 1x10^4 782 

cells/well, transfected as described, and 7h after the transfection, cell nuclei were 783 

stained with 0,1 µM Nuclear Violet LCS1(AAT Bioquest) for 1h. After the 784 

incubation with the probe, cells were washed twice with PBS and replenished with 785 

DMEM without phenol red supplemented with 10% FBS. The plate was 786 

subsequently placed in the incubator chamber of the ImageXpress Micro 787 

Confocal High-Content Imaging System (Molecular Devices) at 37°C in an 788 

atmosphere of 5% CO2. Pictures were then captured in the three fluorescence 789 

channels (Blue-Green-Red) every 30 minutes for 24 hours using a 40X objective. 790 

Representative images were adjusted for brightness, contrast, colour balance and 791 

cut by using software. G1/S and cell cycle length was manually calculated by 792 

following the same cell during the 24h period of acquisition. G1/S was measured 793 

by counting the number of frames showing a nucleus in red from the first 794 

appearance (Τred) until it turned green (Τgreen):  795 

G1/S length (h): Τgreen-Τred/2  796 
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Cell cycle length was measured by counting the number of frames showing a 797 

nucleus in green from the first appearance (Τgreen) until it turned green again 798 

after one whole cycle (Τgreen2):   799 

Cell cycle length (h): Τgreen2-Τgreen1/2  800 

 801 

Time-lapse Imaging of mitotic cells   802 

For the analysis of mitosis progression, U2OS cells were grown in glass-bottomed 803 

dishes (WillCo-dish; Willcowells) coated with 0.5 % gelatin in PBS. Cells were 804 

subjected to reverse and forward transfections on 2 consecutive days. Imaging was 805 

performed on a Leica AF6000LX fluorescent workstation. The plate was positioned 806 

onto a sample stage in an incubator chamber set at 37 °C in an atmosphere of 5 % 807 

CO2 and 20 % humidity 1 hour before acquisition start.  Z-stacks were acquired 808 

using a 40x objective every 5 min for 10 hours from 48 hours after the initial 809 

silencing. Automated acquisition of 5 different fields for each sample was performed 810 

using a high-precision motorized stage. Image deconvolution and Z-stack projections 811 

were generated with the LAS AF Leica Application Suite software (Leica, For the 812 

analysis of cell cycle progression, U2OS-FUCCI cells were grown in Nunc™ 813 

MicroWell™ 96-Well Optical-Bottom Plates with Coverglass Base. Cells were 814 

subjected to transfections directly on the plate. Imaging was performed on an 815 

Olympus ScanR Inverted Microscope. The plate was positioned onto a sample stage 816 

in an incubator chamber set at 37 °C in an atmosphere of 5 % CO2 and 20 % 817 
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humidity 1 hour before acquisition started. Images were acquired using a 10x 818 

objective every 20 min for 30 hours from 24 hours after the initial silencing.  819 

  820 

Immunocytochemistry and microscopy  821 

For immunocytochemistry, cells were grown on plastic coverslips 24h before the 822 

transfection. 24 h after the initial silencing cells were fixed in 4% 823 

paraformaldehyde in PBS for 15 min and washed 3 times in PBS. Permeabilization 824 

was performed in PBS plus 0.2 % Triton X-100 for 5 min at room temperature 825 

(RT), followed by 30 min blocking in the blocking buffer (PBS plus 5 % FBS, 1 % 826 

BSA and 0.2 % Triton X-100). The slides were incubated with primary antibodies 827 

in a blocking buffer for 1 hour at RT and washed 3 times in PBS plus 0.1 % Triton 828 

X-100. Then the slides were incubated with the appropriate secondary antibodies 829 

conjugated to Alexa Fluor 488 or Alexa Fluor 568 (Life Technologies) diluted in a 830 

blocking buffer for 1 hour at RT.  DNA was stained using Hoechst 33342 831 

(ThermoFisher Scientific, H3570, 1:1000 in PBS) 10 min at RT. The slides were 832 

mounted in fluorescence mounting medium (Dako). IF analyses were carried out 833 

at laser scanning confocal microscopes (LSM700 and LSM800, Carl Zeiss A/S) or 834 

at Olympus Scan^R Inverted Microscope. In Scan^R analysis, for each condition, 835 

20 non-overlapping images of 3 independent experiments were acquired and at 836 

least 1,000 cells were processed using Scan^R Analysis software (Olympus) and 837 

Spotfire software (TIBCO). Cyclin D1, BRCA1, 53BP1, EdU and γH2AX nuclear 838 
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intensity was detected by identifying nuclear masks through Hoechst nuclei 839 

staining.  840 

Bar graphs were prepared in Graph Pad Prism.  841 

 842 

DNA fibers analysis 843 

Cell cultures transfected with siRNA and/or treated with different drugs were 844 

pulse-labeled with 25 μM of CldU (Sigma-Aldrich) for 20 min, followed by a 845 

gentle wash with fresh pre-warmed media and the second pulse of 250 μM of 846 

IdU (Sigma-Aldrich) for 20 min. Labeled cells were harvested and DNA fiber 847 

spreads prepared as previously described 40. For every single experimental 848 

condition, 5 slides were stretched and 2-3 slides for each condition were stained. 849 

CldU was detected first with the rat anti-BrdU antibody (Serotec, OBT0030) and 850 

IdU with the mouse anti-BrdU antibody (Becton Dickinson, 347580). Secondary 851 

antibodies were DyLight 550 anti-rat (Thermo Fisher Scientific) and Alexa Fluor 852 

488 anti-mouse (Invitrogen), respectively. Images of well-spread DNA fibers were 853 

acquired using a LSM700 confocal microscope (Carl Zeiss) and a Plan-854 

Apochromat 63x/1,4 N.A. oil immersion objective (Carl Zeiss). Images were 855 

acquired semi-automatically by using software autofocus and tile-arrays. Double-856 

labeled replication forks were analyzed manually using LSM ZEN software. For 857 

each slide, 50-100 forks were scored and fork measurements pooled together for 858 

each experiment. At least one more independent experiment was run and, if 859 

equivalent experiments were not different statistically, the total number of DNA 860 
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fibers from both experiments is presented. DMSO-treated control cells or cells 861 

transfected with luciferase siRNA as Non-Targeting (NT) control were included for 862 

every experiment.  863 

 864 

Histology and Immunohistochemistry 865 

Immunofluorescence (IF) analysis of tissue sections of the Ambra1/Nestin-Cre 866 

mouse model were carried out on cryoembedded embryos (OCT). Before the 867 

embedding embryos and pups brain were fixed 24h in 4% formaldehyde in PBS, 868 

then cryoprotected with 30% sucrose in PBS solution for 48h. After sinking, 869 

tissues were enclosed in 1:1 mixture of OCT (Thermo Fischer) and 30% 870 

sucrose/PBS solution, embedded in cryomolds that were pre-chilled in an 871 

isopentane bath on dry ice and stored at -80°C. Lastly, tissues were cut with Leica 872 

