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Although!ribosomes!are!universally!required!for!protein!synthesis,!an!increasing! number! of! studies! show! the! existence! of! previously! unsuspected! cellular! and! tissular! specificities!in!their!biogenesis!and!function.!Indeed,!mutations!in!ribosome!biogenesis! factors!or!ribosomal!components!lead!to!a!variety!of!pathologies!called!ribosomopathies! that! differentially! affect! tissues.! Though! still! incompletely! understood,! this! phenotype! heterogeneity! is! attributed! to! an! actual! structural! and! functional! heterogeneity! of! ribosomes,! but! also! to! heterogeneous! activation! of! ribosome! biogenesis! regulation! mechanisms!and!surveillance!pathways.!In!addition,!deregulated!ribosome!biogenesis!is! associated! with! cancer.! Ribosome! biogenesis! is! increased! in! cancer! cells! due! to! the! overexpression! of! oncogenes! or! the! inactivation! of! tumor! suppressor! genes,! and! this! increase! is! thought! to! play! a! critical! causal! role! in! tumor! initiation! and! progression.! Strikingly,! inhibition! of! ribosome! biogenesis! with! small! compounds! was! shown! to! strongly! affect! tumor! cells! but! not! normal! cells.! Thus,! nonAgenotoxic! inhibitors! of! ribosome! biogenesis! represent! novel! and! promising! therapeutic! tools! to! target! the! translation! apparatus! of! cancer! cells.! While! this! approach! holds! great! promise! as! a! therapeutic! strategy! for! hematological! and! breast! cancers,! extending! ribosome! biogenesis! targeting! to! other! types! of! cancers! requires! a! better! understanding! of! cell! type!specificities!in!the!cellular!responses!to!ribosome!biogenesis!perturbations!in#vivo! in!both!normal!and!tumor!cells.! ! Through! the! study! of! the! Notchless# (Nle)! gene,! which! is! involved! in! the! maturation!of!the!large!ribosomal!subunit,!the!laboratory!has!previously!demonstrated! that!ribosome!biogenesis!inhibition!in!the!adult!mouse!intestine!results!in!the!activation! of!the!p53Adependent!ribosome!biogenesis!surveillance!pathway!in!the!intestinal!crypts,! leading! to! stem! cell! depletion,! apoptosis,! proliferation! arrest! and! premature! differentiation! of! progenitors.! During! my! thesis,! I! have! pursued! the! study! of! the! Nle# mutant!phenotype.!I!have!notably!shown!that!rapid!stem!cell!and!progenitor!exhaustion! was!entirely!mediated!by!the!activation!of!ribosome!biogenesis!surveillance!pathways,! as! it! occurred! in! the! absence! of! detectable! variations! in! the! protein! synthesis! rate.! Combining! Nle# conditional! inactivation! with! p53! and! p21! lossAofAfunction,! I! have! also! demonstrated!that!cell!cycle!arrest!in!NleAdeficient!intestinal!crypts!was!p53Adependent! but! p21Aindependent.! Moreover,! to! evaluate! the! impact! of! ribosome! biogenesis! alterations! on! intestinal! tumorigenesis,! I! monitored! the! consequences! of! Nle! lossAofA function!on!WntAdriven!proliferative!domain!expansion!following!Apc!lossAofAfunction!in! the!intestinal!epithelium.!The!data!gathered!from!this!experiment!indicate!that,!although! ribosome!biogenesis!inhibition!strongly!alleviates!proliferative!domain!expansion,!Wnt! hyperactivation! enhances! stem! cell! and! progenitor! resistance! to! ribosome! biogenesis! defects.!These!results!thereby!question!the!relevance!of!ribosome!biogenesis!inhibitionA based!therapeutic!strategies!to!WntAdriven!cancer!treatment.! ! Overall,! this! work! reinforces! the! notion! that,! in! mammals,! the! consequences! of! ribosome!biogenesis!alterations!vary!dramatically!according!to!the!cellular!context,!and! more!specifically!hint!towards!complex!interactions!between!the!Wnt!signaling!pathway! and!the!ribosome!biogenesis!pathway.! !

unclear!whether!the!ARF$5S!RNP!interaction!is!essential!for!the!binding!of!MDM2!by!the! 5S!RNP.! ! p53# expression! has! been! shown! to! differ! at! the! mRNA! level! between! tissues! during! mammalian! embryogenesis! (Léveillard! et! al.! 1998;! Schmid! et! al.! 1991).! As! ribosome!biogenesis!defects!are!expected!to!trigger!stronger!p53$dependent!responses! in! tissues! with! the! highest! p53# mRNA! levels,! it! can! be! hypothesized! that! some! of! the! the!inhibition!of!RNA!pol!I!leads!to!cell!cycle!arrest!in!p53$deficient!cells! (Peltonen!et!al.! 2014),!and!the!knock$out!of!the!murine!Nle#gene,!which!is!involved!in!the!maturation!of! the! large! ribosomal! subunit,! has! been! shown! to! rapidly! trigger! apoptosis! in! p53$ deficient!intestinal!crypts!without!detectable!alterations!of!protein!synthesis! (Stedman! et!al.!2015).!However,!it!has!been!demonstrated!that!defects!in!RPL5!or!RPL11!only!lead! to! proliferation! impairment! due! to! reduced! translation! capacity! (Teng! et! al.! 2013a),! suggesting!that!the!p53$independent!responses!to!ribosome!biogenesis!inhibition!either! have!a!limited!effect!in!some!cellular!systems!or!are!also!mediated!by!RPL5!and!RPL11.!! While!the!studies!devoted!to!these!p53$independent!pathways!are!less!numerous! and!less!diverse!than!those!focusing!on!the!canonical!ribosome!biogenesis!surveillance! pathway,! potential! roles! of! the! 5S! RNP! in! MDM2$dependent! p53$independent! cellular! responses!have!been!investigated.!One!study!concluded!that!RPL11$mediated!inhibition! of! MDM2! impeded! its! function! for! the! stabilization! of! the! transcription! factor! E2F$1,! which! is! critical! for! the! entry! and! progression! through! the! S! phase,! leading! to! its! degradation.! (Donati! et! al.! 2011b).! Moreover,! there! is! experimental! evidence! for! p53$ independent! interactions! between! RPL11! and! the! major! oncogene! c$Myc! at! the! transcriptional,! translational! or! post$translational! level! in! cell! culture! systems.! Several! mechanisms!have!been!proposed!for!this!interaction:! $!RPL11!binding!to!the!promoter!of!the!Myc!gene,!inhibiting!its!transcription! (Dai!et!al.! 2007).! $! Recruitement! of! miRNAs! and! the! RNA! silencing! machinery! by! RPL5! and! RPL11,! inducing! the! degradation! of! Myc! mRNA.! This! interaction! may! actually! be! mediated! by! the!5S!RNP! (Challagundla!et!al.!2011;!Liao!et!al.!2013;!Wang!et!al.!2015).! $!Direct!binding!of!RPL11!to!the!c$Myc!protein,!thereby!impeding!its!transcription!factor! activity! (Dai!et!al.!2010;!2007).!

In! addition,! ribosome! biogenesis! dysfunction! has! been! shown! to! induce! an! increase!in!the!translation!of!5'TOP!mRNAs,!which!encode!proteins!of!the!translational! machinery! (Fumagalli!et!al.!2009;!Gismondi!et!al.!2014).!This!increase!was!observed!in! the! presence! or! absence! of! p53! and! regardless! of! global! translation.! This! effect! is! interpreted! as! a! compensatory! mechanism! that! enhances! ribosome! synthesis! in! response! to! ribosome! content! decrease,! but! is! also! expected! to! act! as! an! amplification! loop! for! the! ribosome! biogenesis! surveillance! pathways,! as! increased! production! of! Myc# (Sansom!et!al.!2007),#cyclinD2# (Cole!et!al.!2010a)#and#Fak1# (Ashton!et!al.!2010) Microinjection of the CRISPR/Cas9 system in zygotes is an efficient and comparatively fast method to generate genetically modified mice. So far, only few knock-in mice have been generated using this approach, and because no systematic study has been performed, parameters controlling the efficacy of CRISPR/Cas9-mediated targeted insertion are not fully established. Here, we evaluated the effect of several parameters on knock-in efficiency changing only one variable at a time. We found that knock-in efficiency was dependent on injected Cas9 mRNA and single-guide RNA concentrations and that cytoplasmic injection resulted in more genotypic complexity compared to pronuclear injection.

! have! been! tested! in! (parts! II$1$b)! and! II$2)),! it! is! likely! that! complete! loss$of$ function! of! Notchless# is! required! to! effect! on! tumorigenesis.! Therefore,! strategies! involving! chronic! treatments! of! Nle# conditional! knockout! mice! with! a! tamoxifen! diet! should!be!preferred!in!further!experiments.! ! ! ! ! 56! III<In#vivo#detection&of&NLE&expression& ! Although! the! function! of! Rsa4! is! unique! in! S.
! not! exceed! 2! residues.! The! N$terminus,! however,! is! highly! variable! (fig.! R10a).! This! suggests! high! evolutionary!constraints!on!every!domain!of!the!protein!except!for!its!N$terminus.! Moreover,!the!published!structure!of!the!Rsa4!protein!within!the!pre$ribosome!in! Chaetonium# Thermophilum# (fig.! R10b)! (Bassler! et! al.! 2014)! suggests! that! N$terminal! insertion!of!a!tag!would!not!interfere!with!NLE!function,!as!this!region!is!free!within!a! cavity!of!the!pre$ribosomal!complex.!! ! III<1<b)&The&insertion&of&a&N<terminal&HA&tag&does&not&affect&NLE&localization& & We!transfected!ESCs!with!previously!developed!plasmids!coding!the!NLE!protein! with!a!HA!(HA$NLE)!or!GFP!(GFP$NLE)!tag!at!the!N$terminus.!We!observed!that!HA$NLE! is! detected! in! the! nucleolus! while! GFP$NLE! is! excluded! from! the! nucleolus! (fig.! R11a),! suggesting!that!GFP,!but!not!HA,!interferes!with!NLE!subcellular!localization.! To! confirm! this! subcellular! localization! at! more! physiological! levels,! we! took! advantage! of! an! ESC! line! developed! by! Céline! Souilhol! in! the! lab,! which! conditionally! expresses! near$physiological! amounts! of! HA$Nle! at! the! mRNA! level! upon! doxycycline! induction! (Souilhol! et! al.! Unpublished).! To! generate! this! cell! line,! an! allele! coding! HA$ NLE! was! inserted! at! the! Hprt#locus! of! AINV15! ESCs! (cell! line! described! in! Wutz! et! al.! 2002).!HA!immunostaining!in!these!ESCs!24h!after!doxycycline!induction!revealed!that! the! protein! indeed! remained! detectable! at! near$physiological! levels,! with! a! subcellular! localization!similar!to!the!transfected!HA$NLE!(fig.!R11b$c).! Taken! together,! these! data! indicated! that! the! introduction! of! a! HA! tag! at! the! N$ terminus! of! the! NLE! protein! does! not! interfere! with! its! localization,! hinting! that! it! probably!does!not!
Our results also indicated that injection into the pronucleus compared to the cytoplasm is preferable to generate knock-in alleles with an oligonucleotide or a circular plasmid. Finally, we showed that Cas9D10A nickase variant was less efficient than wild-type Cas9 for generating knock-in alleles and caused a higher rate of mosaicism. Thus, our study provides valuable information that will help to improve the future production of precise genetic modifications in mice.

Genetically modified animals are critical for understanding the mechanisms of biological processes and the physiopathology of human diseases. In particular, the ability to generate knock-in (KI) mutations allows both efficient analysis of gene expression and precise dissection of gene functions. In the mouse, deliberate and controlled genetic modifications were, until recently, mostly achieved through homologous recombination in embryonic stem (ES) cells, a powerful but laborious and time-consuming process 1,[START_REF] Babinet | Genome engineering via homologous recombination in mouse embryonic stem (ES) cells: an amazingly versatile tool for the study of mammalian biology[END_REF] . Following pioneer works with yeast I-SceI nuclease [START_REF] Donoho | Analysis of gene targeting and intrachromosomal homologous recombination stimulated by genomic double-strand breaks in mouse embryonic stem cells[END_REF][START_REF] Cohen-Tannoudji | I-SceI-induced gene replacement at a natural locus in embryonic stem cells[END_REF] , the development of methodologies allowing the generation of targeted double strand breaks (DSBs) in zygotes using endonucleases such as Zinc finger nucleases or transcription activator-like effector nucleases has greatly accelerated the production of genetically modified mice, rats and other organisms [START_REF] Gaj | TALEN, and CRISPR/Cas-based methods for genome engineering[END_REF] . Indeed, DSBs locally stimulate two major repair pathways. First, the non-homologous end joining (NHEJ) pathway, an error-prone mechanism that introduces small insertions or deletions (indels) at the repair junction and usually causes gene disruption. The second is the homology-directed repair (HDR) pathway, which uses a DNA donor template sharing homology with the sequences flanking the break for precise repair, leading to the production of animals with KI alleles. More recently, the advent of CRISPR/Cas systems has taken mutagenesis one step further, as Cas9 nuclease can be directed by short RNAs to induce, with high efficiency, a DSB at a precise genomic location [START_REF] Doudna | The new frontier of genome engineering with CRISPR-Cas9[END_REF][START_REF] Lander | The Heroes of CRISPR[END_REF] . Today, CRISPR/Cas9 genome editing in early embryos is becoming the privileged approach to perform programmed genetic modifications in a wide variety of species [START_REF] Pennisi | The CRISPR Craze[END_REF][START_REF] Harrison | A CRISPR view of development[END_REF] .

The first CRISPR/Cas9-edited mouse lines were obtained using direct injection of Streptococcus pyogenes Cas9 mRNA and synthetic single guide RNAs (sgRNAs) together with or without a repair matrix into one-cell embryos [START_REF] Shen | Generation of gene-modified mice via Cas9/RNA-mediated gene targeting[END_REF][START_REF] Wang | One-Step Generation of Mice Carrying Mutations in Multiple Genes by CRISPR/Cas-Mediated Genome Engineering[END_REF][START_REF] Ya N G | One-step generation of mice carrying reporter and conditional alleles by CRISPR/Cas-mediated genome engineering[END_REF] . Since, genome editing at various loci has been reported using a similar procedure [START_REF] Wu | Correction of a genetic disease in mouse via use of CRISPR-Cas9[END_REF][START_REF] Fujii | Efficient generation of genome-modified mice via offset-nicking by CRISPR/Cas system[END_REF][START_REF] Horii | Validation of microinjection methods for generating knockout mice by CRISPR/Cas-mediated genome engineering[END_REF][START_REF] Ye N | Somatic mosaicism and allele complexity induced by CRISPR/Cas9 RNA injections in mouse zygotes[END_REF][START_REF] Chu | Efficient generation of knock-in mice using CRISPR/Cas9 in C57BL/6 zygotes[END_REF] or modified protocols to avoid the delicate step of embryo micromanipulation [START_REF] Qin | Efficient CRISPR/Cas9-Mediated Genome Editing in Mice by Zygote Electroporation of Nuclease[END_REF][START_REF] Wu | Correction of a genetic disease by CRISPR-Cas9-mediated gene editing in mouse spermatogonial stem cells[END_REF][START_REF] Hashimoto | Electroporation enables the efficient mRNA delivery into the mouse zygotes and facilitates CRISPR/ Cas9-based genome editing[END_REF] , enhance the production of edited alleles [START_REF] Aida | CRISPR/Cas system facilitates functional cassette knock-in in mice[END_REF][START_REF] Renaud | Improved Genome Editing Efficiency and Flexibility Using Modified Oligonucleotides with TALEN and CRISPR-Cas9 Nucleases[END_REF][START_REF] Miura | CRISPR/Cas9-based generation of knockdown mice by intronic insertion of artificial microRNA using longer single-stranded DNA[END_REF] or generate more complex alleles [START_REF] Yoshimi | Allele-specific genome editing and correction of disease-associated phenotypes in rats using the CRISPR-Cas platform[END_REF][START_REF] Boroviak | Chromosome engineering in zygotes with CRISPR/Cas9[END_REF] . Small deletions and non-functional alleles resulting from the NHEJ repair pathway were obtained with high frequency (usually 50-100% of the embryos/pups) [START_REF] Ya N G | One-step generation of mice carrying reporter and conditional alleles by CRISPR/Cas-mediated genome engineering[END_REF][START_REF] Singh | A Mouse Geneticist's Practical Guide to CRISPR Applications[END_REF] . A smaller number of KI alleles have been generated through the HDR pathway and reported targeting frequencies were much lower (usually 1-20%) [START_REF] Wu | Correction of a genetic disease in mouse via use of CRISPR-Cas9[END_REF][START_REF] Chu | Efficient generation of knock-in mice using CRISPR/Cas9 in C57BL/6 zygotes[END_REF] . Because many factors can influence the experiment outcome and no systematic study has been performed, the parameters controlling the efficacy of KI and their relative contributions are not fully established. Here, we investigated the role of several parameters on the generation of KI alleles by comparing conditions differing from each other by only one parameter.

Results

Experimental design. To determine the parameters potentially controlling CRISPR/Cas9-mediated KI efficiency following microinjection of sgRNA, Cas9 messenger RNA and a repair matrix into the mouse zygote, we performed a systematic analysis changing only one variable at a time. The parameters we tested are the concentrations of microinjected compounds, the intracellular site of injection, the nature of the repair matrix and the use of Cas9 nickase (Cas9n) variant. Double nicking by Cas9n and two paired sgRNAs targeting sequences 30 to 70 bp apart from one another and located on opposite strands allows to enhance genome editing specificity by reducing off-target effects [START_REF] Ran | Double Nicking by RNA-Guided CRISPR Cas9 for Enhanced Genome Editing Specificity[END_REF][START_REF] Shen | Efficient genome modification by CRISPR-Cas9 nickase with minimal off-target effects[END_REF] . The effects of other parameters, such as the genotype of the zygotes or the targeted locus, were not addressed in our study and to minimize their impact, all experiments were performed on a unique genomic location, using zygotes of the same genotype that were microinjected by a single experimenter. After microinjection, embryos were cultured up to embryonic stages ranging from 8-cell to early blastocyst and assessed for genomic modifications at the targeted region by PCR amplification. This allowed the rapid identification of HDR events as well as nonspecific indels consecutive to DSB repair by NHEJ. Mosaic embryos harbouring 3 or more alleles were also readily identified. Most conditions were repeated at least twice in order to balance experimental variations and strengthen our conclusions.

Genome editing was targeted to the first exon of the Notchless (Nle) gene at the vicinity of the ATG. To introduce a tag at the amino-terminal extremity of the NLE protein, we designed a CRISPR/Cas9-based strategy to induce DSBs either with the wild-type Cas9 enzyme and the sgRNA1 guide sequence or with the Cas9D10A nickase variant and sgRNA2 and sgRNA3 paired RNA guides (Fig. 1A). Two types of repair matrices were used: a single stranded oligo DNA nucleotide (ssODN) comprising 30 nt coding for the small HA tag flanked by a 60 nt homology arm on each side (Fig. 1A), and a circular double stranded plasmid containing a 945 bp region coding for in frame HA and GFP tags flanked by 500 bp homology regions (Fig. 1B). Following HDR, the expected Nle HA and Nle HA-GFP knock-in alleles are predicted to be refractory to re-editing with the wild-type Cas9 strategy, because the complementary DNA sequence to sgRNA1 is interrupted by the insertion of the tag sequences. The same is true for the Cas9n strategy, since the complementary DNA sequences to sgRNA2 and sgRNA3 lie too far from each other after HDR (90 bp and 1007 bp respectively) for efficient DSBs generation by double nicking [START_REF] Ran | Double Nicking by RNA-Guided CRISPR Cas9 for Enhanced Genome Editing Specificity[END_REF][START_REF] Shen | Efficient genome modification by CRISPR-Cas9 nickase with minimal off-target effects[END_REF] . Primers used to evaluate indels and KI frequencies are shown on Fig. 1C and Supplementary Table S3. An illustration of mutations analysis on microinjected embryos is given on Fig. 1D. Experiments were performed using embryos with a mixed genetic background, a proportion of which harbouring single nucleotide polymorphisms within the region covered by the repair matrices (Supplementary Fig. S1). Since HDR can be inhibited by small heterologies between the targeted locus and the repair matrix [START_REF] Deng | Reexamination of gene targeting frequency as a function of the extent of homology between the targeting vector and the target locus[END_REF][START_REF] Te Riele | Highly efficient gene targeting in embryonic stem cells through homologous recombination with isogenic DNA constructs[END_REF] , KI frequencies determined in this study are likely lower than those that would be obtained in a fully isogenic situation.

KI efficiency with ssODN repair matrix depends on Cas9 mRNA/sgRNA concentration but not on the site of injection. As a starting point, we chose to perform pronuclear injection using RNAs concentrations (5 ng/µ l Cas9 mRNA, 2.5 ng/µ l sgRNA1) defined in the seminal work of Yang and collaborators [START_REF] Ya N G | One-step generation of mice carrying reporter and conditional alleles by CRISPR/Cas-mediated genome engineering[END_REF] and three concentrations of the ssODN repair matrix (2, 20 and 40 ng/µ l). We observed a marked increase in KI efficiency (5% vs 15%) when ssODN concentration was increased from 2 to 20 ng/µ l (Table 1). KI efficiency then dropped down when concentration was further increased to 40 ng/µ l (3%, Table 1). We therefore decided to perform our study using the intermediate ssODN concentration.