CM3050S cryostat and placed on SuperFrost Plus glasses (Thermo Fischer). For IF, 873 

sections were washed and rehydrated with PBS, permeabilized and blocked with 874 

0.3% Triton-X in Protein Block (Abcam) solution. The slides were incubated with 875 

primary antibodies in Protein Block overnight at 4°C in a humidified chamber. 876 

Sections were then washed three times in PBS and incubated with the 877 

appropriate secondary antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 878 

568 (Life Technologies) diluted in Protein Block for 2 hours at RT. Eventually, 879 

sections were stained with Hoechst 33342 for 10 min at RT. The slides were 880 

mounted with Fluoromount (Sigma F4680). IF images were taken with 881 

Hamamatsu Nanozoomer S60 or Confocal Microscope Olympus FV1000. For H/E 882 
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of Ambra1/Nestin-Cre embryos and pups, sections were then dipped in Gill’s 883 

Hematoxylin No. 2 Solution (Bio-Optica, Cat. No. 05-06014/L) for 30 seconds. 884 

Sections were washed in ddH2O, followed by 0.5% alcoholic eosin (Diapath, Cat. 885 

No. C0353). Sections were dehydrated with one, 10-second wash in 90% ethanol, 886 

and three, 10-second washes with 100% ethanol. Lastly, sections were immersed 887 

in Diasolv (Diapath, Cat. No. H0315) for three times. 888 

For the analysis of mouse lungs, the mice were sacrificed at the 20 and 29 weeks 889 

post-infection and lungs were fixed in 4 % formalin by intratracheal 890 

administration. After removal, the lungs were additionally fixed in 4 % formalin 891 

for 48 hours at 4°C on a rocking shaker. The lungs were then washed for 3 x 30 892 

min in PBS at 4°C on a rocking shaker and left in 70 % EtOH until paraffin 893 

embedding. Paraffin embedding was performed using a MICROM STP 120 spin 894 

tissue processor (Thermo Scientific) followed by embedding in paraffin blocks. 895 

FFPE (Formalin Fixed Paraffin Embedded) lungs were cut in 4 μm sections with 896 

regular intervals and stained using Hematoxylin (Dako) and Eosin (Tissue-Tek) 897 

solutions.  898 

To detect the cell cycle and DNA damage markers on formalin-fixed and paraffin-899 

embedded tissue samples from murine embryos and tumours, we employed our 900 

well-established sensitive immunohistochemical staining protocol41. Standard 901 

deparaffinization of tissue sections was followed by antigen unmasking in the 902 

citrate buffer (pH 6, 15 min microwave exposure). After overnight incubation with 903 

primary antibodies samples were processed for the indirect streptavidin-biotin-904 
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peroxidase method using the Vectastain Elite kit (Vector Laboratories) and nickel-905 

sulphate-based chromogen enhancement detection, as described previously, 906 

without nuclear counterstaining41. For negative controls, sections were incubated 907 

with appropriately diluted non-immune serum. The results were evaluated by two 908 

experienced researchers, including a senior oncopathologist, and the data semi-909 

quantitatively classified based on the percentage of positive tumour cells and 910 

staining intensity. Examples of representative images are shown in the figures. 911 

Digital images were acquired by Hamamatsu NDP Nanozoomer digital pathology 912 

slidescanner.  913 

  914 

AMBRA1flox/flox::KrasG12D  Viral administration  915 

Mice of 12-18 weeks of age were anaesthetized with Hypnorm/Dormicum prior 916 

to viral administration. Infection was performed with replication-deficient 917 

adenovirus expressing Cre at 1 x 1010 plaque-forming units (pfu) ml-1 per mouse 918 

by intranasal instillation (University of Iowa, Gene Transfer Vector Core Iowa, USA) 919 

42,43. AdenoCre: CaCl2 precipitates were produced by adding 0.3ìl CaCl2 (2 M) to 920 

60.95ìl of MEM and 2.3ìl of AdenoCre and administered intranasally in a 62.5-μL 921 

instillation. The second instillation was administered when breathing rates 922 

returned to normal.  923 

   924 

Analysis of anaphase bridge formation  925 
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U2OS cells were plated on plastic coverslips coated with 0.5 % gelatin in PBS and 926 

treated with control or AMBRA1 siRNAs. The cells were fixed in formaldehyde 48 927 

hours after the silencing was initiated and stained for γ-TUBULIN, p-H3Ser10 and 928 

Hoechst 33342. Mitoses were randomly selected for acquisition at laser scanning 929 

confocal microscopes (LSM700 and LSM800, Carl Zeiss A/S) and the resulting 930 

images subsequently analyzed for anaphase bridge formation using ImageJ 931 

software.  932 

   933 

Alkaline comet assay   934 

Single-cell gel electrophoresis was performed under alkaline conditions. Cells 935 

were harvested into PBS, mixed with 0.5% low-melting-point agarose (Gibco) in 936 

PBS and spread on a microscope slide pre-coated with 1% normal-melting-point 937 

agarose (Invitrogen). Cells were lysed overnight (2.5 M NaCl, 100 mM EDTA,    938 

10 mM Tris, 1% Triton X  -100, 10% DMSO) at 4 °C and subsequently rinsed in 939 

neutralization buffer (0.4 M Tris  –HCl, pH 7.4). Electrophoresis was carried out in 940 

alkaline electrophoresis solution (NaOH 300mM, EDTA 1mM) at 15 V for 25 min    941 

and fixed in 70% ethanol. DNA was stained using GelRed® (Biotium) 1:1000, 942 

visualized using fluorescence microscopy (Axiovert 200 M, Carl Zeiss). Analysis was  943 

performed with Comet Assay IV software (Perceptive Instruments, Ltd., Suffolk, 944 

UK). The mean of at least 50 tail moments was calculated. n=3 independent 945 

experiments.  946 

   947 
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Traffic light reporter assay 948 

HR efficiency was evaluated using the Traffic Light Reporter (TLR) assay. pCVL 949 