We first asked whether cytosolic or pronuclear microinjection led to different KI efficiencies. Indeed, Cas9 mRNA has to pass through the cytoplasm to be translated while the ssODN is required in the nucleus for the HDR process. The compartment in which sgRNA is being loaded on Cas9 protein has not been characterized yet. Therefore, whatever the site of injection, conditions are predicted suboptimal for at least one of the components that will need to diffuse from one compartment to the other. We performed cytosolic and pronuclear microinjection with either low (5/2.5 ng/µ l) or high (100/50 ng/µ l) Cas9 mRNA/sgRNA concentrations while keeping the concentration of ssODN repair matrix constant (20 ng/µ l) (Table 1, Fig. 2A-D). We found that, for a given RNA concentration, KI efficiency was identical whatever the site of injection (compare Fig. 2A with 2 C and 2B with 2D), suggesting that the ssODN was able to rapidly diffuse to the nucleus when injected in the cytoplasm. Strikingly, KI frequency increased significantly when more Cas9 mRNA and sgRNA were delivered into zygotes (40% vs 14%, p < 0.001 and 34% vs 15%, p < 0.01 for cytoplasmic and pronuclear injection respectively), consistent with the expectation that more DSBs are induced under high RNA concentration condition. Similar results were obtained when genome editing was targeted to the Sox2 locus (Supplementary Fig. S2 and Table S1).

Interestingly, with the low but not the high RNA concentration, the rate of indels was higher for cytoplasmic compared to pronuclear injections (45% vs 15%, p < 0.0001). A possible explanation could be that pronuclear injections with low RNA concentrations resulted in a delayed timing for efficient DSBs induction. Prominence of NHEJ and HDR repair pathways has been shown, in cellular models, to vary during the cell cycle, with HDR being more prevalent in S and G2 phases (reviewed in ref. 31). If this is also true for the mouse zygote, and given the fact that injections were performed in G1/early-S phase (20-24 h post hCG [START_REF] Artus | Cell cycle regulation during early mouse embryogenesis[END_REF] ), postponing DSB induction towards the late-S/G2 phase may impinge on the rate of indels without affecting KI efficiency.

Pronuclear injection improves KI efficiency with a dsDNA repair matrix. We next monitore d KI efficiency with pronuclear injection of a circular double stranded plasmid. We first tested three concentrations of plasmid (4, 40 and 80 ng/µ l) using pronuclear injection with high concentrations of Cas9 mRNA/sgRNA1 (Table 1). At 40 ng/µ l, HDR events were easily detected while no or fewer KI events were observed with 4 and 80 ng/µ l. We therefore compared the effect of pronuclear versus cytoplasmic injection using 40 ng/µ l of plasmid. Of note, this corresponds to 1.0 × 10 10 molecules/µ l, which is more than one order of magnitude below the n° 2, 3 and5). Only the KI allele was detected in embryo n° 9 which was considered homozygous for the KI allele. MW: 100 bp molecular weight marker. Embryos with no mutations, indels, KI allele and both KI allele and indels are labelled in gray, blue, red and purple respectively. concentration used for the ssODN repair matrix (2.6 × 10 11 molecules/µ l). We found that pronuclear compared to cytoplasmic microinjection was significantly more efficient to generate KI alleles (Table 1, 12% vs 0% p < 0.01; compare Fig. 2E andF).

KI efficiency with a dsDNA repair matrix depends on the size of the regions of homology. We obtained 12% KI efficiency with a repair matrix having 500 bp homology regions on each side. We asked whether shorter regions of homology would be sufficient to obtain KI allele with good efficiency. We therefore tested repair matrices with the very same 945 bp non-homology region and either 250 bp or 60 bp homology arms (Fig. 1B). Plasmid concentrations were adjusted according to the number of molecules (1.0 × 10 10 /µ l). No KI was obtained with both plasmids although the majority of injected embryos contained indels (Table 1), indicating that, as anticipated from previous work [START_REF] Hasty | The length of homology required for gene targeting in embryonic stem cells[END_REF][START_REF] Chu | Increasing the efficiency of homology-directed repair for CRISPR-Cas9-induced precise gene editing in mammalian cells[END_REF][START_REF] Orlando | Zinc-finger nuclease-driven targeted integration into mammalian genomes using donors with limited chromosomal homology[END_REF] , total length of homology in the repair matrix is an important HDR promoting factor in our experimental conditions.

Cas9 nickase is less efficient than wild-type Cas9 to generate KI alleles. To ass ess t he efficiency

of Cas9n and compare it to that of wild type Cas9, we designed two sgRNAs, sgRNA2 and sgRNA3, allowing Cas9n-mediated double nicking centered on the DSB generated by wild type Cas9 and sgRNA1 (Fig. 1A). First of all, we evaluated the efficacy of individual sgRNA to induce DSBs by measuring indel frequency after pronuclear injection with wild-type Cas9 mRNA (Table 1). We found that indel frequency with sgRNA3 (43%) was significantly lower than with sgRNA1 (87%, p < 0.0001) and sgRNA2 (72%, p < 0.01). Strikingly, pronuclear injection with both sgRNA2 and sgRNA3 and Cas9n mRNA generated a high proportion of embryos carrying indels (86%, Table 1), indicating that, despite the moderate efficacy of sgRNA3, similar rates of genome editing at the ATG region of Nle were obtained with Cas9/sgRNA1 or Cas9n/sgRNA2 and 3. Interestingly, we noticed that mosaicism was higher with Cas9n compared to wild-type Cas9, as evaluated by the proportion of embryos with more than two alleles (Table 1, 43% vs 0-17% depending on the sgRNA, p < 0.01). Unexpectedly, the type of indels generated seemed to depend on the guide sequence, as sgRNA3 caused only small indels while sgRNA2 caused mostly large indels and combination of the two with Cas9n gave intermediate profiles (Fig. 3). This suggests that the location and/or the nature of the chromosome break may greatly influence the outcome of the repair process and thus the nature of the indels alleles generated by CRISPR/Cas9. Interestingly, our data are consistent with a recent study, performed in human cell lines, showing that the repair outcome of Streptococcus pyogenes Cas9-mediated DSBs is not random but determined by the protospacer sequence [START_REF] Van Overbeek | DNA Repair Profiling Reveals Nonrandom Outcomes at Cas9-Mediated Breaks[END_REF] . 59) 36 ( 41) 20 ( 23)

Table 1. Summary of CRISPR/Cas9-mediated Nle exon 1 mutations obtained after mouse zygotes microinjection. Cas9 mRNA, sgRNA and repair matrix were injected into the cytoplasm or the male pronucleus at the indicated concentrations. Embryos surviving the injection were cultured and embryos that developed up to 8-cell stage and beyond were analysed by PCR and migration of the amplification products on agarose gels. *8-cell stage to early blastocyst; **: because indels ≤ 5 bp could be missed by gel electrophoresis analysis, the number of indels is likely underestimated; ***WT corresponds to embryos for which no edited alleles was detected. † 50 ng/µ l of each sgRNA, † † plasmid concentration was adjusted to an equivalent of 1.0 × 10 10 molecules/µ l. a Including two homozygous KI embryos. b Including four homozygous KI embryos. c Including one homozygous KI embryo.

Finally, we compared the KI efficiency with wild-type Cas9 and Cas9n for both ssODN and circular plasmid repair matrices following pronuclear injection (Table 1, compare Fig. 2D with 2 G and 2 F with 2 H). For both ssODN and circular plasmid repair matrices, KI frequency was significantly reduced with Cas9n (14% vs 34%, p < 0.01 and 2% vs 12%; p < 0.05). Our data show that Cas9n is less efficient than wild-type Cas9 to promote HDR events.

Microinjection conditions do not impact on the fidelity of HDR events but modulate the rate of off-target mutagenesis. Imprecise KI alleles are sometimes generated during DSB repair, leading to unwanted genomic configurations [START_REF] Renaud | Improved Genome Editing Efficiency and Flexibility Using Modified Oligonucleotides with TALEN and CRISPR-Cas9 Nucleases[END_REF][START_REF] Mianné | Correction of the auditory phenotype in C57BL/6N mice via CRISPR/Cas9-mediated homology directed repair[END_REF][START_REF] Ménoret | Homology-directed repair in rodent zygotes using Cas9 and TALEN engineered proteins[END_REF] . We asked whether increased Cas9 mRNA/sgRNA concentrations or use of Cas9n would affect the fidelity of HDR. We amplified and sequenced Nle HA and Nle HA-GFP knock-in alleles generated under various conditions (Supplementary Table S2) and found imprecise KI alleles in about one fourth of the embryos (10 out of 39 for Nle HA and 2 out of 8 for Nle HA-GFP , Supplementary Fig. S3 andS4). However, no obvious difference in the proportion of imprecise KI alleles was observed when using low versus high Cas9 mRNA/sgRNA concentrations or wild type Cas9 versus Cas9n variant.

We a ls o deter mine d t he imp ac t of C as9 mRNA/sgRNA concent rat ions and of t he site of inj e c t ion on off-target genome modification. We predicted the off-target sites of sgRNA1 in the mouse genome and selected the three sites (OT1-3) with the highest risk of being edited (Supplementary Fig. S5A). Indels at these loci in injected embryos were first analyzed by size polymorphism of PCR fragments that contain the potential off-target sites (Table 2, Supplementary Fig. S5B). While the three off-target sites similarly differ from the target sequence by three mismatches located outside the seed sequence, indels were observed for OT3 but not OT1 and OT2, suggesting that additional factors regulate the probability of cleavage at off-target sites. Genome editing at the OT3 site was confirmed by sequencing (Supplementary Fig. S5C). Since very small indels (≤ 5 bp) could be missed by gel electrophoresis analysis, we also sequenced PCR fragments of apparently normal size. No mutations were found for OT1 and OT2, while additional indels at OT3 site were identified in a small proportion of embryos (Table 2, Supplementary Fig. S5C). Similar to on-target mutation, frequency of OT3 editing increased when high Cas9 mRNA/sgRNA concentration was used, independently of the site of injection (Table 2). Importantly, the proportion of off-target mutations amongst embryos with KI alleles was similar after injection with low (2/3 KI out of 11 embryos sequenced for OT3) and high (8/11 KI out of 21 embryos sequenced for OT3) Cas9 mRNA/ sgRNA concentration. Collectively, our data indicate that variation in the quantity of injected Cas9 mRNA/ sgRNA has a similar effect on the rate of off-and on-target mutations.

Discussion

Contrasting results in terms of KI efficiency with ssODN [START_REF] Wang | One-Step Generation of Mice Carrying Mutations in Multiple Genes by CRISPR/Cas-Mediated Genome Engineering[END_REF][START_REF] Ya N G | One-step generation of mice carrying reporter and conditional alleles by CRISPR/Cas-mediated genome engineering[END_REF][START_REF] Mianné | Correction of the auditory phenotype in C57BL/6N mice via CRISPR/Cas9-mediated homology directed repair[END_REF][START_REF] Maruyama | the efficiency of precise genome editing with CRISPR-Cas9 by inhibition of nonhomologous end joining[END_REF][START_REF] Quadros | Insertion of sequences at the original provirus integration site of mouse ROSA26 locus using the CRISPR/Cas9 system[END_REF][START_REF] Mizuno | Simple generation of albino C57BL/6J mice with G291T mutation in the tyrosinase gene by the CRISPR/Cas9 system[END_REF][START_REF] Lee | Conditional targeting of Ispd using paired Cas9 nickase and a single DNA template in mice[END_REF] or dsDNA [START_REF] Ya N G | One-step generation of mice carrying reporter and conditional alleles by CRISPR/Cas-mediated genome engineering[END_REF][START_REF] Chu | Efficient generation of knock-in mice using CRISPR/Cas9 in C57BL/6 zygotes[END_REF][START_REF] Ménoret | Homology-directed repair in rodent zygotes using Cas9 and TALEN engineered proteins[END_REF][START_REF] Nakao | A possible aid in targeted insertion of large DNA elements by CRISPR/Cas in mouse zygotes[END_REF][START_REF] Wang | Large genomic fragment deletion and functional gene cassette knock-in via Cas9 protein mediated genome editing in one-cell rodent embryos[END_REF][START_REF] Zhang | Large genomic fragment deletions and insertions in mouse using CRISPR/Cas9[END_REF] repair matrices have been reported using the Cas9/gRNA system in mouse zygotes. Even for a same locus (5′ region of Rosa26 intron 1) and a similar type of modification (targeted introduction of a 8-12 kb sequence), sharp differences in KI efficiencies (0% vs 20%) were reported despite experimental conditions leading to a similarly high rate of indels alleles generation (93% vs 74%) [START_REF] Chu | Efficient generation of knock-in mice using CRISPR/Cas9 in C57BL/6 zygotes[END_REF][START_REF] Nakao | A possible aid in targeted insertion of large DNA elements by CRISPR/Cas in mouse zygotes[END_REF] . Thus, efficiency of HDR seems to depend, not only on the locus being targeted and the efficacy of DSBs generation, but also on other factors, the contribution of which remained to be precisely determined. Here, by performing an extensive study in which a single parameter varied while the others were kept constant, we have demonstrated that KI efficiency with a ssODN repair matrix was dependent on the concentration of Cas9mRNA/sgRNA injected but not on the site of injection. Because the rate of indels is also increased under high Cas9mRNA/sgRNA concentration, significant embryo loss may arise when targeting precise mutations into an essential gene, potentially complicating the generation of founder mice and the establishment of the corresponding mouse lines. In a previous report comparing cytoplasmic and pronuclear injections [START_REF] Ya N G | One-step generation of mice carrying reporter and conditional alleles by CRISPR/Cas-mediated genome engineering[END_REF] , 20 times more Cas9mRNA/sgRNA and 5-50 times more ssODN repair matrix were used for cytoplasmic injections, making it difficult to discriminate between contributions of the site of injection and the concentration of RNAs and repair matrix. We found that pronuclear injection with high concentration of Cas9mRNA/sgRNA did not affect early embryonic viability or the overall mutation rate compared to cytoplasmic injection. Since HDR with the repair matrix occurs in the nuclear compartment, we propose that pronuclear injection should be favoured when generating KI alleles. Moreover, our data suggest that the site of injection impacts on the genotypic complexity of the founders obtained, since cytoplasmic injection gave a higher proportion of embryos having an indel allele in addition to the desired KI allele. Such situation may complicate the phenotypic characterization of KI alleles when performed directly on F0 mice/embryos.

Consistent with previous reports [START_REF] Ya N G | One-step generation of mice carrying reporter and conditional alleles by CRISPR/Cas-mediated genome engineering[END_REF][START_REF] Singh | A Mouse Geneticist's Practical Guide to CRISPR Applications[END_REF] , we found a lower KI efficiency with a plasmid compared to ssODN. Obviously, the reduced number of molecules injected and therefore available for HDR could explain, at least in part, this difference. Because injection of large amounts of DNA into mouse zygote is toxic [START_REF] Brinster | Factors affecting the efficiency of introducing foreign DNA into mice by microinjecting eggs[END_REF] , markedly increasing plasmid concentration cannot be an option. Similarly, using a linear fragment devoid of plasmid sequences may slightly increase the number of dsDNA repair matrix delivered but would likely enhance the incidence of random transgenesis [START_REF] Brinster | Factors affecting the efficiency of introducing foreign DNA into mice by microinjecting eggs[END_REF] . An interesting alternative is the use of long single-stranded DNA templates since they are less prone to random integration. Currently, length of commercially available ssODN is limited to 200 nt but longer (296-837 nt) ssDNA templates have been produced and successfully used in rodent zygotes to yield KI animals/ embryos [START_REF] Miura | CRISPR/Cas9-based generation of knockdown mice by intronic insertion of artificial microRNA using longer single-stranded DNA[END_REF][START_REF] Yo S H I M I | ssODN-mediated knock-in with CRISPR-Cas for large genomic regions in zygotes[END_REF] . Whether even longer ssDNA templates could be easily produced remains to be determined.

Use of the CRISPR/Cas9 system in zygotes is an efficient and comparatively fast method to generate genetically modified mice. A major issue of the system is potential off-target mutagenesis. Several studies performed in cell lines indicate that Cas9 off-target activity depends on sgRNA sequence [START_REF] Fu | High-frequency off-target mutagenesis induced by CRISPR-Cas nucleases in human cells[END_REF][START_REF] Hsu | DNA targeting specificity of RNA-guided Cas9 nucleases[END_REF] and that usual programs for predicting off-target mutation sites are not exhaustive [START_REF] Doench | Optimized sgRNA design to maximize activity and minimize off-target effects of CRISPR-Cas9[END_REF][START_REF] Ts Ai | GUIDE-seq enables genome-wide profiling of off-target cleavage by CRISPR-Cas nucleases[END_REF] . So far, in vivo mutagenesis has been evaluated in a few studies, where off-target mutations were rarely detected following Cas9 mRNA/sgRNA microinjection into mouse zygotes [START_REF] Zhou | Dual sgRNAs facilitate CRISPR/Cas9-mediated mouse genome targeting[END_REF][START_REF] Fujii | Efficient generation of large-scale genome-modified mice using gRNA and CAS9 endonuclease[END_REF][START_REF] Iyer | Off-target mutations are rare in Cas9-modified mice[END_REF] . Here, we found mutations at one off-target site with sgRNA1 confirming that off-target mutations should be considered as an important concern when generating CRISPR/Cas9-edited mice. When establishing a CRISPR/Cas9-edited mouse line, one should therefore envisage to performed at least two crosses with wild type mice to segregate the desired on-target modification from genetically unlinked potential off-target mutations. As expected, we found that the rate of off-target mutagenesis increased when high Cas9mRNA/sgRNA concentration was used. Since the proportion of embryos with both on-target KI allele and off-target mutation was unchanged when increasing RNA concentration, using high RNA concentration is expected to improve the recovery of embryos/mice with a KI allele without increasing the risk that these animals carry an off-target mutation.

Alternative approaches based on modified Cas9 nucleases have been developed to increase the specificity of CRISPR/Cas genome editing [START_REF] Ran | Double Nicking by RNA-Guided CRISPR Cas9 for Enhanced Genome Editing Specificity[END_REF][START_REF] Shen | Efficient genome modification by CRISPR-Cas9 nickase with minimal off-target effects[END_REF][START_REF] Guilinger | Fusion of catalytically inactive Cas9 to FokI nuclease improves the specificity of genome modification[END_REF][START_REF] Ts Ai | Dimeric CRISPR RNA-guided FokI nucleases for highly specific genome editing[END_REF] . In this study, we compared Cas9D10A nickase variant to wild-type Cas9 and showed that it was 2-4 times less efficient to produce KI alleles. Mosaicism and allele complexity in founders represent additional limitations of the CRISPR/Cas9 approach [START_REF] Ye N | Somatic mosaicism and allele complexity induced by CRISPR/Cas9 RNA injections in mouse zygotes[END_REF][START_REF] Singh | A Mouse Geneticist's Practical Guide to CRISPR Applications[END_REF][START_REF] Zhong | CRISPR-engineered mosaicism rapidly reveals that loss of Kcnj13 function in mice mimics human disease phenotypes[END_REF][START_REF] Oliver | Pervasive Genotypic Mosaicism in Founder Mice Derived from Genome Editing through Pronuclear Injection[END_REF] . We found that while the rate of embryos with 3 or more alleles was similar to that previously reported (11-35%) for wild-type Cas9 26 , it appeared globally higher when we injected Cas9n mRNA (23-43%, Table1). Our data therefore suggest that DSBs induction is delayed with Cas9n compared to wild-type Cas9, probably because two nuclease/sgRNA complexes instead of one need to be recruited locally on the chromosome to induce a break and because individual nicks can be efficiently repaired by other pathways such as the base excision repair pathway. Our data indicate that, when considering using Cas9n to generate genetically modified mice with lower risk of unwanted off-target mutations, its decreased efficiency for KI allele production and its tendency to generate a higher proportion of mosaic founders should be taken into account.

Finally, we found unexpected differences in the profile of indel alleles generated by three sgRNAs. The reasons for such differences in the repair of very close DSBs (less than 34 bp) are currently unknown. In any case, this observation stresses the fact that our understanding of how DSBs are being repaired in the mouse embryo is incomplete.

In conclusion, CRISPR/Cas9 has revolutionized the field of genetically modified mice generation and the genome editing toolbox is expanding very fast, offering new options to produce edited mice in a more versatile [START_REF] Zetsche | A split-Cas9 architecture for inducible genome editing and transcription modulation[END_REF] , safe [START_REF] Kleinstiver | High-fidelity CRISPR-Cas9 nucleases with no detectable genome-wide off-target effects[END_REF][START_REF] Slaymaker | Rationally engineered Cas9 nucleases with improved specificity[END_REF][START_REF] Komor | Programmable editing of a target base in genomic DNA without double-stranded DNA cleavage[END_REF] and efficient manner [START_REF] Paquet | Efficient introduction of specific homozygous and heterozygous mutations using CRISPR/Cas9[END_REF][START_REF] Richardson | Enhancing homology-directed genome editing by catalytically active and inactive CRISPR-Cas9 using asymmetric donor DNA[END_REF] . In the future, the benefit of these new developments on KI alleles production will need to be systematically and carefully evaluated.

Materials and Methods

Animals. (C57BL/6xSJL/J) F1 female mice for oocyte generation were purchased from Janvier, France. They were mated with CD1-IGS male mice purchased from Charles River Laboratories, France. All experiments were conducted at the Institut Pasteur according to the French and European regulations on care and protection of laboratory animals (EC Directive 86/609, French Law 2001-486 issued on June 6, 2001) and were approved by the Institut Pasteur ethics committee (n° 2016-016).

Preparation of Cas9 mRNA and sgRNA. Cas9 mRNA and sgRNAs were prepared according to the online protocol from the Feng Zhang lab (http://www.genome-engineering.org/crispr/). For each guide sequence, a pair of oligonucleotides were annealed and cloned into BbsI-digested px330 expression vector. sgRNAs, wild-type Cas9 and Cas9n DNA templates containing a T7 promoter were obtained by PCR amplification on px330 and px335 plasmids using high fidelity TaKaRa LA Taq. After sequencing, PCR products were used as templates for in vitro transcription using MEGAshortscript T7 Transcription and mMESSAGE mMACHINE T7 Ultra Kits (Life Technologies, Carlsbad, CA, USA). Cas9 mRNA and sgRNAs were then purified using LiCl/ethanol precipitation and resuspended in Brinster's Buffer (10 mM Tris-HCl pH 7.5; 0.25 mM EDTA). Oligonucleotides used for cloning and amplification are listed in Supplementary Table S3.

Repair matrices. ssODN repair matrices were ordered as PAGE-purified Ultramer DNA oligonucleotides from Integrated DNA Technologies. The NleGFP500 plasmid was obtained from GeneScript as a 1,963 bp gene synthesis fragment inserted into the pUC57 expression vector. NleGFP250 and NleGFP60 plasmids were derived from the NleGFP500 plasmid by PCR amplification (Table S3) and cloning into PCR II-topo vector using a TOPO TA cloning Kit (Invitrogen). All plasmids were prepared using the QIAfilter Plasmid Midi Kit (Qiagen) and verified by sequencing before injection.

Microinjection into mouse zygotes. Fertilized eggs were obtained from superovulated 3 week-old (C57BL/6xSJL/J) F1 females submitted to intra-peritoneal injection of pregnant mare serum gonadotropin (Chronogest PMSG 2.5 units/mouse, Centravet) followed by human chorionic gonadotropin (Chorulon hCG, 5 units/mouse, Centravet) 42-48 hours later and then mated overnight with CD1 males. One-cell-stage embryos were harvested 20-22 hours after human chorionic gonadotropin injection. S3) located 930 bp 5′ and 1313 bp 3′ to Notchless ATG respectively. Nested PCR was then performed on 1/25 of the first PCR product using either HAF and HAR or NleF and NleR primers under the following conditions: 95 °C for 30 s, 25 cycles at 95 °C for 30 s, 58 °C for 30 s, 72 °C for 60 s, 72 °C for 10 min. For the Sox2 locus, whole lysates were PCR-amplified using 1.0 unit of Taq DNA polymerase (MP biomedicals) under the following conditions: 95 °C for 30 s, 25 cycles at 95 °C for 30 s, 58 °C for 30 s, 72 °C for 60 s, 72 °C for 10 min and using Sox2ExtF and Sox2ExtR primers (Supplementary Table S3). Nested PCR was then performed on 1/25 of the first PCR product using either Sox2intF and HAR or Sox2intF and Sox2intR primers under the following conditions: 95 °C for 30 s, 25 cycles at 95 °C for 30 s, 58 °C for 30 s, 72 °C for 60 s, 72 °C for 10 min.

Analysis of Off-Target sites. Off-target sites of sgRNA1 were predicted and scored using algorithms from the Feng Zhang lab (http://crispr.mit.edu/). algorithms provide a list of potential off-target sites with up to four mismatches to the guide and a canonical (NGG) or non-canonical (NAG) PAM sequence. The risk score is calculated based on mismatch position and PAM canonicity. No off-target site with less than three mismatches was found for sgRNA1. The three sites with the highest risk score (OT1, OT2 and OT3) display a canonical PAM sequence and three mismatches located outside the 10 nt seed region of the guide (proximal to the PAM). OT1 and OT2 are two copies of a repeated sequence within the mouse Firre locus differing only by a few SNPs. We designed primers allowing to amplify both sites at the same time and verified by sequencing that both sites were indeed amplified. PCR was performed on 1/4 of the lysate using 1.0 unit of Taq DNA polymerase (MP biomedicals) under the following conditions: 95 °C for 30 s, 25 cycles at 95 °C for 30 s, 58 °C for 30 s, 72 °C for 60 s, 72 °C for 10 min and using OT1ExtF and OT1ExtR primers for OT1 and OT2 sites or with OT3ExtF and OT3ExtR for OT3 (Supplementary Table S3). Nested PCR was then performed on 1/25 of the first PCR product using OT1intF and OT1intR or OT3intF and OT3intR primers under the following conditions: 95 °C for 30 s, 25 cycles at 95 °C for 30 s, 58 °C for 30 s, 72 °C for 60 s, 72 °C for 10 min.

Mutation detection by agarose gel electrophoresis. PCR products were separated by electrophoresis on either 4% high-resolution (NuSieve 3:1 agarose) or 2% high-resolution (MetaPhor agarose) agarose gels allowing the detection of ≥ 5 bp size polymorphisms. Embryos harbouring a knock-in allele were identified according to the presence of bands of the expected sizes for both general (NleF-NleR or Sox2intF-Sox2intR) and allele-specific (HAF-HAR or GFPF-GFPR or Sox2intR-HAR) amplicons (Fig. 1C). On-Target NHEJ alleles were identified based on a size for NleF-NleR or Sox2intF-Sox2intR amplicons differing from that of wild-type (180 bp or 270 bp) and KI (210 bp for HA-Nle, 1.1 kbp for GFP-Nle, 300 bp for HA-Sox2) alleles. Off-Target NHEJ alleles were identified based on a size for OT1intF-OT1intR or OT3intF-OT3intR amplicons differing from that of the wild-type (230 bp) alleles. Embryos yielding only one PCR product were considered homozygous and those displaying 3 or more alleles were considered mosaic. Because very small indels and indels encompassing a region corresponding to one of the primer used for genotyping may be missed by our analysis, our evaluation of indel and mosaicism rates may be systematically underestimated.

Mutation detection by sequencing. Sequencing of PCR products was performed using the Applied Biosystems 3130 Analyzer and the BigDye ® Terminator v3.1 Cycle Sequencing Kit (ThermoFisher) according to manufacturer's instructions. Wild type Notchless and OT3 loci were sequenced on PCR products obtained on DNAs from one (C57BL/6xSJL/J) F1 female and six CD1-IGS males. Sequencing of knock-in or NHEJ alleles was performed on nested PCR products generated from embryo lysates. For some embryos, the OT3 PCR product was sub-cloned using a TOPO TA Cloning Kit (ThermoFisher) and DH5α competent cells (ThermoFisher) according to manufacturer's instructions. Cloned fragments were PCR-amplified using BSBI and BSBII primers (Supplementary Table S3) under the following conditions: 95 °C for 30 s, 25 cycles at 95 °C for 30 s, 60 °C for 30 s, 72 °C for 60 s, 72 °C for 10 min before sequencing.

Statistical analysis.

All p-values were calculated using Fisher's exact test.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images or other third party material in this article are included in the article's Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, users will need to obtain permission from the license holder to reproduce the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/ © The Author(s) 2017 ! A. Predicted off-target sites of the sgRNA1 target sequence displaying three mismatches sorted according to their risk score determined at the Zhang portal (http://crispr.mit.edu/). OT1-3 were selected for further study and we verified that no SNPs within OT1-3 sequences were present in (C57BL/6xSJL/J) F1 female and CD1-IGS males. B. Agarose gel electrophoresis analysis of OT3intF-OT3intR PCR products (228bp) of one non-injected embryo (Ctrl) and thirteen embryos (lanes 1 to 13) microinjected into the pronucleus with either low or high Cas9 mRNA/sgRNA1 concentration. Mutant embryos are labelled in red. Black arrowheads point to non-specific bands. Blue arrows point to indels. MW: 100 bp molecular weight marker. C. Sequences of sub-cloned OT3 alleles present in some of the mutant embryos. The off-target sequence is highlighted in gray and its PAM is indicated in bold. Insertions and deletions are labeled in red. A SNP present in genitors is labeled in blue.

Table S1 : Summary of CRISPR/Cas9-mediated Sox2 mutations obtained after mouse zygotes microinjection

Cas9 mRNA, sgRNA SOX2 and ssODN repair matrix were injected into the cytoplasm or the male pronucleus at 20 ng/µl. Embryos surviving the injection were cultured and embryos that developed up to 8-cell stage and beyond were analysed by PCR and migration of the amplification products on agarose gels. As for the Notchless locus, KI efficiency did not depend on the site of injection and increased significantly when more Cas9 mRNA and sgRNA were delivered in the cytosol (p<0.05) as well as in the pronucleus (p<0.01). * : 8-cell stage to early blastocyst ; ** : because indels ≤5 bp could be missed by gel electrophoresis analysis, the number of indels is likely underestimated ; *** : WT corresponds to embryos for which no edited alleles was detected. a : including one homozygous KI embryos. b : including six homozygous KI embryos. c : including five homozygous KI embryo.

Table S2 : Frequency of imprecise KI events

Fidelity of KI events detected in embryos from Table 1 was verified by sequencing. Some embryos displayed only the expected KI allele (precise), some displayed only one or several imprecise alleles (imprecise), and some displayed both the expected allele and an imprecise allele (both). See supplementary figure S3 and S4 for details. 2 3 Nl e n ull , 2 4 Villi n-Cr e E R T 2 , 5 7 L gr 5 G F P-I R E S-Cr e E R T 2 , 5 8 p 5 3 -. 5 9 To 
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or mutations in ribosome biogenesis factors. They represent a set of clinically distinct diseases presenting with tissue-specific developmental defects (bone marrow [BM] failure, skeletal abnormalities, asplenia, …) and increased risk of cancer (Narla and Ebert 2010). The fact that mutations of ribosomal proteins or ribosome biogenesis factors cause tissue-specific diseases in humans is puzzling (McCann and Baserga 2013; Mills and Green 2017; Sulima and De Keersmaecker 2018) and several mechanisms have been put forward to explain the physiopathology of these diseases. In particular, a shortage in ribosome supply may affect translation efficiency but not equally for all mRNA species depending on their initiation rates (Mills and Green 2017).

The existence of differences in ribosome biogenesis between stem cells and their progenies is supported by several studies (Brombin et al. 2015). For example, ribosomal small subunit processing factors are down-regulated during mouse embryonic stem (ES) cell differentiation and knockdown of the corresponding genes in undifferentiated ES cells impairs pluripotency maintenance (You et al. 2015). Similarly, genes coding for ribosomal proteins and ribosome biogenesis factors were identified in screens for genes regulating maintenance or differentiation of drosophila germ stem cells (Fichelson et al. 2009; Zhang et al. 2014; Sanchez et al. 2015; Yu et al. 2016), drosophila neuroblasts (Neumüller et al. 2011), and ES cells (Fortier et al. 2015). In the hematopoietic tissue, we recently identified previously unsuspected differences in 60S ribosomal subunit production between stem cells and committed progenitors (Le Bouteiller et al. 2013). Contrasting with these data, our knowledge on the variation of ribosome biogenesis activity in vivo within specific lineages remains very poor.

Because extracellular growth and stress signals impinge upon the production of ribosomal components and biogenesis factors, studies on ribosome biogenesis activity in cultured cells cannot be informative on the in vivo situation. In addition, the paucity of HSCs has largely impeded direct measurements of ribosome biogenesis activity using traditional methods. Recently, we developed a technique combining rRNA FISH with flow cytometry to reveal unbalanced 40S and 60S subunit biosynthesis in situ in hematopoietic cells following disruption of N o t c h l e s s (Le Bouteiller et al. 2013). Here, we used this approach to quantify ribosome biogenesis activity within the hematopoietic lineage of the adult mouse with special emphasis on the rare populations of HSCs and immature progenitors.

R E S U L T S H S C s d i s p l a y l o w t r a n s l a t i o n a l a c t i v i t y

We first monitored ribosome activity in the immature cell populations of the BM using the RiboPuromycylation Method (RPM) (David et al. 2012; Seedhom et al. 2016). This method is based on puromycin incorporation into the A site of elongating ribosome and specific and covalent association with nascent peptidic chains. Eight-to 10-wkold C57Bl/6 mice were injected with a single dose of puromycin and killed 10 min after injection. Immediately after, BM cells were harvested and placed at 4°C in emetine-containing medium in order to freeze ribosome elongation and block the eventual release of puromycylated nascent chains from ribosomes. BM cells were first stained using cell surface antibodies and then processed for intracellular puromycin immunodetection before flow cytometry analysis. Because labeling is limited to a short period of time, incorporation of puromycin is likely limited to one round of translation and puromycin immunodetection is therefore a good proxy of translation rate.

Total BM cells from injected mice showed a marked increase in puromycin staining compared to untreated mice ( F 1 Fig. 1A). When mice were treated with harringtonine, an inhibitor of the initial steps of translation, 15 min prior to puromycin administration, staining was significantly reduced (Fig. 1A,B) confirming that RPM indeed measured translation activity in BM cells. The wide distribution of fluorescence intensity suggested the existence of differences in translation rate between BM cells. Interestingly, HSC (Lin -Sca1 + cKit + CD34 -) exhibited lower puromycin incorporation compared to other immature progenitors including multipotent progenitors (MPP; Lin -Sca1 + cKit + CD34 + ), common myeloid progenitors (CMP; Lin -Sca1 - cKit + CD34 + FC!R-II/III hi ), granulocyte and macrophage progenitors (GMP; Lin -Sca1 -cKit + CD34 low FC!R-II/III low ), and megakaryocyte and erythrocyte progenitors (MEP; Lin -Sca1 -cKit + CD34 -FC!R-II/III low ) (Fig. 1B). Consistently with a previous study (Signer et al. 2014), our data suggest that HSCs have a reduced protein synthesis rate compared to committed progenitors.

F l o w -F I S H a l l o w s q u a n t i f i c a t i o n o f p r e -r R N A l e v e l s i n t h e h e m a t o p o i e t i c t i s s u e

To monitor ribosome biogenesis activity of hematopoietic cells, we used a combination of cell surface antibody staining and flow cytometry with intracellular RNA FISH using rRNA probes. This method, named Flow-FISH, allows quantifying rRNAs levels at the single cell level in the different hematopoietic cell populations (Le Bouteiller et al. 2013). We used its1 and its2 FISH probes hybridizing to nucleolar rRNA precursors but not to the mature rRNA species found in cytoplasmic ribosomes and specific for precursors of the small and the large subunit, respectively.

First, we used Flow-FISH to determine pre-rRNA levels during erythroid differentiation. Indeed, terminal differentiation of erythroid progenitors is characterized by a gradual decrease of the cell volume and ribosomes content (Dolznig et al. 1995). A decrease in ribosome production is therefore expected during this process although this has not been documented in vivo so far. BM cells were collected from femurs and tibias of 6-to 12-wk-old, wild-type C57Bl/6J mice, and stained using fluorescently labeled antibodies against CD71 and Ter119 allowing to separate four different steps of erythroid maturation: CD71 + Ter119 low pro-erythroblasts (proE), CD71 + Ter119 + basophilic erythroblasts (basoE), CD71 low Ter119 + late basophilic and polychromatophilic erythroblasts (polyE), and CD71 ! Ter119 + orthochromatophilic erythroblasts (orthoE) (Socolovsky et al. 2001) (for gating strategy, see Supplemental Fig. S1). Cells were then fixed and hybridized with either its1 or its2 fluorescently labeled probes. We found that CD71 + Ter119 low pro-erythroblasts expressed high levels of its1 and its2 ( F2 Fig. 2, 4.3-fold and 4.2-fold increase compared to whole BM cell). Strikingly, pre-rRNA levels dropped dramatically at the transition from pro-to basophilic erythrobasts and remained at similar levels in more mature cells (Fig. 2). We conclude from these experiments that pre-RNAs levels are tightly regulated during BM erythroid maturation.

Immature hematopoietic populations display robust pre-rRNA levels

We then used Flow-FISH to measure pre-rRNA levels in different populations of immature hematopoietic cells of the BM ( F3 Fig. 3A). Because the FC!R-II/III staining did not resist to the FlowFISH procedure, a different gating strategy was used to define CMP, GMP, and MEP populations (Supplemental Fig. S1D). Immature Lin -cells, which represent around 10% of whole BM cells, displayed higher levels of its1 and its2 than more mature Lin + cells (Fig. 3B). Among Lin -cells, MEPs showed the highest levels of its1 and its2 and HSCs the lowest (Fig. 3B). HSCs are in a vast majority quiescent, with very low division rate and low mitochondrial metabolic activity (Nakamura-Ishizu et al. 2014; Chandel et al. 2016) and therefore are expected to require less ribosome production than more active cells. However, we found that pre-rRNA levels in HSCs were only slightly less than that of actively dividing MPPs (1.4-fold and 1.3-fold reduction for its1 and its2, respectively) and higher than Lin + progenitors and differentiated cells of the BM (3.8-fold and 2.5-fold increase for its1 and its2, respectively).

These relatively high levels of pre-rRNA levels suggest that ribosomes are actively produced in HSCs. However, they could also correspond to a pool of stored pre-ribosomal particles that could be rapidly mobilized to produce new ribosomes upon HSCs activation. To discriminate between these two possibilities, we first examined the subcellular distribution of pre-rRNAs in HSCs and progenitors. We performed Flow-FISH staining on Lin -BM cells and then FACS-sorted the different immature BM populations before imaging. As shown in Figure 3C, its1 staining in HSCs appeared as a few discrete spots located in DNA sparse regions of the nucleus likely corresponding to nucleoli. Importantly, the subcellular distribution of its1 staining was identical in HSCs (Lin -Sca1 + cKit + CD34 -), MPPs (Lin -Sca1 + cKit + CD34 + ), CMPs (Lin -Sca1 -cKit + CD34 hi ), AB FIGURE 1. Low translation activity in HSCs. Mice were injected with 2 mg puromycin only for 10 min or with 20 µg harringtonine for 15 min, then 2 mg puromycin for 10 min, and noninjected mice were used as controls. (A) FACS profile of puromycin levels in whole BM cells of control mice (gray), mice injected with puromycin only (red), or puromycin and harringtonine (blue). (B) Quantification of puromycin levels in the indicated populations, relative to puromycin levels in the unsorted BM cells of mice injected with puromycin alone (HSC: Lin -Sca1 + cKit + CD34 -; MPP: Lin - Sca1 + cKit + CD34 + ; CMP: Lin -Sca1 + cKit + CD34 hi FC!RII/III hi ; GMP: Lin -Sca1 + cKit + CD34 low FC!RII/III lo ; MEP: Lin -Sca1 + cKit + CD34 low FC!RII/III lo ). For comparisons of puromycin levels between HSCs and other populations in mice injected with puromycin only, statistical significance was calculated using one-way ANOVA with Dunnett's correction for multiple comparisons: ( †) P < 0.05, ( † †) P < 0.01. For comparisons of each population between mice injected with puromycin ± harringtonine, statistical significance was calculated using unpaired two-tailed Student's t-tests: ( ! ) P < 0.05, ( ! ! ) P < 0.01, ( ! ! ! ) P < 0.001. n = 3 mice for each sample group; results representative of two independent experiments.
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GMPs (Lin -Sca1 -cKit + CD34 lo ), and MEPs (Lin -Sca1 -cKit + CD34 -) (Fig. 3C). Identical results were obtained with the its2 probe (not shown). These data argue against the idea that Flow-FISH would measure the levels of different types of pre-rRNAs in HSCs (stored pre-ribosomal particles) versus other cells (pre-ribosomal particles neosynthesis).

We next examined the effects of the inhibition of rRNA transcription on the levels of pre-rRNAs in hematopoietic cells. BM cells were harvested and cultured for 3 h in the presence of 10 µM CX-5461, a selective inhibitor of RNA polymerase I-driven rRNA transcription (Bywater et al. 2012; Quin et al. 2014), prior to Flow-FISH staining. CX-5461 treatment resulted in a significant decrease of its1 and its2 levels in HSCs, MPPs, CMPs, GMPs, and MEPs ( F4 Fig. 4). Because only a modest reduction in its1 and its2 levels was observed, we analyzed in more details the effects of CX-5461 on pre-rRNAs processing using mouse ES cells. We found that although CX-5461 efficiently inhibited rRNA transcription, as visualized by the drastic reduction in the nucleolar incorporation of the nucleotide analog 5-ethynyl-uridine (EU), it also caused a delay in pre-rRNA processing as suggested by the retention of previously labeled nucleolar RNAs (Supplemental Fig. S2).

Such inhibitory effects of CX-5461 on pre-rRNAs processing likely explain its limited impact on its1 and its2 levels in hematopoietic cells. Recently, BMH-21 was reported as another selective inhibitor of RNA polymerase I (Peltonen et al. 2014). Importantly, BMH-21 was shown to repress rRNA synthesis without affecting its processing (Peltonen et al. 2014). We thus repeated the experiment using BMH-21 and obtained similar but more pronounced reduction of its1 and its2 levels in HSCs, MPPs, CMPs, GMPs, and MEPs (Fig. 4). We conclude from these experiments that de novo rDNA transcription largely contributes to pre-rRNA levels measured by Flow-FISH in HSCs and other BM cell populations. Finally, we measured transcription in HSCs (Lin -Sca1 + cKit + CD34 -), MPPs (Lin -Sca1 + cKit + CD34 + ), CMPs (Lin - Sca1 -cKit + CD34 hi FC!R-II/III hi ), GMPs (Lin -Sca1 -cKit + CD34 low FC!R-II/III lo ), and MEPs (Lin -Sca1 -cKit + CD34 - FC!R-II/III lo ) by labeling nascent RNAs with a pulse of uridine analog. Because rRNA synthesis represents the majority of transcription, levels of labeled nascent RNAs after a short pulse should reflect the levels of rRNA transcription. We incubated BM cells for 15 min in the presence of 1 mM 5-ethynyl-uridine (EU) and measured the levels of incorporated EU in the different hematopoietic subsets using a fluorescently labeled azide (Jao and Salic 2008). BM cells showed a clear EU staining ( F5 Fig. 5). Similarly to pre-rRNA levels, we found that EU incorporation was higher in Lin -cells compared to Lin + progenitors and differentiated cells and that among immature cell populations MEPs showed the highest levels EU staining and HSCs the lowest (Fig. 5B). However, levels of nascent RNA in HSCs was not massively reduced compared to MPPs (1.1-fold reduction) and higher than in Lin + cells (2.6-fold increase) suggesting that rRNA transcription is effective is HSCs.