Traffic Light Reporter 1.1 (SceI target) EF1 Puro and pCVL SFFVd14GFP -950 

EF1sHA.NLS.Sce (opt) were a gift from A. Scharenberg (Addgene plasmid #31482 951 

and #31476). U2OS cells were stably transformed with a TLR construct, which if 952 

repaired through HR after I-SceI cutting results in the restoration of an intact GFP 953 

sequence. 24 h after RNAi, the cells were co transfected with DNA plasmids -954 

containing an HR donor and I-SceI enzyme. At 72 h post silencing, cells were 955 

harvested and analyzed by flow cytometry (Supplementary Methods 1e).  956 

  957 

Xenograft and mice treatments 958 

MEFs: Wild-type or AMBRA1gt/gt MEFs were transformed by pBABE encoding 959 

RasV12/E1A oncogenes. Tumours were induced by subcutaneous injection in 960 

AthymicNude-Foxn1nu 7-8 weeks old mice of 10×106 cells. Tumours sizes were 961 

measured with external callipers, and the volume was calculated as (4π/3) × 962 

(width/2)2 × (length/2). After the tumour reached 250 mm3 sizes the mice were 963 

intraperitoneally injected on a daily basis, with vehicle (11.3% 2-hydroxypropyl-β-964 

cyclodextrin and 0.9% sterile saline) or AZD7762 25 mg/kg dissolved in 11.3% 2-965 

hydroxypropyl-β-cyclodextrin and 0.9% sterile saline. Ten days after treatment 966 

started, animals were killed and all tumours were excised and weighed. Most of 967 

the tumors did not reach the 1000 mm3 and the maximum volume allowed is 968 

1500 mm3. Authorization code from Madrid Region Government (PROEX 193/15). 969 
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SKUT1B: Wild-type SKUT1B were transformed by pLVX-Ambra1-PURO or pLVX-970 

TREGS-GFP-3xFlag. Tumours were induced by subcutaneous injection in 8 weeks 971 

old female NOG mice, purchased from Taconics, of 5 × 106 cells resuspended in 972 

PBS:MATRIGEL 1:1. Tumours sizes were measured with external callipers, and the 973 

volume was calculated as (lenght x width x width)/2. After the tumour reached 50 974 

mm3 sizes the mice were intraperitoneally injected on a daily basis, with vehicle 975 

(11.3% 2-hydroxypropyl-β-cyclodextrin and 0.9% sterile saline) or AZD7762 25 976 

mg/kg dissolved in 11.3% 2-hydroxypropyl-β-cyclodextrin and 0.9% sterile saline. 977 

Mice were sacrificed when the tumors reached 864 mm3, the maximum allowed 978 

tumor volume. Authorization code from Danish Health Authorities 979 

(Dyreforsøgstilsynet, 2018-15-0201-01391, C2). 980 

   981 

Kaplan-Meier survival 982 

Survival analysis of TCGA Pan-Cancer dataset was obtained from GEPIA database 983 

(http://gepia.cancer-pku.cn/)44. Patients survival analysis were based on AMBRA1 984 

expression (cutoff-High (%)= 80, cutoff--Low (%)=20). For the survival analysis of 985 

Lung Adenocarcinoma n=513, data from RNA-Seq analyses were collected from 986 

KM plotter (http://kmplot.com/analysis/index.php?p=service)45. The computed 987 

based performing thresholds that are used as cut-offs were auto-selected 988 

between the lower and upper quartiles for the percentiles of the subjects 989 

between the low and high gene-expression groups 46. 990 

 991 
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Differential expression analysis of RNASeq experiments  992 

R was used to create a matrix of all transcripts expressed in all samples with the 993 

corresponding read-counts and the Bioconductor package DESeq2 47 was used to 994 

normalize the data and then to perform the differential expression analysis. 995 

DESeq2 package was used with standard parameters. Differentially expressed 996 

genes with Fold change higher than 1.5 or lower og -1.5 and FDR <0.05 were 997 

further analyzed through Enrichr's web-based tools 998 

(http://amp.pharm.mssm.edu/Enrichr/ ). Entrez gene symbols were used as input 999 

and GO Biological Process 2018 was investigated. To identify transcription factors 1000 

activated in AMBRA1 interference, differentially expressed genes with FDR <0.05 1001 

were analyzed through the use of IPA (QIAGEN Inc., 1002 

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis).  1003 

   1004 

TCGA analyses  1005 

We downloaded and pre-processed Level 3 RNASeq data (RSEM counts) for only 1006 

those cancer studies for which at least five normal samples were available in 1007 

TCGA with the GDCquery of the TCGAbiolinks R package 48 in August 2017. The 1008 

RNASeq has been produced using the Illumina HiSeq 2000 mRNA sequencing 1009 

platforms, respectively [IlluminaHiSeq_RNASeqV2].  1010 

We employed the TCGAbiolinks function GDCprepare to obtain a Summarized 1011 

Experiment objects49 where normal and primary tumour samples were 1012 

aggregated. Each dataset was processed according to the following steps before 1013 
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analyses.  We removed samples outliers with the TCGAnalyze_Preprocessing 1014 

function of TCGAbiolinks using a Pearson correlation cutoff of 0.6. We normalized 1015 

the datasets for CG-content using the TCGAAnalyze_Normalization function from 1016 

TCGAbiolinks.  Lastly, we filtered the normalized RNASeq data for low counts 1017 

across samples using the function TCGAAnalyze_Filtering. This step removed all 1018 

transcripts with mean across all the samples less than 0.25 quantile of the means. 1019 

We defined as ‘AMBRA-low’ those primary tumour samples that expressed 1020 

AMBRA1 at levels lower than the minimum expression level of AMBRA1 observed 1021 

in the corresponding normal samples. The differential expression analyses (DEA) 1022 

were carried out using EdgeR and using cutoffs for FDR and logFC of 0.01 and 1 1023 

respectively. Moreover, different protocols of preprocessing of the data to 1024 

remove artefacts due to library size, gene length or GC-content have been tested 1025 

to rule out that they would affect the results of the DEA analyses.  1026 

 1027 

Analysis of AMBRA1 mutations  1028 

The graph and map of AMBRA1 mutations in TCGA PanCancerAtlas studies were 1029 

downloaded from cBioPortal (https://www.cbioportal.org/) 50, 51. The Oncoprint 1030 

map of the AMBRA1 genetic alteration and analysis of mutual exclusivity on Pan-1031 

Lung Cancer (TCGA, Nat Genet 2016) were downloaded by cBioPortal  and show 1032 

AMBRA1 mutations, homodeletion, loss of heterozygosity, and TP53 and EGFR 1033 

mutations. p-Value derived from one-sided Fisher Exact Test while q-Value was 1034 

derived from Benjamini-Hochberg FDR correction procedure. 1035 
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 1036 

Correlation analysis and data visualization 1037 

AMBRA1 expression data and the stemness score (RNA based) were downloaded 1038 

from the Xena platform (http://xena.ucsc.edu/) 52. The gene expression dataset is 1039 

“gene expression RNAseq - Batch effects normalized mRNA data” reported as 1040 

log2(norm_value+1) and can be downloaded at 1041 

https://xenabrowser.net/datapages/?host=https%3A%2F%2Fpancanatlas.xenahubs.1042 

net&dataset=EB%2B%2BAdjustPANCAN_IlluminaHiSeq_RNASeqV2.geneExp.xena. 1043 

The RNA stemness score can be downloaded at 1044 

https://xenabrowser.net/datapages/?host=https%3A%2F%2Fpancanatlas.xenahubs.1045 

net&dataset=StemnessScores_RNAexp_20170127.2.tsv 1046 

Xena allows to filter for specific cancer types directly within the platform, 1047 

therefore for our analyses we selected our cancer types of interest Lung 1048 

Adenocarcinoma (LUAD) and Lung Squamous Cell Carcinoma (LUSC). 1049 

Pearson’s correlation, calculation of p-value and data visualization (i.e. 1050 

scatterplots) were performed using the R library ggpubr available in CRAN 1051 

(https://cran.r-project.org/web/packages/ggpubr/index.html), using the functions 1052 

ggscatter and stat_cor. R version 3.6.3 was used for the analysis. We selected 1053 

from the dataset tumors in which samples with AMBRA1 expression below/above 1054 

the 10th and 90th percentiles were retained (n=219). Correlations and p-values are 1055 

shown in the scatterplots. 1056 

 1057 
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Code availability 1058 

All the computer scripts and source codes used to generate and analyse the 1059 

results from TCGA analyses presented in Extended Data Fig. 6a and Extended 1060 

Data Fig. 8a are available at E. Papaleo Group Github repository  1061 

[https://github.com/ELELAB/AMBRA_low].  1062 

 1063 

Data availability 1064 

Kaplan–Meier analysis in Extended Data Fig. 6g and h referenced during the 1065 

study are available in a public repository from the websites (http://kmplot.com/ 1066 

and http://gepia2.cancer-pku.cn/#analysis). The original uncropped immunoblot 1067 

data that supports the findings of this study are available in Supplementary Fig. 1068 

1. Representative gating strategy of FACS analysis are included in Supplementary 1069 

Fig. 2. 1070 

 1071 

Statistical analysis and Data reproducibility 1072 

Statistical analyses were performed with Prism software (GraphPad Software). 1073 

All statistical parameters including the exact value of n, type of replicates, the 1074 

statistical test, error bars and significance are reported in all associated figure 1075 

legends. All experimental findings were verified in ≥3 independent experiments. In 1076 

Extended data Fig. 4g, instead, n=2. Data were considered statistically significant 1077 

when P < 0.05. A one  -way ANOVA followed by Sidak’s post hoc test was used to 1078 

calculate Fig. 1j; Extended Data Fig. 5f statistical analysis. One-way ANOVA 1079 
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followed by Dunnett’s post hoc test was used to analyse Extended Data Fig. 3c. 1080 

One-way ANOVA followed by Tukey’s post hoc test was used to analyse 1081 

Extended Data Fig. 3d. A two-sided one-way ANOVA followed by Sidak’s post 1082 

hoc test was used to calculate the following statistical analysis: Fig. 1d; Extended 1083 

Data Fig. 1g; Extended Data Fig. 2a, c, e, f; Extended Data Fig. 5e, g, h; 1084 

Extended Data Fig. 8m, n. A two-sided one-way ANOVA followed by Tukey’s 1085 

post hoc test was used to calculate the following statistical analysis: Extended 1086 

Data Fig. 2d; Extended Data Fig. 9c. A two-sided Mann–Whitney U-test was 1087 

used to perform statistical analysis of Fig. 2d; Extended Data Fig. 3j, q, r; 1088 

Extended Data Fig. 4g, h; Extended Data Fig. 5d, j, k; Extended Data Fig. 8h. A 1089 

logrank Mantel-Cox statistical analysis was used to analyze Fig. 3e. A two-sided 1090 

Two-stage step-up (Benjamini, Krieger, and Yekutieli) was used to calculate 1091 

Extended Data Fig. 8e, i statistical analysis. RNA-seq experiments in Extended 1092 

Data Fig. 4s were analysed with Fisher exact test. A two-tailed, unpaired 1093 

Student’s t-test was used to calculate Fig. 1k, Fig. 2b, c; Fig 3c, d, f; Extended 1094 

Data Fig. 1e, h, i, l, m, o;  Extended Data Fig. 2g, h, i; Extended Data Fig. 3g, o; 1095 

Extended Data Fig. 4a, b, c, f, j, l, n, o, p;  Extended Data Fig. 5b, l;  Extended 1096 

Data Fig. 7e; Extended Data Fig. 8d, f, g; Extended Data Fig. 9a, b. 1097 

P values that were not included in Figure panels are reported below: 1098 

Fig. 3f: Ambra1gt/gt vs Ambra1gt/gt AZD7762 (day 13 P<0.0001; day 14 P<0.0001; 1099 

day 15 P<0.0001; day 16 P<0.0001; day 17 P<0.0001; day 18 P<0.0001; day 19 1100 

P<0.0001; day 20 P<0.0001). 1101 
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Ambra1wt/wt vs Ambra1wt/wt AZD7762 (day 23 P=0,0348; day 24 P=0,0353; day 25 1102 

P=0,0228). 1103 

Extended Data Fig. 5b: AMBRA1 (G1, P<0.0001; G1/S, P<0.0001; S/G2, P<0.0001); 1104 

CCNA2 (G1, P<0.0001 ; G1/S, P=0.0004; S/G2, P=0.0004); E2F1 (G1, P=0.002; G1/S, 1105 

P<0.0001; S/G2, P<0.0001); RAD51 (G1, P=0.0606; G1/S, P=0.0066; S/G2, 1106 

P=0.0005); BRCA1  (G1, P=0.0014; G1/S, P=0.3132; S/G2, P=0.5274); CCNE1 (G1, 1107 

P=0.3442; G1/S, P=0.656; S/G2, P=0.0074); CHEK1 (G1, P=0.7967; G1/S, P=0.0127; 1108 

S/G2, P=0.0264). 1109 

Extended Data Fig. 8i: A549, AZD siSCRL/siAMBRA1 10nM (P=0,547501); A549, 1110 

AZD siSCRL/siAMBRA1 100nM (P=0,016872); A549, AZD siSCRL/siAMBRA1 500nM 1111 

(P=0,000059); A549, AZD siSCRL/siAMBRA1 1000nM (P=0,000364); A549, AZD 1112 

siSCRL/siAMBRA1 5000 nM (P=0,006556); A549, LY siSCRL/siAMBRA1 0,1 uM 1113 

(P=0,093519); A549, siSCRL/siAMBRA1 1 uM (P=0,000191); A549, 1114 

siSCRL/siAMBRA1 5 uM (P=0,002207); A549, siSCRL/siAMBRA1 10 uM 1115 

(P=0,000646); A549, LY siSCRL/siAMBRA1 20 uM (P=0,001554); H1299, AZD 1116 

siSCRL/siAMBRA1 10nM (P=0,608104); H1299, AZD siSCRL/siAMBRA1 100nM 1117 

(P=0,017686); H1299, AZD siSCRL/siAMBRA1 500nM (P=0,008617); H1299, AZD 1118 

siSCRL/siAMBRA1 1000nM (P=0,06761); H1299, AZD siSCRL/siAMBRA1 5000nM 1119 

(P=0,118253); H1299, LY siSCRL/siAMBRA1 0,1 uM (P=0,363906); H1299, LY 1120 

siSCRL/siAMBRA1 1 uM (P=0,445295); H1299, LY siSCRL/siAMBRA1 5 uM 1121 

(P=0,014628); H1299, LY siSCRL/siAMBRA1 10 uM (P=0,01113); H1299, LY 1122 

siSCRL/siAMBRA1 20 uM (P=0,000059); H837, AZD siSCRL/siAMBRA1 10nM 1123 
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(P=0,082123); H837, AZD siSCRL/siAMBRA1 100nM (P=0,00033); H837, AZD 1124 