Altogether, these experiments demonstrate that ribosome biogenesis is active in HSCs. AB FIGURE 2. Flow-FISH allows quantification of pre-rRNA levels during erythroid differentiation. BM cells were stained using Flow-FISH with probes directed against its1 or its2 or a scramble control probe (scr). (A) FACS profile of FISH levels in the whole BM population of samples stained with either no probe (gray) or the scr (blue) and its2 (red) probes. (B) Quantification of its1 and its2 levels in cells of the erythroid lineage, relative to its1 and its2 levels in the BM population: pro-erythroblasts (proE, CD71 + Ter119 low ), basophilic erythroblasts (basoE, CD71 + Ter119 + ), late basophilic and polychromatophilic erythroblasts (polyE, CD71 low Ter119 + ), and orthochromatophilic erythroblasts (orthoE, CD71 ! Ter119 + ). For comparisons of pre-rRNA levels between BM and erythroid populations of samples stained with the same probe, statistical significance was calculated using one-way ANOVA with Dunnett's correction for multiple comparisons: ( †) P < 0.05, ( † †) P < 0.01, ( † † †) P < 0.001. n = 3 mice; representative results of four independent experiments. 
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will be important to address whether the sharp downregulation of pre-rRNA levels is actually the cause or the consequence of proerythroblast differentiation into basophilic erythroblast.

An unexpected result uncovered by Flow-FISH is the existence of sustained ribosome biogenesis in HSCs. Because a vast majority of HSCs are quiescent and have a low metabolic activity, it was expected to find much lower pre-rRNA levels in HSCs compared to other hematopoietic cells. This is not the case. The reasons why ribosome activity in HSCs is similar to that of MPPs and higher than that of Lin + progenitors and differentiated cells is currently unclear. Because of ribosome degradation, a certain level of ribosome biogenesis is required for renewing ribosomes and maintaining protein translation above a threshold compatible with HSCs homeostasis. Protein translation is lower in HSCs compared to other hematopoietic cells (this study and Signer et al. 2014) and variation in the rate of translation is associated with defects in HSCs function (Signer et al. 2014). Recently, it was shown that reduced translation is not due to a reduction in the number of ribosomes in HSCs but involves 4E-BP-mediated translation inhibition (Signer et al. 2016). Cell type-specific ANGIOGENIN-mediated production of tRNA-derived stress-induced small RNAs was also recently shown to contribute to the reduced levels of global protein synthesis in HSCs and MPPS (Goncalves et al. 2016). Low protein translation rate in HSCs seems therefore to be primarily regulated at the levels of translation inhibition rather than through reduced ribosome supply.

Active ribosome biogenesis in HSCs may also play important roles beyond de novo ribosome production. Indeed, while its assembly and structure are dictated by the rate of rRNA transcription and ribosome biogenesis, the nucleolus also regulates other cellular processes (Boulon et al. 2010; Ste! pin" ski 2016). In particular, the activity of several factors involved in cell cycle regulation, differentiation, or stress responses has been shown to be regulated through nucleolar sequestration (Korgaonkar et al. 2005; Kuroda et al. 2011; Sasaki et al. 2011). Interestingly, Runx1-deficient phenotypic HSCs have decreased ribosome content and reduced cell size, yet they maintain long-term repopulation capacity (Cai et al. 2015) indicating that HSCs self-renewal does not critically rely on a precise level of ribosome biogenesis activity. Importantly, RUNX1 directly regulates the transcription of ribosome component and of ribosome biogenesis factors and in the absence of Runx1, HSCs show a lower unfolded protein response and decreased p53 protein levels conferring them an attenuated apoptotic response following endoplasmic reticulum or genotoxic stresses (Cai et al. 2015). These observations raise the possibility that decreased ribosome biogenesis may participate to the development of multiple hematopoietic malignancies that are associated with RUNX1 mutations (Mangan and Speck 2011). They might also explain why ribosome biogenesis is not lower in HSCs since this would attenuate their responses to stress and thus increase the risk of stem cell dysfunction and transformation.

In summary, in vivo Flow-FISH allows us to quantify the activity of ribosome biogenesis at the single cell level within a given lineage, the adult hematopoietic system, composed of cells with very different proliferation, growth, and metabolic profiles. It has uncovered higher than AB FIGURE 5. RNA transcription in BM cells. BM cells were incubated or not in the presence of 1 mM EU for 15 min. (A) FACS profile of EU levels in HSC population of samples incubated without EU (gray) or with EU for 15 min (red). (B) Quantification of EU levels in the indicated populations, relative to EU levels in the BM population (HSC: Lin -Sca1 + cKit + CD34 -; MPP: Lin -Sca1 + cKit + CD34 + ; CMP: Lin -Sca1 + cKit + CD34 hi FC!RII/III hi ; GMP: Lin -Sca1 + cKit + CD34 low FC!RII/III lo ; MEP: Lin -Sca1 + cKit + CD34 low FC!RII/III lo ). Statistical significance of the difference in EU levels between HSCs and other populations was calculated using one-way ANOVA with Dunnett's correction for multiple comparisons: ( †) P < 0.05, ( † †) P < 0.01, and ( † † †) P < 0.001. n = 4 mice; results representative of two independent experiments. 
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Proof Only anticipated ribosome production in adult BM HSCs and sharp down-regulation of ribosome biogenesis during erythroid differentiation. Previously, we showed that Flow-FISH could reveal unbalanced ribosomal subunit processing caused by mutation in a factor involved in pre-60s ribosomal particle processing (Le Bouteiller et al. 2013). Adapted to humans, this approach should prove useful to identify dysregulation of ribosome biogenesis in patients suffering from hematologic disorders.

MATERIALS AND METHODS

Mouse husbandry

All experiments were performed on 8-to 12-wk-old C57Bl/6J mice of either sex obtained from Charles River and/or bred in our animal facility. All experiments were conducted according to the French and European regulations on care and protection of laboratory animals (EC Directive 86/609, French Law 2001-486 issued on June 6, 2001) and were approved by the Institut Pasteur ethics committee (n°2014-0053).

Flow cytometry analysis

Mice were euthanized and femurs and tibias were collected and kept on ice in medium containing serum. Bones were split at one end and spun down shortly in eppendorf tubes at 4°C to recover whole BM. Single cell suspensions of BM cells were stained using different combinations of antibodies. All antibody stainings were performed in HBSS medium containing 2% fetal calf serum (FCS). For Flow-FISH analyses on the erythroid lineage, cells were stained using PeCy7-conjugated anti-Ter119 and biotin-conjugated anti-CD71 antibodies. For analyses on immature hematopoietic populations, cells were stained using biotin-conjugated lineage (B220, Nk1.1, Gr-1, Ter119, CD3, CD11c, Mac-1), PeCy7-or BV510-conjugated anti-Sca1, APC-or PeCy7-conjugated anti-cKit, and FITC-or eFluor660-conjugated anti-CD34 antibodies. For RPM and EU staining analyses, cells were also stained using PE-conjugated anti-FC!RII/III antibody. Biotinconjugated stainings were revealed using Pacific Blue-conjugated streptavidin. The list of antibody clones is available in Supplemental Table S1. LSR Fortessa (BD) analyzer was used for analysis; AutoMACS Pro (Miltenyi) separator was used for depletion of Lin + cells; MoFlo Astrios (Beckman Coulter) cell sorter was used for cell sorting. All cytometry data were analyzed using FlowJo (Treestar) software.

RiboPuromycylation

For RPM analyses, mice were injected intra-peritoneally with 2 mg of puromycin (Sigma P8833) 10 min prior to euthanasia. For some mice, 20 µg of harringtonine (Santa-Cruz sc-204771) was injected 15 min prior to puromycin. Puromycin and harringtonine solutions were warmed at 37°C prior to injections. BM cells were collected in cold HBSS medium containing 2% FCS and 208 µM emetine (Sigma E2375) to block protein elongation and kept on ice. Cells were then stained using surface marker antibodies as described above. After surface staining, cells were permeabilized and fixed as follows: cells were rinsed in cold phosphate-buffered saline (PBS), then incubated for 2 min in permeabilization buffer consisting of "polysome buffer" (50 mM Tris-HCl pH 7.5; 5 mM MgCl 2 ; 25 mM KCl) complemented with EDTA-free protease inhibitors (Roche 11836170001) and 0.015% digitonin (Sigma D141). Cells were then quickly rinsed with polysome buffer complemented with protease inhibitors, and then fixed for 15 min at room temperature (RT) in 1! PBS containing 3% PFA. Cells were then rinsed with PBS and incubated in staining buffer (0.05% saponin, 10 mM Glycine, 5% FCS, 1! PBS final) for 15 min. Puromycin detection was then performed by staining with Alexa647-conjugated anti-puromycin antibody in staining buffer for 1 h (see Supplemental Table S1 and Seedhom et al. 2016). Finally, cells were rinsed in PBS with bovine serum albumin (BSA) and kept at 4°C until analysis. For quantification of puromycin levels, mean fluorescence intensity (MFI) was measured for each mouse in each cell population analyzed and was then normalized to the average MFI of the BM population of mice injected with puromycin only.

Pre-rRNA fluorescent in situ hybridization

For Flow-FISH stainings, BM cells were collected from femurs and tibia and stained with surface marker antibodies as described above. Of note, some cell surface staining such as FC!RII/III poorly resisted to further treatments required for RNA hybridization. Consequently, fluorochrome-conjugated antibodies should be tested before being used for Flow-FISH experiments. Cells stained with surface marker antibodies were fixed for 30 min at RT in 1! PBS containing 4% PFA and rinsed twice in PBS. Cell were then dehydrated as follows: cells were first resuspended in 1 volume of PBS, and 1 volume of 70% ethanol was added drop by drop; cells were then centrifuged, resuspended in 70% ethanol and left at 4°C over-night. The next day, cells were rehydrated for 5 min in 2! SSC (saline sodium citrate) buffer containing 10% formamide and 0.25 mg/mL BSA. Cells of each analyzed mouse were then incubated for 3 h at 37°C in FISH-staining buffer prepared as indicated in Supplemental Table S2 with DNA probes directed against its1 (5 ! -tagacacggaagagccggacgggaaaga-3 ! ) and its2 (5 ! -ccagcgcaagacccaaacacacacaga-3 ! ) or a "scramble" probe (scr; 5 ! -cggaatagtgcgtcacgaactcgctata-3 ! ). After incubation, cells were washed twice in 2! SSC buffer containing 10% formamide and 0.25 mg/mL BSA, for 30 min at 37°C. Finally, cells were rinsed three times in PBS-containing 0.25 mg/mL BSA and kept at 4°C until analysis. For quantification of its1 and its2 levels, mean fluorescence intensity (MFI) was measured for each mouse in each cell population of samples stained with its1, its2, or scr probes and MFI of the scr was subtracted from the MFI of its1 and its2. The obtained "corrected" MFI (cMFI) of each cell population was then normalized to the average cMFI of unsorted BM cells. For fluorescent microscopy analyses on sorted cells stained with Flow-FISH, cell nuclei were stained using Hoechst prior to analysis.

EU staining

For EU staining experiments, BM cells were collected from tibias and femurs in OptiMEM medium containing 10% FCS, and were Jarzebowski et al. 
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  tissue!specificities!of!ribosomopathies!arise!from!differential!sensitivity!to!p53!pathway! activation! in! response! to! ribosome! biogenesis! defects.! In! accordance! with! this! hypothesis,!mouse!embryos!expressing!a!constitutively!stabilized!and!transcriptionally!dead! allele! of! p53! yield! tissue$specific! defects,! namely! heart! and! craniofacial! abnormalities!reminiscent!of!CHARGE!syndrome!(Van!Nostrand!et!al.!2014).!Moreover,! there!is!strong!evidence!in!the!literature!that!some!phenotypes!of!ribosomopathies!are! caused! by! p53$dependent! responses! to! mutations.! For! instance,! one! study! has! shown! that!the!craniofacial!abnormalities!associated!with!Treacher!Collins!syndrome!can!arise! from!p53!activation!in!neural!crest!cells!(Jones!et!al.!2008).!Indeed,!mouse!embryos!that! are! haploinsufficient! for! Tcof1! display! p53! stabilization! specifically! in! the! neuroepithelium! at! E8.5,! decreased! rRNA! levels! and! apoptosis! in! neural! crest! cells! at! E9.0$E9.5! as! well! as! craniofacial! abnormalities! at! E17.5.! Although! p53! inactivation! through! genetic! or! pharamacological! means! does! not! prevent! rRNA! level! decrease,! it! reduces! apoptosis! in! neural! crest! cells! and! suppresses! craniofacial! abnormalities! in! Tcof1$haploinsufficient! embryos.! Taken! together,! these! data! suggest! that! differential! expression!of!the!p53#gene!at!the!mRNA!level!according!to!the!cell!type!modulates!cell! sensitivity! to! the! activation! of! the! p53$dependent! ribosome! biogenesis! surveillance! pathway,! contributing! to! the! tissue$specificity! of! phenotypes! caused! by! broader! ribosome!biogenesis!defects.,! in! cells! that! are! proficient! for! the! actors! of! the! p53$dependent! ribosome! biogenesis! surveillance! pathway,! ribosome! biogenesis! inhibition! has! been! shown! to! trigger! p53! activation.! The! 5S! RNP$MDM2$p53! pathway! is! therefore! considered! to! be! the! canonical! ribosome! biogenesis! surveillance! pathway.! However,! in#vitro#and! in#vivo# studies! on! p53$deficient! models! suggest! the! existence! of! p53$independent! ribosome! !pathways!(reviewed!in!Donati!et!al.!2012)!(fig.!I7).!For!instance,!

  !is!essential!for!crypt!maintenance!(van!Es!et!al.!2005;!VanDussen! et! al.! 2012),! and! its! role! in! crypt! homeostasis! and! lineage! specification! is! now! well! established!and!documented!(Droy$Dupre!et!al.!2011;!Fre!et!al.!2005;!VanDussen!et!al.! 2012).!Indeed,!treating!mice!with!Notch!pathway!inhibitor!Dibenzazepine!leads!to!Lgr5 + ! columnar!basal!cell!depletion!(fig.!I13a),!indicating!that!Notch!signaling!is!essential!for! stem!cell!survival.!Consistently,!intestinal!stem!cells!express!Notch1!and,!apparently!to!a! lesser! degree,! Notch2!(Fre! et! al.! 2011).! Moreover,! Notch! signaling! has! been! shown! to! play!a!pivotal!role!for!progenitor!differentiation!and!cell!fate!decision,!as!Dibenzazepine! treatment! leads! to! an! abnormal! accumulation! of! secretory! cells! such! as! goblet! cells,! paneth! cells! (fig.! I13b),! enteroendocrine! cells! and! Tuft! cells!(VanDussen! et! al.! 2012).! Similar! phenotypes! have! been! observed! upon! depletion! of! both! Notch1! and! Notch2!(Riccio! et! al.! 2008),! of! both! Dll1! and! Dll4!(Pellegrinet! et! al.! 2011),! and! of! Notch! DNA$ binding!protein!RBP$jκ(van!Es!et!al.!2005).!The!accepted!model!is!that!Notch!signaling! in! the! crypt! promotes! Hes1$mediated! differentiation! towards! the! absorptive! lineage! over! Math1! (Atoh1)$mediated! differentiation! towards! the! secretory! lineage! (summarized!in!fig.!I14).! Notch! signaling! is! thought! of! as! being! intrinsic.! Indeed,! external! stimulation! of! Notch!signaling!is!not!required!for!the!growth!and!maintenance!of!intestinal!organoids.!The!signal!is!provided!by!the!paneth!cells,!which!express!the!Notch$ligand!Dll4!(Sato!et! al.!2010).!Surprisingly,!while!their!contribution!to!the!stem!cell!niche!is!well!established,! paneth! cells! have! been! demonstrated! to! be! dispensable! for! stem! cell! maintenance,! as! !progenitors!have!been!shown!to!undergo!premature!differentiation! into!goblet!cells!(Stedman!et!al.!2015).!In!the!NleVilcKO;p21 +/$ ,!this!is!evidenced!by!an! increase!of!Muc2!expression!in!the!epithelium!at!day!3!p.i.!(fig.!R7a),!and!a!quantitative! accumulation!of!goblet!cells!in!the!crypts!as!well!as!the!typical!presence!of!goblet!cells! within! the! stem! cell! compartment! revealed! by! alcian! blue! staining! (fig.! R7b).! In! the! NleVilcKO;p21 $/$ ,!Muc2!is!neither!significantly!upregulated!compared!to!the!control!nor! significantly!downregulated!compared!to!the!NleVilcKO,!but!its!mean!expression!level!is! similar! to! the! control! (fig.! R7a).! However,! goblet! cells! are! observed! at! the! bottom! of! NleVilcKO;p21 $/$ !crypts!like!in!NleVilcKO!crypts!(fig.!R7b).! These!data!indicate!that!the!p53$mediated!secretory!phenotype!partially!requires! the! expression! of! p21.! As! the! stem! cell! exhaustion! phenotype! of! the! NleVilckO;p21 $/$ ! appears! to! be! the! same! as! in! the! NleVilcKO;p21 +/$ ! despite! a! decreased! goblet! cell! differentiation!phenotype,!our!data!suggest!that!the!previously!characterized!premature! goblet! cell! differentiation! phenotype! is! independent! of! cell! cycle! arrest! and! intestinal! stem! cell! exhaustion! in! the! Nle$deficient! epithelium.! The! RT$qPCR! data! also! challenge! the! previously! explored! notion! that! Muc2#is! a! direct! p53! target,! as! it! implies! that! p53,! though!required,!is!insufficient!to!upregulate!Muc2#in!the!intestinal!epithelium.!! Nle$loss0of0function,attenuates,proliferative,compartment,expansion,by,restoring, cell,cycle,exit,and,differentiation,despite,Wnt,pathway,hyperactivation., ! To! verify! that! Wnt! hyperactivation! was! effective! in! Apc;NleVilcKO! intestinal! epithelia,! we! monitored! nuclear! βLcatenin! on! small! intestine! sections.! Accumulation! of! nuclear! βLcatenin! in! the! whole! epithelium,! but! prominently! in! the! crypt,! was! similarly! observed! in! ApcVilcKO! and! Apc;NleVilcKO! intestines! (Figure! 2A).! Moreover,! overexpression! of! the! Wnt! target! genes! c5Myc! and! Axin2! was! found! in! both! ApcVilcKO! and!Apc;NleVilcKO!epithelia!(Figure!2B),!confirming!that!hyperactivation!of!the!Wnt/βL catenin!pathway!consecutive!to!Apc5deficiency!was!not!modified!by!Nle#lossLofLfunction.! We! then! performed! a! 2hrs! BrdU! chase! to! visualize! proliferation! in! the! intestinal! epithelium!of!control!and!mutant!mice!at!day!2!pi!(Figure!2C).!Consistent!with!previous! reports!(Andreu! et! al.! 2005;! Sansom! et! al.! 2004),! the! ApcVilcKO! enlarged! crypt! compartment!was!populated!by!proliferative!cells.!Of!note,!this!enlarged!compartment! was!not!homogeneous!with!a!proliferation!gradient!being!progressively!established,!as! BrdULpositive!cells!became!preferentially!located!in!the!upper!region!that!is!adjacent!to! the! monolayer! villus! compartment! (Figure! S2A).! Strikingly,! in! the! double! mutant,! proliferation!was!restricted!to!the!histological!crypt!like!in!the!control!(Figure!2C).!The! proportion! of! BrdULpositive! cells! within! the! proliferative! compartment,! defined! as! the! region!extending!from!the!bottom!of!the!crypt!to!the!uppermost!BrdULpositive!cell,!was! similar!for!all!genotypes!(Figure!2D),!suggesting!that!the!structure!of!the!cell!cycle!is!not! dramatically!perturbed!in!ApcVilcKO!and!Apc;NleVilcKO!compared!to!Control.!To!have!a! dynamic!view!of!the!expansion!of!the!proliferative!compartment,!we!quantified!the!total! number! of! cells! and! the! number! of! BrdULpositive! cells! within! the! proliferative! compartment!at!days!2,!3!and!4!pi!in!the!Control,!ApcVilcKO!and!Apc;NleVilcKO!(Figure! S2BLC).!Both!measurements!indicated!that!the!proliferative!compartment!grew!linearly! in!both!mutants.!In!the!ApcVilcKO,!this!expansion!was!primarily!due!to!enlarged!cryptL like! compartment! growth,! whereas! in! the! Apc;NleVilcKO,! it! was! caused! by! histological! crypt! hyperplasia! (Figure! S2A).! Taken! together,! these! data! suggest! that! Nle# lossLofL function!reduces!the!expansion!rate!of!the!proliferative!compartment!consecutive!to!Apc# lossLofLfunction! without! affecting! the! proliferation! rate! of! Apc5deficient! intestinal! progenitors.! We!next!tested!whether!such!attenuation!could!be!due!to!a!restoration!of!cell!cycle! exit.!To!that!end,!we!compared!the!position!of!BrdULpositive!cells!at!day!3!pi!after!short! and!long!periods!of!chase.!After!48h!of!chase,!while!BrdULpositive!cells!had!exited!cell! cycle!and!were!found!in!the!villus!in!the!Control,!all!ApcVilcKO!BrdULpositive!cells!were! retained! in! the! proliferative! compartment! (Figure! 3A),! thereby! contributing! to! its! expansion.! Of! note,! BrdU! staining! was! fainter! in! the! ApcVilcKO! than! in! the! Control,! suggesting!that!ApcVilcKO!progenitors!underwent!more!cell!divisions!than!Control!cells.!In! the! Apc;NleVilcKO,! the! situation! was! similar! to! the! control,! as! BrdULpositive! cells! were! found! in! the! villus,! which! was! not! part! of! the! proliferative! compartment.! A! 24h! BrdU! chase! revealed! that,! though! restored,! cell! cycle! exit! was! delayed! in! the! Apc;NleVilcKO! compared! to! the! Control.! Indeed,! while! BrdULpositive! cells! were! found! predominantly!in!the!villus!in!the!Control,!they!were!found!in!the!crypt!and!in!a!small! compartment! at! the! boundary! between! the! crypt! and! the! villus! in! the! Apc;NleVilcKO!(Figure! S3ALB).! This! compartment! is! uniquely! observed! in! double! mutant! epithelium! and! is! composed! of! nonLproliferating! cells! having! enlarged! nuclei! reminiscent! of! the! expanded!proliferative!compartment!of!the!ApcVilcKO!(Figure!S3B).!We!have!previously! reported! that! Nle5deficiency! induced! a! potent! apoptotic! response! in! normal! intestinal! progenitors! (Stedman! et! al.! 2015).! We! therefore! performed! Caspase! 3! staining! on! intestinal!sections!and!observed!a!similar!proportion!of!Caspase!3Lpositive!cells!in!both! the! ApcVilcKO! and! Apc;NleVilcKO! proliferative! compartments! (Figure! 3B),! indicating! that! apoptosis! is! unlikely! to! be! an! important! driver! for! the! reduction! of! proliferative! compartment! expansion! rate! in! the! Apc;NleVilcKO.! Finally,! we! analyzed! intestinal! epithelium! differentiation! using! RTLqPCR! on! crypt! mRNAs! for! markers! of! enterocytes,! goblet! cells! and! enteroendocrine! cells! (Figure! 3C)! together! with! MucinL2! immunohistochemistry! (Figure! 3D)! and! Alcian! Blue! coloration! (Figure! S3C).! We! found! that,! while! differentiation! was! impaired! in! the! ApcVilcKO! as! previously! reported! (Andreu! et! al.! 2005;! Sansom! et! al.! 2004),! differentiation! was! partially! restored! in! the! Apc;NleVilcKO.!Collectively,!our!results!indicate!that!Nle#lossLofLfunction!attenuates!Wnt! hyperactivationLdriven! expansion! of! the! proliferation! compartment! by! partially! restoring!the!capacity!of!ApcLdeficient!progenitors!to!exit!cell!cycle!and!differentiate.! !consequences!of!Apc#lossLofLfunction!on!ribosome!biogenesis!and! protein!synthesis!in!intestinal!epithelium!have!not!been!described!so!far.!Therefore,!we! first!quantified!the!levels!of!mature!rRNAs!as!well!as!nucleolar!rRNA!intermediates!of,! respectively,!the!small!(18S!and!its1)!and!the!large!(28S!and!its2)!ribosomal!subunits!by! RTLqPCR! (Figure! 4A).! No! differences! were! observed! in! ApcVilcKO! crypts! compared! to! Control! crypts! at! day! 2! pi! (Figure! 4B)! indicating! that! neither! ribosome! biogenesis! nor! ribosome! content! were! affected! in! Apc5deficient! progenitors.! As! previously! reported! (Stedman!et!al.!2015),!Fluorescent!in#situ#hybridization!(FISH)!using!its1!and!its2!probes! revealed!higher!levels!of!preLrRNAs!in!Control!crypt!cells!compared!to!villi!suggesting!a! more! active! ribosome! biogenesis! in! intestinal! progenitors! than! in! differentiated! cells! (Figure!4C).!Consistent!with!the!invasion!of!proliferative!cells!into!the!villus!region,!FISH! staining! of! ApcVilcKO! sections! showed! high! levels! of! preLrRNAs! comparable! to! that! of! Control! crypts! in! a! region! corresponding! to! the! expanded! proliferative! compartment! (Figure!4C).!Surprisingly!enough,!quantification!of!puromycylated!nascent!chains!after!a! short!in#vivo#pulse!of!puromycin!(Stedman!et!al.!2015)!revealed!an!increased!number!of! active! ribosomes! in! Apc5deficient! progenitors! compared! to! the! control! (Figure! 4DLE).!Taken! together,! these! data! indicate! that! upregulation! of! protein! synthesis,! but! not! ribosome!biogenesis,!is!an!early!feature!of!ApcLdeficient!progenitors.! Nle# lossLofLfunction! has! previously! been! reported! to! affect! large! ribosomal! subunit!biogenesis!and!induce!its2!accumulation!in!intestinal!crypt!cells!(Stedman!et!al.! 2015).!Consistently,!an!increase!in!its2!but!not!in!its1!levels!was!detected!by!RTLqPCR! (Figure! 4B)! and! FISH! (Figure! 4C)! in! Apc;NleVilcKO! crypts! compared! to! control! and! ApcVilcKO!crypts!at!day!2!pi.!Interestingly,!its2!accumulation!was!no!longer!restricted!to! crypt! cells! in! the! Apc;NleVilcKO! but! largely! extended! to! the! villus! (Figure! 4C).! In! addition,!contrary!to!the!NleVilcKO,!28S!levels,!and!to!a!lesser!extend!18S!levels,!were! significantly!decreased!in!the!Apc;NleVilcKO!crypts!(Figure!4B).!A!possible!explanation! for! these! observations! would! be! that! Apc;NleVilcKO! progenitors,! unlike! NleVilcKO! progenitors,! survived! and! continued! to! proliferate! despite! dysfunctional! ribosome! biogenesis,!thereby!giving!rise!to!differentiated!cells!with!increased!nucleolar!ribosomal! preLparticles! and! decreased! ribosome! content.! Strikingly,! the! number! of! active! ribosomes! in! Apc;NleVilcKO! crypt! cells! was! significantly! reduced! compared! to! ApcVilcKO! and! similar! to! control! crypt! cells! (Figure! 4DLE).! Taken! together,! these! data!suggest! that,! in! the! context! of! ApcLdeficient! intestinal! epithelium,! Nle# lossLofLfunction! leads! to! a! reduction! of! ribosome! content! per! cell! consecutive! to! ribosome! biogenesis! defects,! which,! in! turn,! decreases! translational! activity! of! ApcLdeficient! progenitors! to! controlLlike!levels.! We!next!asked!whether!defects!in!large!ribosomal!subunit!biogenesis!caused!by! Nle# lossLofLfunction! activated! a! potent! p53! response! in! Apc5deficient! intestinal! crypt! cells,! as! previously! demonstrated! in! normal! epithelium!(Stedman! et! al.! 2015).! p53! immunohistochemistry! on! ApcVilcKO! intestinal! section! at! day! 2! pi! showed! that,! consistent! with! previous! reports!(Reed! et! al.! 2008),! p53! was! stabilized! in! a! few! cells! located!at!the!distalmost!part!of!the!expanded!proliferative!compartment!(Figure!4F).!Of! note,!this!stabilization!was!transient!and!had!completely!disappeared!at!day!4!pi!(Figure! S4A).!The!situation!was!markedly!different!in!the!double!mutant!intestine,!since!strong! p53!nuclear!staining!was!observed!in!most!cells!of!the!crypt!and!of!the!lower!part!of!the! villus!(Figure!4F),!similar!to!its2!accumulation!(Figure!4C).!Of!note,!in!the!double!mutant! intestinal! epithelium,! this! broad! p53! stabilization! persisted! over! time! (Figure! S4B).! Importantly,! robust! and! persistent! p53! stabilization! was! observed! in! Apc;NleVilcKO! progenitors! in! absence! of! cell! cycle! arrest! (Figures! 2A! and! S2)! and! massive! apoptotic! response! (Figure! 3B)! contrary! to! NleVilcKO! crypt! cells! (Stedman! et! al.! 2015).! Collectively,! our! data! show! that! Nle! lossLofLfunction! leads! to! defective! ribosome! biogenesis!and!p53!stabilization!in!ApcLdeficient!progenitor!cells!without!triggering!the! cell!cycle!arrest!and!apoptotic!responses!normally!observed!in!Apc5proficient!cells.! ! The, double, mutant, transcriptome, is, essentially, the, sum, of, single, mutant, transcriptomes., To!identify!the!molecular!mechanisms!underlying!the!double!mutant!phenotype,! we! performed! RNAseq! on! Control,! NleVilcKO,! ApcVilcKO! and! Apc;NleVilcKO! crypt! samples!at!day!1!and!day!2!pi!(n=3!animals!for!each!condition)!(Figure!5).!A!principal! component!analysis!revealed!that!the!samples!were!clearly!distinguishable!according!to! their!genotype!(Figure!5A),!with!PC1!(58.79%!of!the!variance)!and!PC2!(12.77%!of!the! variance)! segregating! the! samples! according! to! the! genotype! at! the! Apc# or! Nle# locus! respectively.! Notably,! the! Apc;NleVilcKO! samples! were! undistinguishable! from! ApcVilcKO! according! to! PC1! and! undistinguishable! from! NleVilcKO! according! to! PC2,! indicating! that! the! Apc;NleVilcKO! is! essentially! the! linear! combination! of! a! NleVilcKO! and!a!ApcVilcKO.!Using!KLmeans!clustering,!we!found!that!the!15115!genes!expressed!in! our! dataset! could! be! spread! into! 10! clusters! with! distinct! gene! expression! variation! patterns! according! to! genotype! and! timing! (Figure! 5B).! Strikingly,! the! vast! majority! of! the! genes! had! the! same! expression! pattern! in! the! Apc;NleVilcKO! as! in! the! ApcVilcKO,! with! only! four! clusters! (6,! 7,! 9! and! 10)! comprising! 3259! (21%)! genes! that! were! differentially! regulated! in! Apc;NleVilcKO! compared! to! ApcVilcKO! samples.! Moreover,! gene!expression!pattern!varied!little!according!to!the!timing.! To! distinguish! additive! from! nonLadditive! interactions! between! the! two! mutations,! we! performed! a! modelLbased! analysis! where! timings! were! considered! separately!(Figure!5CLD).!Taking!into!account!all!samples!at!a!given!time!point,!a!"NleL related"!and!an!"ApcLrelated"!foldLchange!were!calculated!from!the!dataset!for!each!gene! and! a! theoretical! fold! change! was! calculated! for! the! double! mutant! according! to! these! two!single!mutationLrelated!fold!changes.!Comparing!this!theoretical!fold!change!to!the! actual! fold! change,! we! distinguished! 8! gene! categories! (Figure! 5C),! four! of! which! encompassed!genes!that!were!subject!to!nonLadditive!interactions!(ie#have!a!"D"!term).! Consistent! with! the! principal! component! analysis,! Apc# lossLofLfunction! was! largely! dominant! (91%! of! misregulated! genes! at! day! 2! pi)! compared! to! Nle# lossLofLfunction# (38%!of!misregulated!genes!at!day!2!pi)!(Figure!5D).!A!minority!of!genes!was!subject!to! either!additive!([N|A|L]!category,!15%!of!misregulated!genes!at!day!2!pi)!or!nonLadditive! interactions!([L|L|D],![N|L|D],![L|A|D],!and![N|A|D]!categories,!14%!of!misregulated!genes! at!day!2!pi)!(Figure!5D).!We!next!searched!for!gene!and!mammalian!phenotype!ontology! for! each! clusters! of! the! different! categories! using! MouseMine.! Surprisingly,! many! clusters! had! no! clear! functional! significance! (Figures! 5E! and! S5).! Among! those! which! did,!we!found!that!actors!of!cell!cycle!are!generally!found!within!clusters!of!genes!that! are! upregulated! in! the! ApcVilcKO,! downregulated! in! the! NleVilcKO,! and! expressed! at! intermediate! levels! in! the! Apc;NleVilcKO.! Overall,! hypothesizing! that! the! observed! phenotypic! differences! arise! from! differential! gene! regulation! at! the! transcriptional! level,! these! results! suggest! that! the! phenotype! of! the! Apc;NleVilcKO! essentially! results! from!additive!geneLbyLgene!effects!of!Apc#and!Nle#lossLofLfunction!rather!than!signaling! pathway!transcriptional!activation!or!shutdown.! We! next! examined! a! few! sets! of! genes! whose! differential! expression! at! day! 2! might! be! relevant! to! the! Apc;NleVilcKO! phenotype,! namely! cell! cycle! inhibitors,! p53! targets,! Wnt! targets! and! intestinal! stem! cell! markers! (Figure! 5F).! Upregulation! of! cell! cycle! inhibitor! genes! in! Apc;NleVilcKO! progenitors! compared! to! ApcVilcKO! might! explain! their! enhanced! capacity! to! stop! proliferating.! Expression! of! p16! was! not! detected!in!our!dataset.!p29!was!the!only!cell!cycle!inhibitor!gene!downregulated!in!the! ApcVilcKO.! However,! such! downregulation! was! not! modulated! in! Apc;NleVilcKO.! In! contrast,!p21!was!strongly!upregulated!in!Apc;NleVilcKO!to!levels!similar!to!NleVilcKO.! This! was! likely! due! to! p53! activation! since! p21# is! a! wellLknown! p53! target.! Similarly,! other!p53!targets!were!equally!upregulated!in!Apc;NleVilcKO!and!NleVilcKO,!including! those! that! were! downregulated! in! the! ApcVilcKO! (Fas,! Perp).! This! suggests! that! Wnt! hyperactivation!does!not!dramatically!impact!p53!transcriptional!response.!Conversely,! most! Wnt! targets! were! similarly! upregulated! in! Apc;NleVilcKO! and! ApcVilcKO,! suggesting!that!Nle#lossLofLfunction!only!marginally!modulates!the!Wnt!hyperactivation! transcriptional! response.! Finally,! intestinal! stem! cell! marker! expression! in! Apc;NleVilcKO! resulted! from! either! additive! (Ascl2,# Sox9,# Tert,# Pw1,# Bmi1)! or! nonL additive! (Olfm4,#Lgr5,#Mex3a,#Lrig1,#Krt15,#Hopx)! effects.! Strikingly,! Nle#lossLofLfunction! attenuated! Wnt! hyperactivationLdriven! Lgr5! upregulation! but! also! participated! to! the! synergic! upregulation! of! the! reserve! stem! cell! markers! Krt15! and,! to! a! lesser! extend! Hopx!and!Bmi1.!This!suggests!that!the!reserve!intestinal!stem!cell!population!might!be! particularly!stimulated!in!the!Apc;NleVilcKO!intestine.,! like! many! cancers,! are! characterized! by! increased! ribosome! biogenesis!and!protein!translation!(Bastide!and!David!2018;!Pelletier!et!al.!2017).!High! expression!of!preLrRNA!is!associated!with!poor!prognosis!in!colorectal!cancer!(Tsoi!et!al.! 2017)! and! increased! translational! elongation! is! key! for! intestinal! tumor! initiation! and! growth!(Faller! et! al.! 2015).! Interestingly! enough,! oxaliplatin,! a! platiniumLbased! chemotherapeutic!drug!commonly!used!to!treat!colorectal!cancers,!was!recently!shown! to!affect!ribosome!biogenesis!and!trigger!p53!induction!and,!consistent with this, cancer cells that are sensitive to oxaliplatin display higher ribosome biogenesis and mRNA translation rates!(Bruno! et! al.! 2017).! In! the! present! study,! we! showed! that! in#vivo#gut! epitheliumLspecific! inhibition! of! ribosome! biogenesis! by! genetic! means! strongly! attenuates! the! expansion! of! the! proliferative! compartment! during! intestinal! tumor! initiation.! Inactivation! of! some! key! target! genes! of! the! Wnt/βLcatenin! pathway! such! as! c5

  #or!of! the! chromatin! remodeling! factor! Brg1#(Holik! et! al.! 2014)#were! also! shown! to! dampen! the! expansion! of! the! proliferative! compartment! during! WntLdriven! intestinal! tumor! initiation.!In!all!these!situations,!dampening!was!accompanied!by!a!marked!alteration!of! the! Wnt! hyperactivation! transcriptional! signature.! In! contrast,! our! RNAseq! analysis! suggests!that!Nle#lossLofLfunction!only!marginally!modifies!the!transcriptomic!response! to! Apc#lossLofLfunction.! Our! data! suggest! that! the! partial! rescue! of! Apc;NleVilcKO! mice! phenotype! is! rather! due! to! the! compensation! of! the! antagonistic! effects! of! WntLdriven! tumorigenesis!and!ribosome!inhibition.!! In! Apc;NleVilcKO! mice,! attenuation! is! likely! to! result! from! the! activation! of! the! RP/MDM2/p53! ribosome! biogenesis! surveillance! pathway.! Upon! Apc#inactivation,! p53! stabilization! is! observed! only! locally! and! transiently! in! a! small! population! of! cells! and! the!intestinal!phenotype!of!Apc#lossLofLfunction!is!not!modified!in!absence!of!p53!(this! study!and!Reed!et!al.!2008).!In!contrast,!high!levels!of!p53!are!detected!in!Apc;NleVilcKO! crypt!and!villus!cells!showing!dysfunctional!ribosome!biogenesis,!recognizable!by!their! nucleolar! accumulation! of! precursor! rRNAs! of! the! large! ribosomal! subunit.! We! demonstrated!that,!contrary!to!ApcLdeficient!progenitors,!Apc;NleVilcKO!progenitors!are! able! to! exit! cell! cycle! and! differentiate.! Upregulation! by! p53! of! the! cell! cycle! inhibitor! gene!p21!could!be!contributing!to!the!restoration!of!cell!cycle!arrest!and!consequently!to! the! attenuation! of! the! expansion! of! the! proliferative! compartment.! An! alternative! but! not! exclusive! explanation! for! this! attenuation! is! that! Apc;NleVilcKO! progenitors! are! unable!to!upregulate!protein!synthesis!at!a!level!sufficient!for!tumorigenesis.!We!show! here!that!increased!protein!translation!is!an!immediate!hallmark!of!Apc!lossLofLfunction! that! is! no! longer! observed! in! Apc;NleVilcKO! progenitors.! Enhanced! translation! likely! increases! the! production! of! important! rateLlimiting! cell! cycle! regulators! and! could! influence!the!capacity!of!cells!to!divide!or!not.!Similar!to!Nle#lossLofLfunction,!genetic!or! pharmacologic! inhibition! of! mTORC1Ldependent! translational! stimulation! limits! the! expansion!of!the!proliferative!compartment!during!tumor!initiation!(Faller!et!al.!2015).!The!reduction!of!the!translational!potential!of!Apc;NleVilcKO!progenitors!may!therefore! contribute!to!their!eventual!cell!cycle!exit!and!differentiation.!Apc5deficiency!dramatically!modifies!the!cellular!responses!of!intestinal!stem!and!progenitor! cells! to! defective! ribosome! biogenesis.! Indeed,! while! Apc;NleVilcKO! stem! cells! and! progenitors! express! high! levels! of! nuclear! p53! levels! and! display! a! clear! p53! transcriptional!signature,!they!do!not!elicit!the!strong!proliferation!arrest!and!apoptotic! responses! normally! observed! in! Apc5proficient! crypt! cells!(Stedman! et! al.! 2015).! Crosstalks!between!the!Wnt/βLcatenin!pathway!and!p53!have!been!previously!reported! and! involve! the! direct! or! indirect! modulation! of! p53! stability! by! GSK3!(Eom! and! Jope! 2009;!Kulikov!et!al.!2005).!However,!the!regulation!of!p53!activity!by!GSK3!leads!to!p53! degradation,! suggesting! that! this! is! not! the! mechanism! through! which! Apc# lossLofL function!attenuates!p53!activation!in!Apc;NleVilcKO!crypt!cells.!Rather,!the!fate!of!stem! and!progenitor!cells!with!an!activated!RP/MDM2/p53!ribosome!biogenesis!surveillance! pathway!may!be!completely!modified!by!the!transcriptional!response!to!Wnt/βLcatenin! hyperactivation,! such! as! for! example! increased! expression! of! Ppan,! which! has! been! previously! shown! to! elicit! antiLapoptotic! activities! in! intestinal! stem! cells! and! progenitors! (Pfister! et! al.! 2015).# On! a! different! note,! it! has! been! shown! that! the! Wnt! pathway! modulates! protein! stoichiometry! of! polysomal! ribosomes! during! mouse! neocortex!development!(Kraushar!et!al.!2015),!which,!in!turns!could!potentially!result!in! significant!modulation!of!the!proteome!(Genuth!and!Barna!2018).!If!it!holds!true!in!the! intestinal! crypt,! such! qualitative! changes! in! translation! may! also! contribute! to! the! different!behaviors!of!intestinal!cells!to!p53!activation.! It!is!unclear!why!intestinal!progenitors!eventually!exit!cell!cycle!in!Apc;NleVilcKO! mice.! Disequilibrium! between! the! antagonistic! actions! of! Wnt! hyperactivation! and! defective!ribosome!biogenesis!may!trigger!progenitor!proliferation!arrest.!The!extended! proliferative! compartment! of! the! Apc! mutant! is! in! many! respects! heterogeneous,! in! particular! regarding! p53! stabilization! (this! study! and! Reed! et! al.! 2008)! and! p21! expression!(Cole!et!al.!2010b),!which!concern!a!small!population!of!cells!located!outside! the! crypt! domain! at! the! leading! edge! of! the! proliferative! compartment.! It! is! therefore! possible! that! while! leaving! the! crypt! domain,! Apc;NleVilcKO! progenitors! experience! a! suprainduction! of! p53! and! p21,! which,! together! with! increased! concentration! of! proL differentiation! cues! such! as! BMPs,! triggers! cell! cycle! exit.! At! the! same! time,! Apc;NleVilcKO! progenitors! located! in! the! crypt! domain! are! able! to! proliferate! despite! defective! ribosome! biogenesis,! leading! to! crypts! cells! with! reduced! numbers! of! ribosomes!as!indicated!by!the!marked!diminution!of!18S!and!28S!mature!rRNA!levels!in! Apc;NleVilcKO! crypts.! Such! diminution! may! also! be! interpreted! as! a! signal! for! proliferation! arrest,! as! suggested! by! the! impaired! proliferation! of! primary! human! cell! lines!with!a!defective!RP/MDM2/p53!ribosome!biogenesis!surveillance!pathway!(Teng! et!al.!2013).! Mirroring! the! attenuation! of! the! Apc# lossLofLfunction! phenotype! by! Nle5 deficiency,! our! work! also! unravels! major! modifications! of! the! Nle# lossLofLfunction! phenotype! by! Apc5deficiency.! Importantly,! our! demonstration! that! ApcLdeficient! stem! cells! and! progenitors! are! resistant! to! Nle# lossLofLfunction! and! defective! ribosome! challenges!the!notion!that!cancer!cells,!and!in!particular!cLMYCLdriven!cancer!cells,!are! more!sensitive!to!ribosome!biogenesis!inhibition!than!normal!cells!(Bywater!et!al.!2012;! Kim! et! al.! 2016;! Peltonen! et! al.! 2014).! Moreover,! enhanced! survival! of! stem! cells! to! ribosome! biogenesis! stress! under! Wnt! hyperactivation! conditions! may! be! a! major! limitation! for! therapeutic! strategies! targeting! ribosome! production,! not! only! for! colorectal!cancers,!but!also!for!other!cancers!associated!with!deregulation!of!the!Wnt/βL catenin! pathway! such! as! cutaneous! melanoma,! breast! carcinoma! or! pancreatic! ductal! were! conducted! at! the! Institut! Pasteur! according! to! the! French! and! European! regulations! on! care! and! protection! of! laboratory! animals! (EC! Directive! 86/609,! French! Law! 2001L486! issued! on! June! 6,! 2001)! and! were! approved! by! the! Institut!Pasteur!ethics!committee!(n°!2016L0106!and!2017L0044).!The!alleles!used!were!as!follows:!Nle flox# (Le!Bouteiller!et!al.!2013),!Nle null#(Cormier!et!al.! 2006),!Apc flox!(Andreu!et!al.!2005),!VillinLCreERT2!(Marjou!et!al.!2004).!All!experimental! animals!were!generated!in!a!mixed!C57BL/6Nx129/Sv!genetic!background.!Mice!at!5!to! 10! weeks! of! age! were! injected! intraperitoneally! with! 56mg/kg! tamoxifen! for! three! consecutive! days.! For! proliferation! assays,! mice! were! injected! with! BrdU! (100! mg/kg)! 2h,!24h!or!48h!before!sacrifice.! ! Tissue,extracts.! For!paraffin!sections,!the!intestinal!tract!was!dissected,!then!flushed!with!iceLcold!PBS!to! remove!any!fecal!content!and!perfused!with!iceLcold!4%!paraformaldehyde!(PFA).!The! small! intestine! was! rolled! up! from! the! proximal! to! the! distal! end! in! concentric! circles,! fixed! in! 4%! PFA! at! 4°C! overnight,! dehydrated,! and! embedded! in! paraffin! wax.! For! RTL qPCR! on! total! epithelium,! 5! cm! of! duodenum! was! harvested! in! 10mL! EDTA! (10mM! in! PBS,!pH=8.0).!After!30!min!incubation!on!ice!and!2x5!min!vortex!at!maximum!speed!at! 4°C,! the! muscle! layer! of! the! intestine! was! manually! removed! and! the! epithelium! was! pelleted!at!300!rcf,!4°C!for!5!min,!then!resuspended!in!1!mL!Trizol!(Invitrogen,!Carlsbad,! CA,! USA).! For! crypts! and! villi! isolation,! 5-10! cm! of! jejunum! were! collected,! opened! longitudinally!and!processed!as!previously!described!(Guo!et!al.!2009).! ! Histology,and,immunostaining.! Histology!and!immunostaining!were!performed!as!described!previously!(Léguillier!et!al.! 2012).!Specific!antibodiy!binding!was!detected!using!biotinylated!secondary!antibodies! and! Streptavidin/HRP! complexes! (Dako,! Glostrup,! Denmark).! For! βLcatenin! immunostaining,!M.O.M.!and!ABC!kits!(Vector)!were!used.!Bright!field!microscopy!was! performed!using!a!Axio!Scan.Z1!equipped!with!a!20x!objective!lens.!The!system!was!set! to!run!in!automated!batch!mode!with!automated!focus!and!tissue!finding.!Primary!and! secondary! antibodies! used! in! this! study! are! listed! in! Supplementary! material! Supplementary!Table!S1.! ! In,situ,hybridization.! For! fluorescent! in! situ! hybridization,! the! hybridization! step! was! performed! as! previously! described.! Conjugated! FISH! probes! were! purchased! from! Eurogentec:! its1L Cy5:!tagacacggaagagccggacgggaaaga;!its2LCy3:!gcgattgatcgtcaaccgacgctc!and!validated!in! a! previous! study! (Le! Bouteiller! et! al.! 2013).! ISH! for! Olfm4! was! carried! out! with! the! RNAscope!2.5!BROWN!kit!(Advanced!Cell!Diagnostics)!according!to!the!manufacturer's! instructions!(Olfm4!probe!reference:!311831).! ! Crypts,culture.! Isolated! crypts! were! cultured! as! previously! described! (Sato! et! al.! 2009).! In! brief,! 400! crypts! were! embedded! in! growth! factor! reduced! matrigel! (Corning! LifeSciences,! Tewksbury,! MA,! USA)! and! plated! in! TPP! 24Lwells! plates! (SigmaLAldrich)! with! culture! medium!(Advanced!DMEM/F12;!Invitrogen)!containing!EGF!(Peprotech,!Rocky!Hill,!NJ,! USA);!RLspondin!1!(R&D!Systems,!Minneapolis,!MN,!USA);!and!Noggin!(Peprotech);!and! supplemented!with!B27!(Invitrogen).!The!medium!was!renewed!every!3L4!days.! ! RT0qPCR.! RNA! extraction! was! performed! according! to! the! TrizolLchloroform! extraction! protocol! provided! by! Invitrogen.! For! epithelium,! crypts! and! villi,! the! chloroform! and! ethanol! steps!were!repeated!twice.!ReverseLtranscription!was!performed!using!the!Superscript! II! kit! (Invitrogen)! according! to! the! manufacturers'! instructions.! RealLtime! PCR! was! carried! on! using! customLdesigned! primers! (Supplementary! Table! S2)! and! LightCycler! 480! SYBR! Green! I! Master! mix! (Roche! Life! Sciences)! on! a! LightCycler! 480! (Roche! Life! Sciences).! Expression! levels! were! normalized! using! TBP! and! Aldolase! as! referenceProteins! were! extracted! in! a! buffer! containing! 10mM! TrisLHCl! pH! 7.5,! 5mM! EDTA,! 150mM!NaCl,!30mM!Sodium!Pyrophosphate,!50mM!Sodium!Fluoride,!10%!Glycerol,!1%! NP40,! supplemented! with! antiproteases! (Roche! Life! Sciences)! and! 2.5U/µL! Benzonase! (SigmaLAldrich).!The!extracts!were!incubated!on!ice!for!30!min,!then!centrifuged!10!min! at! 10000! rcf,! 4°C.! The! supernatant! was! recovered! and! its! protein! content! was! determined!using!a!Bradford!assay.!Proteins!were!denatured!in!Laemmli!buffer!at!95!°C! for! 5! min! before! being! loaded! on! a! 12%! polyacrylamide! gel.! After! migration,! proteins! were! transferred! onto! a! nitrocellulose! membrane! (Biorad,! Hercules,! CA,! USA)! and! incubated! overnight! at! 4°C! with! the! primary! antibodies.! Membranes! were! incubated! with!peroxidaseLlabeled!secondary!antibodies!at!RT!for!80!min!and!rinsed!in!TBSL0.1%! Tween.! Signals! were! visualized! using! ECl! 2! (Pierce! Biotechnology,! Rockford,! IL,! USA)! and! quantified! on! a! Typhoon! Instrument.! Primary! and! secondary! antibodies! used! in! these!experiments!are!listed!in!Supplementary!