siSCRL/siAMBRA1 500nM (P=0,000044); H837, AZD siSCRL/siAMBRA1 1000nM 1125 

(P=0,000237); H837, AZD siSCRL/siAMBRA1 5000 nM (P=0,000428); H837, LY 1126 

siSCRL/siAMBRA1 0,1 uM (P=0,409279); H837, LY siSCRL/siAMBRA1 1 uM 1127 

(P=0,000466); H837, LY siSCRL/siAMBRA1 5 uM (P=0,029146); H837, LY 1128 

siSCRL/siAMBRA1 10 uM (P=0,000763); H837, LY siSCRL/siAMBRA1 20 uM 1129 

(P=0,001414). 1130 

All the data behind the statistical analysis are provided in Source Data.  1131 
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Extended Data Fig. 1 AMBRA1 regulates cyclin D stability in neural stem cells. 1244 

a, Conditional knockout mouse model production. b-c, wt and Ambra11 cKO P21 1245 

mice with respective brains. Representative image of PCR amplification of Tm1c, 1246 

Ambra1 and Cre. d. wt and Ambra11 cKO olfactory bulbs (OB) in E18.5 embryos 1247 

sagittal sections stained for Ki67 antibody and Hoechst (n=3). e Quantification of 1248 

Ki67+ cell area in the whole brain of wt and Ambra1 cKO E13.5 embryos, sagittal 1249 

sections, shown in Fig. 1d (n=5). P value by two-tailed unpaired T-test. f, 1250 

Representative scheme of NSCs extraction and cell culturing from mouse embryo 1251 

MGE. g, Bargraph of densitometry quantification of wt and Ambra1 cKO NSCs 1252 

normalized protein levels shown in Fig. 1c (n=4). P values by two-sided one-way 1253 

ANOVA followed by Sidak’s multiple comparisons test. h, Representative images 1254 

of NSCs extracted from mouse embryo medial ganglionic eminences (MGE). 1255 

RIGHT: Violin plot of clonal neurospheres’ diameter measurements in wt and 1256 

Ambra1 cKO NSCs (n=3; total of 128 neurospheres analyzed for each condition). 1257 

P value by two-tailed unpaired T-test. i. Whole brain quantification of E13,5 wt 1258 

and Ambra1 cKO cyclin D1 staining normalized over DAPI, represented in Figure 1259 

1e. P value by two-tailed unpaired T-test (n=5) j, wt and Ambra11 cKO olfactory 1260 

bulbs (OB) in E18.5 embryos sagittal sections stained for Cyclin D1 antibody and 1261 

Hoechst (n=3). k, wt and Ambra1 cKO E13,5 embryos sagittal sections stained for 1262 

cyclin D2 (n=3). vDPall, ventricular dorsal Pallium. l, Representative images of wt 1263 

and Ambra1 cKO E13.5 embryos sagittal sections of the mesencephalic VZ 1264 

stained for pRb S807/811 (n=5). RIGHT: Bargraph of pRb S807/811 positive area 1265 
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quantification in the mVZ of E13,5 wt and Ambra1 cKO (n=5). P value by two-1266 

tailed unpaired T-test. m, Representative images of pRb S807/811in wt and 1267 

Ambra1 cKO E18,5 sagittal sections of OB. RIGHT: pRb S807/811 positive cell 1268 

number quantification (n=3). P value by two-tailed unpaired T-test. n, IB of N-1269 

Myc after cycloheximide (CHX) treatment on wt and Ambra1 cKO NSCs (n=3). o, 1270 

qRT-PCR of NSCs, the investigated genes are in the bottom of the graph (n=5). P 1271 

values by two-tailed unpaired T-test p, IB of control and AMBRA1 SH-SY5Y cells 1272 

silenced cells (n=3). q, IB of AMBRA1 IP in SH-SY5Y cells. r, IB for AMBRA1, 1273 

PP2AC and N-Myc in SH-SY5Y cells silenced for the indicated genes (n=3). Unless 1274 

otherwise noted n: biologically independent samples. For IB, ACTIN was used as 1275 

loading control. Data are presented as mean values ± SEM. Scale bars 250 µm. 1276 

 1277 

 1278 

Extended Data Fig. 2 Ambra1 deficiency impacts on cell cycle, cell death and 1279 

neuronal differentiation 1280 

a, Densitometric quantification of cyclin D1 and D2 proteins levels in the CHX 1281 

time course normalized over ACTIN (n=3). P values by two-sided one-way 1282 

ANOVA followed by Sidak’s multiple comparisons test. b, IB of Ambra1 cKO or wt 1283 

NSC treated with CHX and/or MG132 for the indicated time points. (n=3). c, NSCs 1284 

cell cycle phase distribution following release from nocodazole treatment (n=3). P 1285 

values by two-sided one-way ANOVA followed by Sidak’s multiple comparisons 1286 

test. d, 6 hrs BrdU incorporation of passage n°2 wt and Ambra1 cKO NSCs with 1287 
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or without abemaciclib treatment (n=3). P values by two-sided one-way ANOVA 1288 

followed by Tukey’s multiple comparisons test. e, Percentage of apoptotic cells in 1289 

wt and Ambra1 cKO NSCs (n=3). EA: early apoptotic; LA: late apoptotic. P values 1290 

by two-sided one-way ANOVA followed by Sidak’s multiple comparisons test. f, IB 1291 

of the indicated proteins of NSCs after abemaciclib treatment. RIGHT: Bargraph 1292 

densitometry quantification of the indicated proteins (n=3). P values by two-sided 1293 

one-way ANOVA followed by Sidak’s multiple comparisons test. g, Representative 1294 

images of wt and Ambra1 cKO E13.5 embryos sagittal sections stained for Sox2 1295 

and Tbr2. RIGHT: quantification of immunostained positive area (Sox2 - n=6; Tbr2 1296 

- n=4). P value by two-tailed unpaired T-test. h, Representative images of wt and 1297 