  ordered! or! produced! by! the! laboratory! allowed! to! demonstrate! the! nucleolar! localization!of!NLE!(Le!Bouteiller!et!al.!2013),!their!affinity!for!the!antigen!was!very!low,! resulting!in!faint!and!noisy!signals!that!were!poorly!reproducible.!In!addition,!detection! of!the!NLE!protein!with!these!antibodies!requires!complex!fixation!and!permeabilization! protocols!that!heavily!differ!from!tissue!to!tissue,!which!is!a!hindrance!to!get!a!reliable! and! comprehensive! view! of! NLE! localization! in! the! different! organs! of! the! mouse.! We! thus! resolved! on! generating! tagged! Nle# alleles.! Indeed,! fluorescent! tags! such! as! GFP! allow!detecting!proteins!without!resorting!to!immunostaining,!and!antibodies!with!high! affinity! and! specificity! are! available! for! non$fluorescent! tags! such! as! the! HA$tag.! This! approach! was! thus! expected! to! enable! us! to! detect! NLE! more! easily! and! with! higher! reveals! that,! after! the! 40 th ! amino$acid! (ref.! Chaetonium# Thermophium),! insertions! or! deletions! are! very! rare! in! bilateria! and! do

  interfere!with!its!function!either.! ! Comparing!the!staining!obtained!with!an!anti$HA!antibody!to!that!obtained!with! the!most!efficient!anti$NLE!antibody!we!had!in!the!laboratory!(fig.!R11d),!we!found!that,! ! 58! although!both!stainings!colocalized,!the!anti$NLE!antibody!gave!a!fainter!signal!than!the! anti$HA! antibody,! reinforcing! the! idea! that! a! HA$tag$based! strategy! was! a! sound! alternative!to!previously!explored!antibody$based!strategies.!to!use!the!then$new!CRISPR/Cas9!technique!to!generate!this!knock$in! allele.!Taking!advantage!of!the!long$time!expertise!of!the!laboratory!in!manipulating!the! mouse!embryo,!we!performed!a!systematic!study!to!establish!the!parameters!controlling! the! efficacy! of! CRISPR/Cas9$mediated! targeted! knock$in! insertion,! changing! only! one! variable! at! a! time.! Of! note,! mosaicism! was! observed! in! every! condition,! which! makes! conducting! experiments! directly! on! founder! animals! difficult.! We! found! that! knock$in! efficiency! with! a! ssODN! repair! matrix! correlated! with! microinjected! components! concentration,!as!the!proportion!of!knock$in!embryos!was!higher!when!zygotes!where! microinjected!with!higher!Cas9!mRNA!and!sgRNA!concentrations.!We!also!showed!that! knock$in!efficiency!with!a!dsDNA!repair!matrix!could!be!improved!by!increasing!the!size! of!the!regions!of!homology.!Interestingly,!our!data!also!revealed!that,!while!pronuclear! microinjection! improves! knock$in! efficiency! with! a! dsDNA! repair! matrix! compared! to! cytosolic!microinjection,!knock$in!efficiency!with!a!ssODN!did!not!vary!according!to!the! site!of!microinjection.!Comparing!the!efficiency!of!three!sgRNAs!within!the!same!100bp$ long! genomic! region,! we! unexpectedly! found! that! the! profiles! of! indels! generated! by! non$homologous! end! joining! (NHEJ)! were! highly! dependent! on! sgRNA! sequence.! This! result!stresses!the!fact!that!the!mechanisms!of!double!strand!break!repair!in!the!mouse! embryo!are!incompletely!understood.!In!addition,!we!compared!knock$in!efficiency!with! wild$type! Cas9! with! that! of! the! Cas9D10A! nickase! variant,! which! enhances! targeting! specificity!(Ran!et!al.!2013).!We!found!that!Cas9!nickase!was!less!efficient!than!wild$type! Cas9!to!generate!knock$in!alleles!and!caused!a!higher!rate!of!mosaicism,!suggesting!that! wild$type!Cas9!should!be!preferred!over!Cas9!nickase!to!maximize!knock$in!efficiency.! However,! off$target! mutagenesis! was! observed! with! wild$type! Cas9,! and! even! though! the! rate! of! off$target! mutagenesis! depended! on! microinjection! conditions,! the! proportion!of!embryos!harboring!both!an!on$target!knock$in!mutation!and!an!off$target! indel! did! not! vary! according! to! said! conditions.! This! indicates! that! on$target! and! off$ target! mutagenesis! are! not! independent! events,! and! that,! while! less! efficient,! Cas9! nickase!might!be!more!suitable!for!experiments!where!avoiding!off$target!mutations!is

Figure 1 .

 1 Figure 1. CRISPR/Cas9 genome editing strategy and mutation detection at the Nle exon 1 region. (A) Schematic representation of the Nle exon 1 region, sgRNAs sequences and ssODN repair matrix. The coding part of Nle exon 1 is indicated in black. The sgRNA-targeting sequences are underlined, and the protospacer adjacent motif sequences are labelled in red. Cas9 nuclease cuts DNA at position -3 bp from the protospacer adjacent motif. The ssODN repair matrix contains 60 nucleotides of homology flanking both sides of the DSB generated by sgRNA1. (B) Schematic representation of the dsDNA matrices used in this study. (C) Schematic representation of Nle wt , Nle HA and Nle HA-GFP alleles. Positions of the primers and sizes of the PCR fragments are indicated below each allele. (D) Agarose gel electrophoresis analysis of PCR products of one non-injected embryo (Ctrl) and twelve embryos (lanes 1 to12) microinjected into the pronucleus with Cas9 mRNA/sgRNA1/ ssODN (100 ng/µ l/50 ng/µ l/20 ng/µ l) and cultured for 72 hours. The interpretation of the PCR profiles is given below the gel. Embryo n° 12 has no edited allele and was considered wild-type. Some embryos displayed more than 2 alleles and were considered mosaic (n° 2, 3 and 5). Only the KI allele was detected in embryo n° 9 which was considered homozygous for the KI allele. MW: 100 bp molecular weight marker. Embryos with no mutations, indels, KI allele and both KI allele and indels are labelled in gray, blue, red and purple respectively.

Figure 2 .

 2 Figure 2. Comparison of the effect of several parameters on KI efficiency. Each circle represents the proportion of embryos with KI, indels, KI and indels, or wild-type only alleles for a given condition. The overall mutation rate, which corresponds to the proportion of embryos displaying at least one edited allele, is indicated at the center of each disk. Because some embryos contained both KI and indels alleles, the overall mutation rate can be less than the sum of the rates of KI and indels alleles. High concentration ([]) correspond to 100 ng/µ l of Cas9 mRNA and 50 ng/µ l of sgRNA while low [] corresponds to 5 ng/µ l of Cas9 mRNA and 2.5 ng/µ l of sgRNA. ssODN and circular plasmid were injected at 20 and 40 ng/µ l respectively.

Figure 3 .

 3 Figure 3. The profile of indels alleles is determined by the sgRNA. Agarose gel electrophoresis analysis of NleF-NleR PCR products of one non-injected embryo (Ctrl) and twelve embryos (lanes 1 to 12) microinjected into the pronucleus with either Cas9 mRNA/sgRNA1 (A), Cas9 mRNA/sgRNA2 (B), Cas9 mRNA/sgRNA3 (C), or Cas9n mRNA/sgRNA2 and 3 (D). Large deletions (> 100 bp) and insertions (red arrows in B) are frequently observed with Cas9 mRNA/sgRNA2 while small (< 10 bp) deletions and insertions (black arrows in C) are frequently observed with Cas9 mRNA/sgRNA3. Arrowheads point to the wild-type band (180 bp). MW: 100 bp molecular weight marker. Embryos with indels and wild type only alleles are labeled in gray and black respectively.

Figure S2 :Figure S3 :Figure S4 :

 S2S3S4 Figure S2 : Comparison of the effect of Cas9/sgRNA consentration and the site of injection on KI efficiency at the Sox2 locus. A. Schematic representation of the end of Sox2 coding region, sgRNA sequence and ssODN repair matrix. Sox2 TGA stop codon is indicated in bold, the sgRNA-targeting sequence is underlined, and the protospacer adjacent motif sequences is labelled in red. Cas9 nuclease cuts DNA at position -3 bp from the protospacer adjacent motif. The ssODN repair matrix contains 60 nucleotides of homology flanking both sides of the DSB generated by sgRNASox2. B. Schematic representation of Sox2 wt and Sox2 HA alleles. Positions of the primers and sizes of the PCR fragments are indicated below each allele. C. Each circle represents the proportion of embryos with KI, indels, KI and indels, or wild-type only alleles for a given condition. The overall mutation rate, which corresponds to the proportion of embryos displaying at least one edited allele, is indicated at the center of each disk. Because some embryos contained both KI and indels alleles, the overall mutation rate can be less than the sum of the rates of KI and indels alleles. High concentration ([ ]) correspond to 100 ng/μl of Cas9 mRNA and 50 ng/μl of sgRNA while low [ ] corresponds to 5 ng/μl of Cas9 mRNA and 2.5 ng/μl of sgRNA. ssODN were injected at 20 ng/µl.

Figure S5 :

 S5 Figure S5 : Off-target mutations analysis.A. Predicted off-target sites of the sgRNA1 target sequence displaying three mismatches sorted according to their risk score determined at the Zhang portal (http://crispr.mit.edu/). OT1-3 were selected for further study and we verified that no SNPs within OT1-3 sequences were present in (C57BL/6xSJL/J) F1 female and CD1-IGS males. B. Agarose gel electrophoresis analysis of OT3intF-OT3intR PCR products (228bp) of one non-injected embryo (Ctrl) and thirteen embryos (lanes 1 to 13) microinjected into the pronucleus with either low or high Cas9 mRNA/sgRNA1 concentration. Mutant embryos are labelled in red. Black arrowheads point to non-specific bands. Blue arrows point to indels. MW: 100 bp molecular weight marker. C. Sequences of sub-cloned OT3 alleles present in some of the mutant embryos. The off-target sequence is highlighted in gray and its PAM is indicated in bold. Insertions and deletions are labeled in red. A SNP present in genitors is labeled in blue.
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  ! mice! carrying! the! knock$in! Nle# allele! described! in! previous! paragraphs!(fig.!R12a$b)!by!microinjecting!low!concentrations!(as!defined!in!the!article)! of! sgRNA1! and! wild! type! Cas9! mRNA! into! the! pronucleus! of! zygotes! that! were! reimplanted! in! pseudopregnant! mice! at! the! Mouse! Genetics! Engineering! center! of! the! PCR!(fig.!R12c).!The!results!were!similar!to!what!was!observed!in!cultured!embryos!(see! article! fig.! 2).! In! addition,! mosaicism! was! observed! in! most! knock$in! founder! mice,! as! knock$in!allele!transmission!rate!is!significantly!below!50%!in!the!F1!(fig.!R12d)!but!not! in!their!progeny!(not!shown).!Unfortunately,!this!allele!is!non$functional.!Indeed,!it!does! not!rescue!the!null!allele!at!birth!(fig.!R12e)!or!in!E7.5!embryos!(fig.!R12f),!suggesting! that,! despite! its! variability! in! eukaryotes,! the! N$terminal! region! of! the! protein! is! not! permissive!to!tag!insertion.! As!evolutionary!data!suggested!no!other!obvious!site!for!tag!insertion!within!the! protein,!we!decided!to!devise!a!strategy!based!on!structural!analyses.!Indeed,!according! to! the! published! structure! of! Rsa4! (fig.! R10b)! (Bassler! et! al.! 2014),! there! is! a! non$ structured!loop!within!the!5 th !WD40!β$propeller!domain!of!the!protein!that!spawns!out! of!the!pre$ribosome.!We!thus!resolved!on!inserting!a!HA!tag!in!this!region.!To!minimize! potential! interference! of! the! HA! tag! with! the! structure! of! the! rest! of! the! protein,! we! designed! a! more! complex! knock$in! sequence! according! to! the! theoretical! advice! provided! by! Deshmukh! Gopaul! from! the! Design! for! Biology! group! of! the! Pasteur! institute! (fig.! R13a$b).! The! tag! was! indeed! flanked! with! GVG! linkers! to! structurally! uncouple! the! tag! from! the! rest! of! the! protein.! In! addition,! we! took! advantage! of! the! presence!of!a!Proline!residue!within!the!unstructured!loop!to!structurally!isolate!the!tag! further! by! duplicating! the! Proline! and! inserting! the! tag! sequence! between! these! two! residues.!! To! generate! this! allele,! we! designed! three! sgRNA! (fig.! R13c)! and! a! ssODN! reparation!matrix!similar!to!the!one!used!in!the!article.!Out!of!the!three!sgRNA,!only!two! efficiently! generated! double! strand! breaks! in! preliminary! ex#vivo! experiments,! and! we! ! 61! chose!sgRNAb3!for!knock$in!allele!generation.!We!generated!mice!carrying!the!knock$in! Nle#allele! described! in! fig.! R13a$b! by! microinjecting! high! concentrations! defined! in! the! article)! of! sgRNAb3! and! wild! type! Cas9! mRNA! into! the! pronucleus! of! zygotes.! The! newborn!mice!were!then!tested!for!knock$in!and!NHEJ!events!by!PCR!(fig.!R13d).!Knock$ in!allele!generation!was!successful,!and!mosaicism!was!not!detected!in!these!conditions.! This! allele! rescues! the! null! allele! at! birth! (fig.! R13e)! and! homozygous! animals! can! be! generated! with! no! apparent! segregation! distortion! (fig.! R13f)! and! maintained! by!intercrosses.!This!allele!is!thus!functional!and!will!be!referred!to!as!Nle HA .! Overall,!differences!of!functionality!between!the!different!tagged!alleles!we!have! generated!are!puzzling!and!stress!the!fact!that!evolutionary!data!and!molecular!models! are! not! always! predictive! of! the! impact! of! a! targeted! mutation.! One! of! the! key! differences! between! the! two! knock$in! Nle# alleles! we! have! generated! is! that,! for! the! second! allele,! which! eventually! proved! functional,! efforts! were! made! to! structurally! uncouple!the!tag!from!the!rest!of!the!protein.!Considering!that!the!N$terminus!initially! appeared!as!a!better!option!than!the!5 th !WD40!β$propeller!domain,!our!results!suggest! that! structural! isolation! might! be! a! critical! parameter! for! the! preservation! of! protein! function!upon!tag!insertion.!& III<3<b)&Expression&of&the&Nle HA #allele&&We!extracted!proteins!from!different!organs!of!WT!and!Nle HA/+ !mice!and!analyzed! the!extracts!by!immunoblotting!using!a!HA$antibody!(fig.!R14a).!We!also!compared!the! results! with! published! transcriptome! data! for! murine! Nle! (Gene! ID:! 217011)!(The! Mouse!ENCODE!Consortium!et!al.!2014).!Strikingly,!Nle HA #is!detected!in!the!spleen,!the! thymus,!the!bone!marrow!and!the!intestinal!crypts,!but!not!in!the!liver,!the!kidney!and! the!intestinal!villi.!In!addition,!despite!equivalent!amounts!of!proteins!loaded!on!the!gel,! Nle HA# expression! appears! much! lower! in! the! crypts! than! in! the! thymus! or! the! spleen.! Interestingly,!the!RPKM!values!faithfully!mirror!our!immunoblotting!results!but!contrast! with!data!from!other!studies!(Cormier!et!al.!2006),!which!found!low!Nle!expression!in! the!adult!kidney!like!in!our!experiment,!but!high!levels!of!Nle!mRNA!in!the!adult!liver.! Moreover,!the!signal!for!the!crypt!is!similar!-!if!not!slightly!fainter!-!to!that!of!the!bone! marrow.! This! result! contrasts! with! the! previously! described! translational! activity! data! (fig.! R4f),! which! suggested! that! the! amount! of! active! ribosomes! was! much! lower! in! ! 62! haematopoietic! cells! than! in! intestinal! crypt! cells.! these! data! indicate! that! NLE!expression!and!ribosome!activity!are!uncorrelated,!and!thus!suggest!that!ribosome! biogenesis!and!translation!are!uncoupled.! We! attempted! to! immunodetect! the! HA! tag! on! paraffin! sections! of! PFA$fixated! small!intestine.!Though!the!abundant!nucleolar!protein!Nucleophosmin!(NPM)!is!easily! detected! with! classic! protocols! (fig.! R14b),! we! did! not! observe! any! signal! in! the! intestinal!crypts!of!Nle HA/+ #mice.!We!therefore!tested!different!antibody!concentrations,! different! unmasking! conditions! (pH=6.0! vs! pH=9.0! with! or! without! proteinase! K)! and! tried!to!achieve!higher!detection!specificity!and!sensitivity!using!Mouse$On$Mouse!and! ABC!immunodetection!kits!according!to!the!manufacturer's!instructions,!but!the!signal! remained! below! the! detection! threshold! in! every! condition.! This! discrepancy! between! immunoblotting! and! immunohistochemistry! results! may! be! partially! due! to! the! now$ known! fact! that! the! molecular! model! presented! in! fig.! R10c! only! corresponds! to! one! specific!step!in!a!dynamic!process!during!which!the!5 th !WD40!β$propeller!is!periodically! masked! (Barrio$Garcia! et! al.! 2015),! thus! rendering! the! antigen! more! challenging! to! immunodetect!in!its!molecular!environment!within!the!cell!than!in!protein!extracts.!In! addition,! it! has! been! reported! that! immunodetection! of! nucleolar! components! is! very! challenging!(Ogushi! et! al.! 2017),! in! part! because! of! the! tight! compaction! of! this! subnuclear! region.! Indeed,! traditional! unmasking! treatments! are! insufficient! to! immunodetect!GFP$tagged!NPM2!in!the!nucleolus,!despite!it!being!abundantly!present!in! the!nucleolus!as!revealed!by!GFP!fluorescence.!As!intensive!proteinase!K!treatments!are! not! suitable! for! the! immunodetection! of! scarce! proteins! such! as! NLE,! combined! mild! enzymatic! treatments! with! proteinase! K! and! ribonucleases! might! be! required! to! circumvent!these!difficulties.! Through! the! use! of! p53! mutants,! p21! mutants,! and! Nle# conditional! mutants,!we!have!demonstrated!that!ribosome!biogenesis!dysfunction!in!the!intestinal! crypt!leads!to!rapid!p53$mediated!p21$independent!stem!cell!and!progenitor!depletion.! Furthermore,! using! conditional! mutants,! we! have! shown! that,! although! ribosome! biogenesis! dysfunction! attenuates! Wnt$driven! tumor! initiation,! Wnt! hyperactivation! modifies!the!Nle#loss$of$function!phenotype!at!every!level.!Indeed,!Wnt!hyperactivation! in! the! Nle$deficient! epithelium! notably! resulted! in! an! enlargement! of! the! ribosome! biogenesis$defective! compartment,! but! also! in! reduced! stem! cell! and! progenitor! sensitivity! to! the! activation! of! the! p53$dependent! ribosome! biogenesis! surveillance! pathway!through!mechanisms!that!remain!to!be!identified.!Of!the!many!points!raised!by! our!experimental!results!and!discussed!in!the!results!section!or!in!the!articles,!three!may! be!of!particular!significance!to!the!fields!of!intestinal!homeostasis,!tissular!specificities! of!ribosome!biogenesis!and!its!regulation!and!cancer!biology.!First,!the!fact!that!the!Nle# loss$of$function!phenotype!does!not!depend!on!p21!despite!being!notably!mediated!by! p53$dependent! cell! cycle! arrest! and! differentiation! is! puzzling! and! questions! the! function! of! p21! in! the! intestinal! epithelium.! Second,! the! fact! that! Wnt! hyperactivation! modulates! the! cellular! responses! to! p53! stabilization! raises! the! possibility! that! the! double! mutant! phenotype! is! the! consequence! of! reduced! ribosome! content;! thereby! suggesting! that! Wnt! signaling! completely! modifies! ribosome! biogenesis! surveillance.! Finally,! the! puzzling! observation! that! pre$60S! rRNAs! accumulate! in! part! of! the! Apc$ deficient!villus!but!not!in!the!Apc$proficient!villus!upon!Nle#loss$of$function!may!indicate! that! Wnt! signaling! quantitatively! or! qualitatively! regulates! ribosome! biogenesis! independently!of!proliferation!in!the!intestinal!epithelium.! (part! I$1))! show! that! ribosome! biogenesis! dysfunction! leads! to! the! rapid!depletion!of!intestinal!stem!cells!and!progenitors.!We!have!shown!that!this!rapid! effect! was! mediated! by! p53! with! no! contribution! of! ribosome! content! decrease! or! translation! impairment! (part! I$2)).! According! to! our! data,! stem! cell! and! progenitor! depletion! is! due! to! both! apoptosis,! cell! cycle! arrest! and! premature! goblet! cell! differentiation.!While!the!apoptosis!phenotype!hinted!towards!the!involvement!of!pro$ apoptotic!targets!of!p53!such!as!BAX,!the!cell!cycle!arrest!and!differentiation!phenotypes! ! ! hinted! towards! the! involvement! of! cell! cycle! inhibitors! such! as! p21.! However,! the! experiments! conducted! on! p21;Nle# double! mutants! revealed! that,! contrary! to! p53! deficiency,! p21$deficiency! did! not! rescue! the! early! stem! cell! and! progenitor! depletion,! suggesting!that!cell!cycle!arrest!in!Nle$deficient!crypts!is!independent!of!p21!(part!I$3)).! This!raises!the!possibility!that,!despite!being!upregulated!upon!p53!activation,!p21!alone! does! not! induce! cell! cycle! arrest! in! the! intestinal! epithelium.! Consistent! with! this! hypothesis,! studies! on! conditional! Apc#mutants! indicated! that! p21! activation! upon!Apc# loss$of$function! led! to! senescence! in! the! renal! epithelium! but! not! in! the! intestinal! epithelium! (Cole! et! al.! 2010).! Indeed,! in! this! study,! the! authors! showed! that! p21! loss! favors! renal! carcinoma! but! does! not! impact! intestinal! tumor! initiation! or! progression.! Interestingly,!our!RNAseq!data!revealed!that!the!expression!of!other!cell!cycle!inhibitors! such!as!p18,!p27,!p29!or!p57!was!either!unaffected!(p29,!p57)!or!decreased!(p18,!p27)! in!the!Nle#mutant,!p21!thus!displaying!an!atypical!behavior!among!cell!cycle!inhibitors.!It! would!be!informative!to!determine!the!expression!variation!of!these!cell!cycle!inhibitors! in! a! p21;Nle#double! mutant! context.! Regardless,! these! data! suggest! that! p53$mediated! cell!cycle!arrest!in!the!p21$proficient!Nle#mutant!is!not!mediated!by!the!upregulation!of! the!major!cell!cycle!inhibitors,!and!it!will!be!interesting!to!analyze!the!phenotype!of!Nle$ deficient!intestinal!stem!cells!and!progenitors!in!mutant!animals!deficient!for!other!p53! targets!involved!in!cell!cycle!regulation.! ! Intriguingly,!p21!loss$of$function!seemed!to!have!an!impact!on!p53$driven!Muc2# upregulation.!Indeed,!p53$driven!Muc2#overexpression!was!abolished!at!the!mRNA!level! in!the!p21;Nle#double!mutant!epithelium.!However,!an!accumulation!of!goblet!cells!was! observed!in!p21;Nle#double!mutant!crypts!like!in!Nle#simple!mutant!crypts,!suggesting! that,!while!p21!contributes!to!the!p53$driven!premature!differentiation!of!Nle$deficient! progenitors! into! goblet! cells,! p53! can! induce! some! goblet! cell! differentiation! independently! of! p21.! As! p21! has! been! shown! to! act! independently! of! p53! in! certain! cellular!contexts!such!as!in!insulin!secreting!cells!in!culture!(Huo!et!al.!2004),!our!results! therefore! raise! the! possibility! that,! although! p53# loss$of$function! and! p21# loss$of$ function! have! no! obvious! impact! on! goblet! cell! differentiation! individually,! combined! loss$of$function! of! the! two! may! have! a! more! significant! impact! on! progenitor! differentiation.!Previous!works!suggested!that!Muc2#was!a!direct!transcriptional!target! of!p53.!Indeed,!p53!functional!response!elements!have!been!identified!in!the!Muc2#gene!(Stedman! et! al.! 2015).! Moreover,! one! study! concluded! that! Muc2# mRNA! levels! were! ! increased! response! to! p53! than! to! p21! in! colon! cancer! cell! lines!(Ookawa! et! al.! 2002).! In! this! study,! p53! induction! induced! Muc2# overexpression! whereas! p21! did! not,! suggesting! that! Muc2# transcription! rate! in! this! system! is! p53$ dependent! but! p21$independent.! These! data! suggest! that! Muc2# mRNA! level! increase! upon! Nle# loss$of$function! require! p21! through! indirect! cell! cycle! arrest$independent! mechanisms,!which!remain!to!be!deciphered.! !in!the!first!article,!one!of!the!most!interesting!features!of!the!Apc;Nle# double! mutant! crypts! is! that! proliferation! is! maintained! despite! ribosome! biogenesis! defects!and!p53!stabilization!being!observed!in!the!crypt!like!in!the!Nle#simple!mutant.! Actually,!the!only!hallmark!of!the!Nle#loss$of$function!phenotype!that!is!clearly!observed! in!the!Apc;Nle#double!mutant!is!the!decrease!in!Olfm4!mRNA!levels.!This!indicates!that! Apc# loss$of$function! modifies! cellular! responses! to! Nle# loss$of$function$mediated! p53! activation! but! does! not! prevent! the! stabilization! of! the! p53! protein! itself.!This! is! surprising,! as! most! characterized! p53! regulation! mechanisms! involve! its! degradation.! Notably,! while! the! Wnt! pathway! is! known! to! interfere! with! the! p53! pathway! through! GSK3! (see! fig.! I12a)! (Eom! and! Jope! 2009;! Kulikov! et! al.! 2005),! the! regulation! of! p53! activity! by! GSK3! involves! p53! degradation,! suggesting! that! this! is! not! the! mechanism! through! which! Apc# loss$of$function! attenuates! p53! activation! in! the! double! mutant.! Moreover,!our!RNAseq!data!revealed!that!the!transcriptome!of!the!double!mutant!was! essentially! the! sum! of! the! transcriptomes! of! both! simple! mutants,! and! the! rare! non$ additive!effects!generally!did!not!display!a!clear!functional!relevance.!This!result!implies! that!the!apparent!rescue!of!both!mutations!by!each!other!is!not!due!to!signaling!pathway! short$circuiting!but,!rather,!to!opposite!effects!on!cell!physiology!that!compensate!each! other.! This! suggests! that! the! respective! effects! of! both! mutations! on! the! resulting! phenotype!should!be!considered!at!the!level!of!the!gene!rather!than!at!the!level!of!the! pathway,!making!it!difficult!to!determine!the!actual!contribution!of!p53!stabilization!to! the! double! mutant! phenotype.! Indeed,! the! fact! that! p53! does! not! lead! to! stem! cell! and! progenitor! depletion! in! the! Apc$deficient! epithelium! does! not! mean! that! p53! stabilization!does!not!contribute!to!the!restoration!of!cell!cycle!exit!and!differentiation! ! ! in!the!double!mutant.!While!it!was!shown!that!p53$deficiency!does!not!significantly!alter! the!Apc#mutant!phenotype!(Reed!et!al.!2008),!it!is!possible!that!forcing!its!stabilization! by! inhibiting! ribosome! biogenesis! has! a! significant! effect! on! Wnt$driven! tumor! initiation.! In! that! regard,! reproducing! the! experiments! described! in! the! article! on! Apc;Nle;p53#triple!mutant!mice!would!be!informative.!! ! Importantly,! we! have! previously! demonstrated! that! Nle# loss$of$function! in! the! Apc$proficient!epithelium!did!not!impact!ribosome!content!per!cell!or!ribosome!function! at! d2! p.i.! (Stedman! et! al.! 2015),! suggesting! that! ribosome! dysfunction! does! not! contribute! to! stem! cell! and! progenitor! depletion! following! ribosome! biogenesis! inhibition.! By! contrast,! the! double! mutant! crypts! display! a! 50%! decrease! in! 28S! rRNA! levels!compared!to!the!control!and!simple!Apc#mutant,!and!protein!synthesis!in!the!crypt! is! increased! in! the! simple! Apc# mutant! but! restored! to! control! levels! in! the! double! mutant.! It! can! be! proposed! that! rRNA! content! decreases! in! the! double! mutant! due! to! continuing! proliferation! despite! non$functional! ribosome! biogenesis,! whereas! these! cells! cease! to! proliferate! in! the! simple! Nle# mutant.! Decreased! rRNA! levels! apparently! suffice! to! provide! enough! functional! ribosomes! for! control$like! translational! activity,! meaning! that! crypt! cells! such! as! transit$amplifying! progenitors! which! proliferate! contain! at! least! twice! as! many! ribosomal! components! as! required! for! their! normal! protein! synthesis! rate.! It! is! possible! that! translation! in! double! mutant! cells! is! reduced! compared!to!simple!Apc#mutant!cells!because!they!are!less!tumorigenic!and!more!prone! to! cell! cycle! exit! due! to! upstream! mechanisms;! but! it! can! also! be! hypothesized! that! reduced!rRNA!levels,!though!sufficient!for!normal!progenitor!protein!synthesis!rates,!are! insufficient! to! ensure! the! enhanced! ribosome! activity! that! is! required! in! a! cell! that! divides! fast! and! indefinitely! such! as! Apc$deficient! progenitors.! Under! this! hypothesis,! the!reduction!of!the!translational!potential!of!double!mutant!progenitors!may!contribute! to!their!eventual!cell!cycle!exit!and!differentiation.!Our!results!are!actually!reminiscent! of!those!presented!in!the!study!mentioned!in!part!I$3$b)!of!the!introduction!(Teng!et!al.! 2013a),!which!concluded!that!inhibition!of!both!ribosome!biogenesis!and!the!ribosome! biogenesis! surveillance! pathways! results! in! decreased! cell! proliferation! but! not! cell! death!in!primary!human!fibroblasts.!Indeed,!while!Nle#loss$of$function!seems!to!restore! cell!cycle!exit!rather!than!decrease!proliferation!rate,!both!situations!are!similar!in!the! sense! that,! in! both! our! in#vivo#study! and! the! in#vitro#study! by! Teng! et! al.,! cells! are! not! depleted!but,!instead,!behave!as!if!they!adjusted!to!their!reduced!translational!capacity.! ! the! Apc;Nle#double! mutant! phenotype! resembles! that! of! ribosome! biogenesis! surveillance! pathway$deficient! cells! raises! the! possibility! that! Apc# loss$of$ function!abolishes!cell!sensitivity!to!p53!stabilization.!Indeed,!if!the!phenotype!reported! by!Teng!et!al.!is!independent!of!5S!RNP$mediated!surveillance!pathways!activation,!then! our!similar!phenotype!might!also!be!independent!of!these!pathways.!Furthermore,!the! hypothesis!that!Apc#loss$of$function!desensitizes!cells!to!p53!stabilization!is!supported! by!the!aforementioned!fact!that!p53,!despite!being!stabilized!in!some!cells!in!the!simple! Apc#mutant,!does!not!alter!the!Apc#loss$of$function!phenotype!(Reed!et!al.!2008).! ! Hence,! our! results,! seen! in! the! light! of! the! literature! on! ribosome! biogenesis! inhibition! and! ribosome! biogenesis! surveillance! pathways,! raise! an! interesting! hypothesis:! in! addition! to! promoting! proliferation,! it! is! possible! that! Wnt! hyperactivation!induces!a!switch!from!a!vertebrate$type!stoichiometry$based!ribosome! biogenesis! regulation! to! a! yeast$type! ribosome! content$based! ribosome! biogenesis! regulation,! where! ribosome! biogenesis! defects! do! not! induce! cell! cycle! arrest! and! apoptosis! but! rRNA! stock! depletion! is! taken! as! a! cue! for! cell! cycle! exit! and! differentiation.! Supporting! this! hypothesis,! a! study! in! Drosophila! has! concluded! that! rDNA! transcription! directly! influences! the! self$renewal! properties! of!ovarian! germline! stem!cells!