Ambra1 cKO E18.5 embryos sagittal sections stained for Tbr2. RIGHT: 1298 

quantification of immunostained positive area (n=6). P value by two-tailed 1299 

unpaired T-test. Arrows indicate Tbr2+ cells in the SVZ. i-l, Representative images 1300 

of wt and Ambra1 cKO E18.5 embryos sagittal sections stained for neuronal 1301 

marker NeuN. (i) LEFT: Higher magnification of the mesencephalic alar plate. 1302 

RIGHT: quantification of immunostained positive area (n=3). P value by two-tailed 1303 

unpaired T-test. (l) Lower magnification to better appreciate the uncropped 1304 

quantified area (n=3). Scale bar 500 μm. Unless otherwise noted n: biologically 1305 

independent samples. For IB, ACTIN was used as loading control. Data are 1306 

presented as mean values ± SEM. Unless otherwise noted scale bars represent 1307 

250 μm.  1308 

 1309 



62 
 

Extended Data Fig. 3 AMBRA1-cyclin D1 axis impacts on cell cycle 1310 

a, IB of control or AMBRA1-silenced U87-MG for the indicated proteins (n=3). b, 1311 

IB of cyclin D1 in control or AMBRA1-silenced U87-MG treated with CHX and/or 1312 

MG132 for the indicated time points (n=3). c, Analysis of densitometry for Cyclin 1313 

D IB in U87-MG cells, silenced for the indicated gene, shown in Fig. 1g (n=4). P 1314 

values by one-way ANOVA followed by Dunnett’s multiple comparisons test. d, 1315 

LEFT, IB of cyclin D1 in U87-MG silenced for AMBRA1 expression and 1316 

overexpressed with wt AMBRA1 and ΔWD40 mutant. RIGHT, analysis from 1317 

densitometry (n=3). P values by one-way ANOVA followed by Tukey’s multiple 1318 

comparisons test. e, IB analysis of cyclin D1 IP from protein extracts of control 1319 

and AMBRA1-silenced U87-MG cells (n=3). f, co-IP of AMBRA1 in U87-MG cells 1320 

transiently overexpressing empty vector, cyclin D1-FLAG or cyclin D1-T286A- 1321 

FLAG. Cells were treated with MG132 for 3 hrs before lysis (n=3). g, Fold change 1322 

bargraph of U87-MG number of cells in control or following AMBRA1 depletion 1323 

(n=11). P value by two-tailed unpaired T-test. h, IB of the indicated proteins of 1324 

U87-MG, BJ-hTERT and U2OS untreated or treated with MLN4924 (n=3). i-j, Cells 1325 

immunostained with cyclin D1, EdU antibody and counterstained with Hoechst. (i), 1326 

shown the total nuclear intensities of EdU and Hoechst, quantification shown in 1327 

Fig. 1k (cells examined over 3 independent experiments: siSCR n=3279; siAMB 1328 

n=3608 cells). (j),Box plots showing distributions (centre line, median; box limits, 1329 

25th and 75th percentile) indicating total cyclin D1 nuclear intensities (siSCR 1330 

n=3279; siAMB n=3608 cells. median siSCR=169654; siAMB=429623). k-l, IB of 1331 
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cell cycle markers in control and AMBRA1 silenced BJ hTERT and U2OS-FUCCI 1332 

cells sorted for cell cycle, respectively (n=3). m, IB of indicated proteins in 1333 

AMBRA1 silenced BJ-hTERT synchronized by 24 serum starvation. Cells collected 1334 

after the indicated starvation recovery time points (n=3). n, Representative images 1335 

of live-cell imaging of control and AMBRA1 silenced U2OS-FUCCI cells from 0 to 1336 

14h with 2 h interval between different images. Length of G1 phase is shown in 1337 

Fig. 1k (n=3). Scale bar, 5 μm. o, Cell proliferation in control or AMBRA1 silenced 1338 

BJ-hTERT (24/48h n=6; 72h siSCR n=6, siAMBRA1 n=5). p-q, Control or AMBRA1 1339 

silenced U2OS-FUCCI cells. (p) Representative contour plot, (q) Fold increase of 1340 

cells present in S-G2 phase in AMBRA1 downregulated/control cells (n=10). r Box 1341 

plot (centre line, median; box limits, 25th and 75th percentile; whiskers, minimus 1342 

and maximum) showing cell cycle length of siSCR (n=65; median=13)  or 1343 

siAMBRA1 (n=65; median=8.5) U2OS-FUCCI cells examined over 3 independent 1344 

experiments. Unless otherwise noted, n: biologically independent samples, and 1345 

data are presented as mean values ± SEM. g, o, q two-tailed unpaired T-test, j, r, 1346 

P values by two-tailed Mann Whitney test.  For IB, ACTIN or �-TUBULIN were used as 1347 

loading control. 1348 

 1349 

Extended Data Fig. 4 AMBRA1 deficiency causes replication stress 1350 

a, Total γH2AX nuclear intensity in the different cell cycle phases of BJ-hTERT 1351 

cells (n=3). Data are presented as mean values ± SD. b, γH2AX foci intensity in 1352 

control or AMBRA1 silenced U2OS cells (n=3). c, Alkaline comet assay of control, 1353 
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AMBRA1 and ATG7 silenced U2OS cells (n=3). d, Control, AMBRA1 and ATG7 1354 

silenced BJ-hTERT cells immunostained for γH2AX and counterstained with 1355 

Hoechst. The proportion of γH2AX-positive cells (red, arbitrary cutoff) is indicated 1356 

(siSCR n=721, siAMB n=725, siATG7 n=733 cells examined over 3 independent 1357 

experiments). e, IB of H2AX, γH2AX in control, AMBRA1 and ATG7 silenced BJ-1358 

hTERT cells (n=3). f, HR efficacy in control, AMBRA1 and ATG7 silenced U2OS 1359 

cells (n=3). Data are presented as mean values ± SD. g, BRCA1 foci number per 1360 

nucleus in control and AMBRA1 silenced U2OS cells untreated or 3 Gy irradiated 1361 

stained against BRCA1 (n=500 cells examined over 3 independent experiments, 1362 

centre indicates the mean). h, Time in mitosis in control (n=91 over 3 1363 

independent experiments) or AMBRA1 (n=72 from 3 independent experiments) 1364 

silenced cells. Bars represent medians and interquartile range. i, Dying cells upon 1365 

mitotic exit as evaluated by time-lapse imaging (n=2 independent experiments; 1366 

>60 cells per conditions). j, 53BP1 nuclear foci distribution in G1 U2OS cells 1367 

(n=3). k, Total γH2AX and Hoechst intensity in control and AMBRA1 silenced BJ-1368 

hTERT untreated or treated with 2mM HU for 2h (siSCR=2481, siAMB=2237, 1369 

siSCR+HU=2484 siAMB+HU=2281 cells, data representative of n=3 independent 1370 

experiments). l, Bargraph quantification of normalised protein levels of CHK1 1371 

represented in Fig. 2e (n=3). m-n, BJ-hTERT cells as in Extended Data Fig. 4k 1372 

treated with CHX or CHX plus 2 mM HU. IB (m) analysis of the indicated proteins 1373 

in total cell lysates. (n) Quantification of normalized CHK1 protein expression 1374 

levels (n=4). o, p, qRT-PCR analyses of indicated genes in control or AMBRA1 1375 
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silenced BJ-hTERT (o)  and U2OS (p) cells, respectively (CCNA2, E2F1 and RAD51 1376 

n=5, BRCA1 n=4, CHEK1 n=3). q- r, IB analysis of indicated proteins in control or 1377 

AMBRA1 silenced U2OS (q) and BJ-hTERT cells, respectively (in both conditions 1378 

n=3). s, GO Biological Process 2018 from Enrichment analysis of DEA genes from 1379 

RNAseq analysis. DEA originated by 3 RNAseq independent experiments was 1380 

used as input for the Web-based software EnrichR2625,26. P value computed using 1381 

the Fisher exact test, clearer bars show lower p-value. a, b, c, f, j, l, n, o, p two-1382 

tailed unpaired T-test, g, h two-tailed Mann-Whitney test. Unless otherwise 1383 

noted, n: biologically independent samples, and data are presented as mean 1384 

values ± SEM. For IB, �-TUBULIN, SOD1 or GADPH were used as loading control. 1385 

 1386 

Extended Data Fig. 5 AMBRA1 deficiency causes replication stress 1387 

a, Analysis of DEA genes (from n=3 independent RNASeq experiments) predicting 1388 

the transcription factor activated following AMBRA1 depletion. b, qRT-PCR 1389 

analyses of indicated genes in control or AMBRA1 silenced U2OS-FUCCI sorted 1390 

for the different cell cycle phases (n=3) c, IB for the indicated proteins in U2OS 1391 

cells interfered for indicated autophagy regulators (n=3). d, γH2AX nuclear mean 1392 

intensity in control and AMBRA1 silenced BJ-hTERT untreated or treated with 0.1 1393 

µM abemaciclib for 48h.  1394 

Cell cycle phases distribution of control and AMBRA1-silenced cells upon 1395 

abemaciclib treatment (n=1472 cells examined over 3 independent experiments ). 1396 

RIGHT, Cell cycle phases distribution of control and AMBRA1-silenced cells upon 1397 
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abemaciclib treatment (n=643 cells). e, Cell count of U87-MG cells control or 1398 

inducible for cyclin D1 3 days after stimulation with doxycycline (n=3).  f, Cell 1399 

count of BJ-hTERT control or inducible for cyclin D1 at the indicated time point 1400 

after stimulation with doxycycline, normalized over non-induced cells (1d V15+ 1401 

n=6; 3d V15+, 3d E30+ n=4; 1d E30+, 4d V15+, E30+ and 6d V15+, E30+ n=5). 1402 

g, h, Percentage of cells in each cell cycle phase in (g) U87-MG and (h) BJ-hTERT 1403 

control or inducible for cyclin D1 48h after doxycycline stimulation (n=3). i, IB for 1404 

the indicated proteins in U87-MG control or inducible for cyclin D1 at the 1405 

indicated time point with or without doxycycline stimulation (n=3). j-k, Mean fork 1406 

speed (j) (kb min−1) and fork symmetry analysis (k) of DNA fibres from BJ-hTERT 1407 

control and induced for cyclin D1 expression treated as in Fig. 2d (Scored forks: -1408 

dox n=312; 3d dox n=449; 4d dox n=429; 6d dox n=426). Data are presented as 1409 

the mean values +/-.  l, Bargraph quantification of IHC stainings in Fig. 2g (n=3 1410 

mice). m, IB for the indicated proteins in NSCs wt or Ambra1 cKO (n=3). Unless 1411 

otherwise noted n: biologically independent samples, and data are presented as 1412 

the mean values ± SEM. b, l, two-tailed unpaired T-test d, j, k  two-tailed Mann-1413 

Whitney test e, g, h Two-Way ANOVA, followed by Sidak’s multiple comparisons 1414 

test. f, One-Way ANOVA, followed by Sidak’s multiple comparisons test. Exact p-1415 

values are defined in Statistical Analysis and Data reproducibility Methods’ 1416 

section 1417 

 1418 

 1419 
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Extended Data Fig. 6 AMBRA1 mutations and CHK1 expression correlation in 1420 

cancer.  1421 

a, Bioinformatics analysis from expression data present in TCGA database. In the 1422 

pie chart is shown the percentage of AMBRA1-low cancers (pink) with respect to 1423 

the total (blue) in the indicated datasets. The abbreviations indicate: PRAD, 1424 

prostate adenocarcinoma; LUSC, Lung squamous cell carcinoma; COAD, Colon 1425 

adenocarcinoma; BLCA, Bladder Urothelial Carcinoma; UCEC, Uterine Corpus 1426 

Endometrial Carcinoma; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney renal 1427 

papillary cell carcinoma. b, Xena correlation analysis of AMBRA1 mRNA 1428 

expression and stemness score. The shaded area in the plot indicates the 1429 

confidence interval (95%). c, Lolliplots showing the distribution of AMBRA1 1430 

mutations annotated in TCGA PanCancer Atlas Studies. d, Graph indicating the 1431 

AMBRA1 mutation frequency percentage in TCGA PanCancer AtlasStudies 1432 

datasets. The cutoff was selected at 2%. e, Oncoprint of AMBRA1 alterations 1433 

(homodeletions, shallow deletions, mutations), and TP53 and EGFR mutations 1434 

from TCGA PanLung cancer datasets. f, mutual exclusivity and co-occurrence 1435 

analysis of the indicated genes from TCGA PanLung cancer datasets, p-Value 1436 

derived from one-sided Fisher Exact Test. g, Kaplan-Meier analysis of PanCancer 1437 

Atlas Studies database patients was generated based on the expression level of 1438 

AMBRA1 (Low: below 20%, High: above 80%). Plot was downloaded by the online 1439 

database GEPIA44 (http://gepia2.cancer-pku.cn/#analysis) p-Value derived from 1440 

one-sided Log-rank [Mantel–Cox] test). h, Kaplan–Meier analysis of overall survival 1441 
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based on RNA seq analysis of AMBRA1 mRNA levels using the KM-plotter53 lung 1442 

adenocarcinoma database.  1443 

 1444 

Extended Data Fig. 7 AMBRA1 control tumour growth in a lung cancer mouse 1445 

model 1446 

a, Schematic representations of the mouse model and initial testing of the 1447 

system. The KRasG12D transgenic mouse is mated with the conditional 1448 

Ambra1flox/flox mouse to produce the Ambra1+/+::KRasG12D/+ and the Ambra1flox/flox:: 1449 

KRasG12D/+ genotypes. Lung-specific expression of oncogenic KrasG12D and 1450 

deletion of Ambra1 is induced by intranasal inoculation with defective adenoviral 1451 

particles carrying the Cre recombinase. b, IB analysis of Ambra1 1452 

immunoprecipitation from tissue lung samples from Ambra1flox/flox::KRasG12D/+, 16-1453 

weeks after AdenoCre administration (n=3). c, The expression of Ambra1 floxed 1454 

allele following Cre administration was verified by RT-PCR performed in lung 1455 

tissue samples as in c (n=3). Primers were designed to distinguish wt and floxed 1456 

alleles. d, Representative of Hematoxylin/Eosin images of fixed lungs. BOTTOM, 1457 

Magnification of the bronchus highlighting tumour initiation site. Scale bar 1mm. 1458 

e, Bargraph quantification of IHC stainings in Fig. 3b (Ki67 n=3; H2AX n=3;p 1459 

RPA S4/8 n=3; cyclin D1 n=4; p-c-Myc S62 n=3 in 2 independent tumours each 1460 

condition). P values of H2AX and cyclin D1 by two-tailed Welch T-test, P values 1461 

of Ki67, pRPA S4/8 by two-tailed unpaired T-test. Unless otherwise noted, n: 1462 

biologically independent samples, and data are presented as mean values ± SEM. 1463 
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 1464 

Extended Data Fig. 8 AMBRA1 deficiency is synthetic lethal with CHK1 1465 

inhibitors.  1466 

a, Ratio between CHK1 expression in the AMBRA1-low subpopulation of cancers 1467 

with respect to normal tissue. b, Gating strategy for Fig. 3c. DOWN: Total nuclear 1468 

DNA intensity versus γH2AX intensity (siSCR DMSO n=1850, siSCR AZD n=1716, 1469 

siAMB DMSO n=1866, siAMB AZD n=1731 cells representative of 3 independent 1470 

experiments). The γH2AX-positive cells, arbitrary cutoff, are indicated in red. UP: 1471 

Hoechst nuclear intensity versus counts. γH2AX-positive cells are indicated by the 1472 

red line. c, IB of AMBRA1, RPA pS4-8 and β-TUBULIN in control or AMBRA1 1473 

silenced BJ-hTERT untreated or treated with AZD7762. d, TOP, Hoechst nuclear 1474 

intensity versus counts. BOTTOM, Total nuclear DNA intensity versus Tunel 1475 

intensity, Gating strategy for the quantifications in RIGHT, Tunel positive cells in 1476 

the different cell phases calculated on Hoechst intensity (n=3). P values by two-1477 

tailed unpaired t test. e, Viability analysis of control and AMBRA1 silenced BJ-1478 

hTERT treated with the indicated concentrations of LY2603618 for 24h (n=3). P 1479 

values by Two-stage step-up (Benjamini, Krieger, and Yekutieli). f, Cell viability in 1480 

control, AMBRA1 and ATG7 silenced BJ-hTERT untreated or treated with 1481 

AZD7762. CTRL and treatments with AZD7762 100 nM n=4. P value by two-tailed 1482 

unpaired t test. g, Cell viability in control, AMBRA1 silenced BJ-hTERT untreated 1483 

or treated with Olaparib (n=3). Analysis by two-tailed unpaired t test. h, Fork 1484 

symmetry analysis from BJ-hTERT cells treated 24h with 100nM AZD7762 or 5µM 1485 
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LY2603618 (Scored forks: siSCR DMSO n=533/siSCR AZD n=560/siSCR LY 1486 

n=548/siAMB DMSO n=601/siAMB AZD n=543/siAMB LY n=548). P values by 1487 

two-tailed Mann-Whitney test. Data are presented as the mean values ± SD. i, 1488 

Cell viability analysis of control and AMBRA1 silenced A549, H11299 and HCC827 1489 

lung cancer cell lines treated with the indicated concentrations of AZD7762 and 1490 

LY2603618 (n=3). P values by Two-stage step-up (Benjamini, Krieger, and 1491 

Yekutieli). Data are presented as the mean values ± SD. j, Immunoblot of the 1492 

indicated proteins in control or AMBRA1 silenced A549, HCC827 and H1299 cells 1493 

(n=3). k, Immunoblot of sarcoma cell lines (n=3). l, Immunoblot of SKUT1b cells 1494 

treated with the inhibitor MLN4924 (n=3). m, immunoblot of SKUT1b cells 1495 

reconstituted with AMBRA1 wt, AMBRA1 ΔWD40 and AMBRA1 PXP mutants. 1496 

RIGHT, Densitometry quantification of the indicated normalized protein levels 1497 

(n=3). P values by two-sided one-way ANOVA followed by Sidak’s multiple 1498 

comparisons test. n, Late apoptosis analysis in SKUT1b cells reconstituted with 1499 

AMBRA1 wt, AMBRA1 ΔWD40 and AMBRA1 PXP and treated with 200 nM 1500 

AZD7762 (n=3). P values by two-sided one-way ANOVA followed by Tukey’s 1501 

multiple comparisons test. Unless otherwise noted n: biologically independent 1502 

samples, and data are expressed as the mean value ± SEM, *p < 0.05, **p < 0.01, 1503 

***p < 0.001, ****p < 0.0001. Exact p-values are defined in Statistical Analysis 1504 

and Data reproducibility Methods’ section 1505 

 1506 
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Extended data Fig. 9 AMBRA1 deficiency is synthetic lethal with CHK1 1507 

inhibitors in vivo. 1508 

a, Cell viability of Ambra1+/+ and Ambra1gt/gt  MEFs cells treated  with AZD7762 or  1509 

vehicle (n=4 independent experiments). P values by two-tailed unpaired T-test.  1510 

b, Box plots (centre line, median; box limits, 25th and 75th percentile; whiskers, 1511 

minimum and maximum) indicating weight of Ambra1+/+ and Ambra1gt/gt  MEFs 1512 

xenografts referring Fig. 3f (Ambra1+/+ vehicle n=8; Ambra1+/+ AZD7762 n=8, 1513 

Ambra1gt/gt  vehicle n=10, Ambra1gt/gt  AZD7762 n=11 mice). P values by two-1514 

tailed unpaired t-test. c, Cell death % in U87-MG cells overexpressing cyclin D1 1515 

treated with AZD7762, mean value ± SEM (n=3 independent experiments). P 1516 

values by two-sided one-way ANOVA followed by Tukey’s multiple comparisons 1517 

test. Unless otherwise data are expressed as the mean value ± SD.  1518 

 1519 
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 1524 
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