(Zhang!et!al.!2014),!as!stem!cells!display!higher!levels!of!rRNA!transcription! compared! to! their! immediate! progeny,! and! increasing! Pol! I! transcription! delays! their!status!of!ribosome!biogenesis!in!the!intestinal!epithelium!is!not!fully! established,!previous!studies!in!the!laboratory!indicated!that!precursors!of!the!small!and! large! subunits! were! present! at! higher! levels! in! the! crypt! and! in! the! lower! part! of! the! villus! (fig.! R3b)! (Stedman! et! al.! 2015),! suggesting! that! these! cells! actively! synthetize! ribosomes.! Contrasting! with! this! notion,! Nle# loss$of$function! in! the! Apc$proficient! epithelium!only!induces!pre$60S!accumulation!in!the!crypt,!and!not!in!the!lower!part!of! the!villus.!This!suggests!either!that!the!villus!does!not!synthetize!ribosomes!but!retain! residual! immature! rRNA,! that! the! ribosome! biogenesis! rate! in! the! villus! is! too! low! for! pre$60S! accumulation! to! be! observed! as! rapidly! as! in! the! crypt,! or! that! ribosome! ! ! biogenesis!in!the!villus!is!NLE$independent.!Considering!that!ribosomes!have!a!half!life! of! 5$10! days! on! average! in! rodents! and! considering! that! the! cells! of! the! villus! are! replaced! every! 4$5! days! in! mammals,! it! is! possible! that! only! the! stem! cells! and! progenitors! synthetize! new! ribosomes,! thus! explaining! the! Nle# loss$of$function! phenotype.! ! However,! in! the! double! mutant,! pre$60S! accumulation! and! subsequent! p53! stabilization! following! Nle#loss$of$function! are! observed! in! the! lower! part! of! the! villus.! Strikingly,! the! cells! of! the! villus! that! display! these! ribosome! biogenesis! defects! appear! differentiated! from! a! morphological! standpoint.! This! suggests! that! Wnt! pathway! hyperactivation!extends!the!crypt$like!requirement!for!Nle$driven!ribosome!biogenesis! to!the!villus,!independently!of!proliferation.!Indeed,!while!it!could!be!hypothesized!that! the!p53$positive!cells!of!the!villus!are!former!Nle$deficient!crypt!cells!that!persisted!until! late!time!points,!p53$dependent!stem!cell!and!progenitor!depletion!is!mainly!observed! from!d2!p.i.!onwards!in!the!simple!Nle!mutant!(Stedman!et!al.!2015).!This!suggests!that! discrepancies! between! simple! Nle#mutant! and! double! mutant! villi! at! day! 2! p.i.! are! not! caused!by!differences!in!progenitor!survival!at!earlier!time!points,!and!that!the!observed! stabilization!of!p53!in!the!double!mutant!villus!is!thus!a!more!direct!consequence!of!Wnt! hyperactivation.! The! double! mutant! phenotype! hence! raises! the! interesting! possibility! that! the! Wnt! pathway! exerts! a! qualitative! or! quantitative! control! over! ribosome! biogenesis!upstream!of!its!proliferation$promoting!effects.!In!relation!to!the!hypotheses! proposed!above!to!explain!the!presence!of!pre$40S!and!pre$60S!in!the!lower!part!of!the! control! villus! and! the! phenotype! of! the! simple! Nle# mutant,! several! hypotheses! can! be! proposed! to! explain! the! expansion! of! pre$60S! accumulation! in! the! Apc;Nle# double! mutant.! On! one! hand,! if! the! normal! villus! does! not! synthetize! ribosomes,! our! results! suggest! that! Wnt! hyperactivation! induces! de# novo! ribosome! biogenesis! in! a! subset! of! villus! cells! without! inducing! proliferation,! potentially! via! the! upregulation! of! the! ribosome!biogenesis!factors!that!have!been!described!to!be!positively!regulated!by!Wnt! signaling!(see!introduction,!part!III$2$b)).!Similarly,!under!the!"low!ribosome!biogenesis! rate"! hypothesis,! it! can! be! proposed! that! pre$60S! particles! accumulate! faster! in! the! double!mutant!villus!because!ribosome!biogenesis!is!enhanced.!On!the!other!hand,!if!the! presence! of! precursor! rRNAs! in! the! control! villus! witness! bona# fide! NLE$independent! ribosome!biogenesis,!our!data!suggest!that!Wnt!hyperactivation!induces!a!switch!from! NLE$independent! to! NLE$dependent! ribosome! biogenesis.! This! second! hypothesis! is! ! the! (developed! in! parts! I$2$b)! and! III$2$b)! of! the! introduction)! that!the!Wnt!pathway!modulates!ribosome!composition!during!development!(Kraushar! et! al.! 2015),! and! thus! exerts! some! qualitative! control! over! ribosome! biogenesis.! Alternatively,! it! can! be! proposed! that,! despite! 60S! subunit! production! being! efficiently! assured!in!the!control!villus!by!NLE$independent!ribosome!biogenesis!pathways,!Wnt$ driven!stimulation!of!ribosome!biogenesis!in!the!villus!results!in!a!situation!where!NLE! is! limiting! because! NLE$independent! ribosome! biogenesis! pathways! cannot! keep! up! with!higher!rRNA!synthesis!rates.!In!any!case,!the!fact!that!only!a!subset!of!the!villus!is! impacted! is! puzzling,! as! Apc#and! Nle#are! deleted! in! the! whole! epithelium.! Of! note,! our! experiments!revealed!that!the!proliferative!compartment!was!not!homogeneous!in!the! simple! Apc# mutant! (notably! regarding! proliferative! cell! distribution,! Olfm4! expression! and! p53! stabilization),! indicating! that,! although! Apc#is! similarly! deleted! everywhere! in! the!epithelium,!the!impact!of!its!loss$of$function!is!dependent!on!cell!position!within!the! crypt$villus! axis,! potentially! explaining! the! heterogeneous! phenotype! of! the! double! mutant!villus.! ! Regardless! of! the! hypothesis,! our! results! suggest! that! Wnt! signaling! regulates! ribosome! biogenesis! in! pathological! conditions.! This! raises! the! possibility! that! it! regulates! ribosome! biogenesis! at! homeostasis! as! well,! and! that! the! short$range! Wnt! protein!gradient!in!the!crypt!contributes!to!the!restriction!of!(NLE$dependent)!ribosome! biogenesis! to! the! crypt,! in! accordance! with! but! potentially! independently! of! proliferation,!cell!cycle!exit!and!differentiation.! be! more! ancient! than! cellular! life! itself.! As! their! structure! is! remarkably! conserved! throughout! the! tree! of! life,! it! has! long! been! assumed! that! their! function,!as!well!as!that!of!their!biogenesis,!had!remained!as!basic!and!as!unvarying!as!it! probably!was!in!the!prebiotic!world!of!self$replicating!molecules.!This!work!reinforces! the!more!recent!notion!that,!in!the!mouse,!ribosomes!and!their!biogenesis!contribute!to! very!precise!and!sophisticated!biological!processes.!Importantly,!our!studies!reveal!that! the! consequences! of! ribosome! biogenesis! defects! vary! dramatically! according! to! cell! signaling.! Our! data! also! show! that,! conversely,! ribosome! biogenesis! alterations! can! completely! modify! the! way! cells! react! to! the! activation! of! signaling! pathways,! both! quantitatively! and! qualitatively,! without! necessarily! leading! to! the! stereotypical! cell! cycle! arrest! and! apoptosis! response! to! ribosome! biogenesis! surveillance! pathways! activation!that!is!commonly!described!in!cell!culture!systems.!While!our!results!indicate! that!targeting!the!translational!apparatus!may!not!be!a!sound!therapeutic!strategy!in!the! case! of! Wnt$driven! cancer,! they! nonetheless! confirm! that! ribosomes! are! an! essential! component! of! tumorigenesis.! A! deeper! understanding! of! the! cellular! or! tissular! specificities! of! ribosomes,! their! biogenesis! and! its! regulation! should! thus! be! an! unavoidable! prerequisite! for! further! exploration! of! the! therapeutic! potential! of! ribosome!biogenesis!modulations.& & Ri b o s o m e bi o g e n e si s d y sf u n cti o n l e a d s t o p 5 3m e di at e d a p o pt o si s a n d g o bl et c ell diff er e nti ati o n of m o u s e i nt e sti n al st e m/ pr o g e nit or c ell s A St e d m a n 1, 2 , S B e c k-C or mi er 1, 2, 7 , M L e B o ut eill er 1, 2, 8 , A R a v e u x 1, 2 , S Va n d or m a el-P o ur ni n 1, 2 , S C o q u er a n 1, 2 , V L ej o ur 3, 4, 5 , L J ar z e b o w s ki 1, 2 , F T ol e d o 3, 4, 5 , S R o bi n e 6 a n d M C o h e n-Ta n n o u dji* , 1, 2 Ri b o s o m e bi o g e n e si s i s a n e s s e nti al c ell ul ar pr o c e s s. It s i m p air m e nt i s a s s o ci at e d wit h d e v el o p m e nt al d ef e ct s a n d i n cr e a s e d ri s k of c a n c er. T h e i n vi v o c ell ul ar r e s p o n s e s t o d ef e cti v e ri b o s o m e bi o g e n e si s a n d t h e u n d erl yi n g m ol e c ul ar m e c h a ni s m s ar e still i n c o m pl et el y u n d er st o o d. I n p arti c ul ar, t h e c o n s e q u e n c e s of i m p air e d ri b o s o m e bi o g e n e si s wit hi n t h e i nt e sti n al e pit h eli u m i n m a m m al s h a v e n ot b e e n i n v e sti g at e d s o f ar. H er e w e a d o pt e d a g e n eti c a p pr o a c h t o i n v e sti g at e t h e r ol e of N ot c hl e s s ( N L E), a n e s s e nti al a ct or of ri b o s o m e bi o g e n e si s, i n t h e a d ult m o u s e i nt e sti n al li n e a g e. Nl e d efi ci e n c y l e d t o d ef e ct s i n t h e s y nt h e si s of l ar g e ri b o s o m al s u b u nit i n cr y pt s c ell s a n d r e s ult e d i n t h e r a pi d eli mi n ati o n of i nt e sti n al st e m c ell s a n d pr o g e nit or s t hr o u g h di sti n ct t y p e s of c ell ul ar r e s p o n s e s, i n cl u di n g a p o pt o si s, c ell c y cl e arr e st a n d bi a s e d diff er e nti ati o n t o w ar d t h e g o bl et c ell li n e a g e. Si mil ar o b s er v ati o n s w er e m a d e u si n g t h e r R N A tr a n s cri pti o n i n hi bit or C X-5 4 6 1 o n i nt e sti n al or g a n oi d s c ult ur e. I m p ort a ntl y, w e f o u n d t h at p 5 3 a cti v ati o n w a s r e s p o n si bl e f or m o st of t h e c ell ul ar r e s p o n s e s o b s er v e d, i n cl u di n g diff er e nti ati o n t o w ar d t h e g o bl et c ell li n e a g e. M or e o v er, w e i d e ntif y t h e g o bl et c ell-s p e cifi c m ar k er M u c 2 a s a dir e ct tr a n s cri pti o n al t ar g et of p 5 3. Nl e -d efi ci e nt I S C s a n d pr o g e nit or s di s a p p e ar a n c e p er si st e d i n t h e a b s e n c e of p 5 3, u n d erl yi n g t h e e xi st e n c e of p 5 3-i n d e p e n d e nt c ell ul ar r e s p o n s e s f oll o wi n g d ef e cti v e ri b o s o m e bi o g e n e si s. O ur d at a i n di c at e t h at N L E i s a cr u ci al f a ct or f or i nt e sti n al h o m e o st a si s a n d pr o vi d e n e w i n si g ht s i nt o h o w p ert ur b ati o n s of ri b o s o m e bi o g e n e si s i m p a ct o n c ell f at e d e ci si o n s wit hi n t h e i nt e sti n al e pit h eli u m. C ell D e at h a n d Diff er e nti ati o n a d v a n c e o nli n e p u bli c ati o n, 1 str u cti o n of ri b o s o m e s i n e u k ar y ot e s i s a hi g hl y c o m pl e x pr o c e s s. U p o n tr a n s cri pti o n i n t h e n u cl e ol u s, t h e pr e-r R N A u n d er g o e s a s eri e s of cl e a v a g e s a n d m o difi c ati o n s w hil e b ei n g a s s e m bl e di nt o ri b o s o m al pr e p arti cl e s u p o n hi er ar c hi c al a d diti o n of ri b o s o m al pr ot ei n s. 1 I n y e a st, ≈ 2 0 0 a s s e m bl y f a ct or s a n d s e v er al s m all n u cl e ol ar R N A s h a v e b e e n s h o w n t o p arti ci p at e t o t h e s e pr o c e s s e s. I n hi g h er e u k ar y ot e s, t h o u g h t h e c or e c o m p o n e nt s h a v e b e e n c o n s er v e d, diff er e n c e s w er e r e p ort e d 2 -5 s u g g e sti n g t h at ri b o s o m e bi o g e n e si s h a s b e c o m e m or e c o m pl e x wit h e v ol uti o n. A s p e cifi c p at h w a y d e di c at e d t o t h e s ur v eill a n c e of ri b o s o m e bi o g e n e si s w a s i d e ntifi e d ori gi n all y i n m a m m ali a n c ell s. I n hi biti o n of R N A p ol y m er a s e I a cti vit y, or d efi ci e n ci e s i n f a ct or s r e q uir e d i n ri b o s o m e bi o g e n e si s, w a s s h o w n t o tri g g er t h e bi n di n g of a 5 S r R N A/ R P L 1 1/ R P L 5 i n hi bit or y c o m pl e x t o t h e M D M 2 u bi q uiti n li g a s e, t h er e b y pr e v e nti n g M D M 2m e di at e d p 5 3 d e gr a d ati o n. 6 -8 I n h u m a n, p at h ol o gi e s c a u s e d b y ri b o s o m e bi o g e n e si s d y sf u n cti o n ar e c all e d ri b o s o m o p at hi e s a n d r e pr e s e nt a s et of cli ni c all y di sti n ct di s e a s e s pr e s e nti n g wit h ti s s u e-s p e cifi c d e v el o p m e nt al d ef e ct s a n d i n cr e a s e d ri s k of c a n c er. 9, 1 0 St u di e s o n c ell ul ar a n d a ni m al m o d el s s u g g e st t h at u n s c h e d ul e d u pr e g ul ati o n of p 5 3 m a y a c c o u nt f or m a n y cli ni c al s y m pt o m s a s s o ci at e d wit h ri b o s o m o p at hi e s. 1 1 -1 6 T h er e ar e n o w e vi d e n c e s t h at ri b os o m e bi o g e n e si s d y sf u n cti o n al s o tri g g er s p 5 3-i n d e p e n d e nt m e c h a ni s m s. 1 7 -1 9 B e c a u s e b o n e m arr o w d ef e ct s i s a fr e q u e nt cli ni c al m a nif e st ati o n of ri b o s o m o p at hi e s, m o st st u di e s f o c u s e d o n t h e h e m at o p oi eti c ti s s u e a n d l e s s i s k n o w n a b o ut t h e i m p a ct of ri b o s o m e bi o g e n e si s d y sf u n cti o n i n ot h er or g a n s. N ot c hl e s s ( Nl e) e n c o d e s a W D 4 0 r e p e at s-c o nt ai ni n g pr ot ei n hi g hl y c o n s er v e d i n e u k ar y ot e s. It s ort h ol o g i n y e a st, R s a 4 , w a s s h o w n t o b e e s s e nti al f or t h e l at e st e p of m at ur ati o n a n d s u b s e q u e nt e x p ort of t h e 6 0 S p arti cl e. 2 0 -2 2 W e r e c e ntl y s h o w e d t h at Nl e r ol e i n t h e m at ur ati o n of t h e l ar g e ri b o s o m al s u b u nit i s c o n s er v e d i n m o u s e a n d t h at Nl e i s r e q uir e d f or t h e m ai nt e n a n c e of h e m at o p oi eti c st e m c ell s. 2 3 D uri n g t h e c o ur s e of t hi s st u d y, w e n oti c e d t h at t h e g ut w a s al s o s e n siti v e t o Nl e 1 M o u s e F u n cti o n al G e n eti c s, D e p art m e nt of D ev el o p m e nt al & St e m C ell Bi ol o g y, I n stit ut P a st e ur, 2 5 r u e d u d o ct e ur R o u x, P ari s, Fr a n c e; 2 C N R S U R A 2 5 7 8, P ari s, Fr a n c e; 3 G e n eti c s of Tu m or S u p pr e s si o n, E q ui p e L a b elli s é e Li g u e N ati o n al e C o ntr el e C a n c er, I n stit ut C uri e, C e ntr e d e r e c h er c h e, P ari s, Fr a n c e; 4 U P M C U ni v er sit y P ari s 0 6, P ari s, Fr a n c e; 5 C N R S U M R 3 2 4 4, P ari s, Fr a n c e a n d 6 U nit é Mi xt e d e R e c h er c h e 1 4 4, C e ntr e N ati o n al d e l a R e c h er c h e S ci e ntifi q u e, I n stit ut C uri e, P ari s, Fr a n c e * C orr e s p o n di n g a ut h or: M C o h e n-Ta n n o u dji, M o u s e F u n cti o n al G e n eti c s, D e p art m e nt of D ev el o p m e nt al & St e m C ell Bi ol o g y, I n stit ut P a st e ur, 2 5 r u e d u d o ct e ur R o u xE-m ail: m-c o h e n @ p a st e ur.fr 7 C urr e nt a d dr e s s: I n stit ut N ati o n al d e l a S a nt e et d e l a r e c h er c h e M e di c al e, U 7 9 1, LI O A D, S T E P gr o u p 'S k el et al Ti s s u e E n gi n e eri n g a n d P hy si o p at h ol o g y ', U ni v er sit é d e N a nt e s, U F R O d o nt ol o gi e, F-4 4 0 4 2 N a nt e s, Fr a n c e. 8 C urr e nt a d dr e s s: Bi ot e c h R e s e ar c h a n d I n n o v ati o n C e nt er, U ni v er sit y of C o p e n h a g e n, D K-2 2 0 0 C o p e n h a g e n N, D e n m ar k. R e c ei v e d 2 8. 8. 1 4; r evi s e d 3 1. 3. 1 5; a c c e pt e d 1 3. 4. 1 5; E dit e d b y M Or e n A b br e vi ati o n s: Br d U, Br o m o-d e ox y uri di n e; C B C, cr y pt b a s e c ol u m n ar; c K O, c o n diti o n n al K n o ck-o ut; G F P, gr e e n fl u or e s c e nt pr ot ei n; I R E S, i nt er n al ri b o s o m e e ntr y sit e; It s, i nt er n al s p a c er; Nl e, N ot c hl e s s; P B S, p h o s p h at e-b uff er e d s ali n e; P C R, p ol y m er a s e c h ai n r e a cti o n; q P C R, q u a ntit ati v e p ol y m er a s e c h ai n r e a cti o n; P F A, p ar af or m al d e hy d e; S C, st e m c ell; I S C, i nt e sti n al st e m c ell; T A, tr a n sit-a m plif yi n g; R E, r e s p o n s e el e m e nt C ell D e at h a n d Diff e r e nti ati o n ( 2 0 1 5), 1 -1 2 & 2 0 1 5 M a c mill a n P u bli s h er s Li mit e d All ri g ht s r e s er v e d 1 3 5 0-9 0 4 7 / 1 5 w w w. n at ur e. c o m / c d d d el eti o n. H er e w e p erf or m e d t h e c o n diti o n al i n a cti v ati o n of Nl e i n t h e i nt e sti n al e pit h eli u m a n d s h o w e d t h at Nl e -d e p e n d e nt l ar g e ri b o s o m al s u b u nit bi o g e n e si s i s r e q uir e d f or t h e m ai nt e n a n c e of i nt e sti n al st e m c ell s (I S C s) a n d pr o g e nit or s. C o m bi ni n g i n vi v o a n al y s e s wit h i nt e sti n al or g a n oi d s c ult ur e, w e d e m o n str at e t h at d ef e cti v e ri b o s o m e bi o g e n e si s l e a d s t o p 5 3-m e di at e d r e m o v al of i nt e sti n al S C s a n d pr o g e nit or s t hr o u g h s e v er al m e c h a ni s m s i n cl u di n g bi a s e d diff er e nti ati o n t o w ar d t h e g o bl et c ell li n e a g e. Fi n all y, w e s h o w t h at p 5 3i n d e p e n d e nt r e s p o n s e s ar e al s o at pl a y i n Nl e m ut a nt cr y pt c ell s. R e s ult s Nl e i s r e q uir e d i n i nt e sti n al cr y pt s. W e pr e vi o u sl y s h o w e d t h at Nl e i s wi d el y e x pr e s s e d i n t h e m o u s e. 2 4 T o e x a mi n e m or e pr e ci s el y it s p att er n of e x pr e s si o n i n t h e a d ult s m all i nt e sti n e, w e p erf or m e d R T-q P C R a n d w e st er n bl ot a n al y s e s o n cr y pt s a n d villi fr a cti o n s. W e f o u n d t h at b ot h Nl e m R N A a n d pr ot ei n w er e e nri c h e d i n cr y pt s c o m p ar e d wit h villi ( Fi g ur e s 1 a a n d b). T o s p e cifi c all y d el et e Nl e i n t h e i nt e sti n al e pit h eli u m, w e u s e d t h e Villi n-Cr e E R T 2 tr a n s g e ni c li n e. C o ntr ol ( Villi n-Cr e E R T 2 t g/ 0 ; Nl e fl o x/+ ) a n d Nl e Vil c K O (Villi n-Cr e E R T 2 t g/ 0 ; Nl e fl o x/ n ull ) litt er m at e s w er e s u bj e ct e d t o d ail y i ntr a p erit o n e al t a m o xif e n i nj e cti o n a n d a n al y z e d at v ari o u s ti m e p oi nt s p o st l a st t a m o xif e n i nj e cti o n ( p.i.) ( Fi g ur e 1 c). T o m o nit or t h e c o n v er si o n of t h e Nl e fl o x all el e i nt o t h e Nl e d el all el e, w e p erf or m e d g e n o mi c P C R t ar g eti n g b ot h all el e s. W e f o u n d t h at Cr e-m e di at e d r e c o m bi n ati o n of t h e Nl e fl o x all el e w a s effi ci e nt i n cr y pt s a n d villi fr o m b ot h C o ntr ol a n d Nl e Vil c K O mi c e ( Fi g ur e 1 d). Effi ci e n c y of d el eti o n w a s c o nfir m e d b y t h e m ar k e d d e cr e a s e of N L E pr ot ei n l e v el s i n Nl e Vil c K O cr y pt s a n d villi ( Fi g ur e 1 b). A s m all pr o p orti o n of n o nr e c o m bi n e d c ell s p er si st e d i n t h e e pit h eli u m at t h e e n d of t h e t a m o xif e n r e gi m e n a s i n di c at e d b y t h e pr e s e n c e of a f ai nt Nl e fl o x si g n al i n C o ntr ol a n d Nl e Vil c K O s a m pl e s at d a y 1 p.i. ( Fi g ur e 1 d). C o ntr ar y t o C o ntr ol s t h at s h o w e d li mit e d l e v el of n o nr e c o m bi n e d all el e u p t o 6 0 d a y s p.i. ( Fi g ur e 1 d), t h e Nl e fl o x a n d Nl e d el all el e s w er e d et e ct e d at e q ui v al e nt l e v el i n Nl e Vil c K O i nt e sti n e at d a y 4 p.i. a n d t h e Nl e d el all el e w a s n o l o n g er d et e ct a bl e at d a y 6 0 p.i. ( Fi g ur e 1 d). T hi s i n di c at e s t h at Nl e -d efi ci e nt i nt e sti n al e pit h eli u m w a s r a pi dl y a n d e ntir el y r e pl a c e d b y Nl e -pr ofi ci e nt c ell s d eri v e d fr o m I S C s t h at h a v e e s c a p e d d el eti o n. H e m at o x yli n -e o si n st ai ni n g r e v e al e d t h at cr y pt s, b ut n ot villi, w er e cl e arl y aff e ct e d f oll o wi n g Nl e d el eti o n. At d a y 1 p.i., a p o pt oti c b o di e s w er e pr e s e nt a n d m a n y cr y pt s e x hi bit e d a pr o gr e s si v e d e g e n er ati o n p h e n ot y p e i n t h e f oll o wi n g d a y s ( Fi g ur e 1 e, arr o w h e a d s a n d arr o w s). At d a y 4 p.i., i nt e sti n al r e g e n er ati o n w a s r e a dil y vi si bl e, wit h t h e pr e s e n c e of a b n or m all y bi g, h y p er pl a sti c cr y pt s ( Fi g ur e 1 e, br a c k et). C o n si st e nt wit h t h e r e a p p e ar a n c e of Nl e -pr ofi ci e nt e pit h eli u m, n or m al hi st ol o g y w a s o b s er v e d o n s e cti o n s of Nl e Vil c K o i nt e sti n e s at l at er ti m e p oi nt s. C oll e cti v el y, t h e s e d at a s h o w Fi g ur e 1 Nl e i s r e q uir e d i n i nt e sti n al cr y pt s. (a ) R T-q P C R a n al y si s of Nl e m R N A l ev el s i n cr y pt s a n d villi. ( b ) W e st er n bl ot f or N L E a n d α -A cti n o n cr y pt s or villi e nri c h e d extr a ct sfr o m C o ntr ol a n d Nl e Vil c K Oi nt e sti n e. All extr a ct s w er e r u n o nt h e s a m e g el. ( c ) S c h e m e oft a m oxif e ni nj e cti o n a n d a n al y si s. (d ) D et e cti o n oft h e n o nr e c o m bi n e d (fl ox) a n d t h e r e c o m bi n e d ( d el) Nl e all el e s b y P C R p erf or m e d o n cr y pt s ( c) or villi ( v) e nri c h e d D N A extr a ct s fr o m C o ntr ol a n d Nl e Vil c K O s m alli nt e sti n e. T w o b a n d s of si mil ar i nt e n sit y ar e a m plifi e d fr o m Nl e fl ox/ d el D N A ( T). T h e wil d-t y p e Nl e all el ei s n ot a m plifi e di n t hi s r e a cti o n. ( e ) H e m at ox yli n-e o si n st ai ni n g of s e cti o n s fr o m C o ntr ol a n d Nl e Vil c K O s m alli nt e sti n e. T h e s e c o n d li n e s h o w s m a g nifi e d vi e w s of fr a m e d r e gi o n s. Bl a ck arr o w h e a d s p oi nt t o a p o pt oti c b o di e s. Bl a ck br a ck et i n di c at e s a hy p er pl a si c cr y pt. Bl a ck arr o w s h o w s a d yi n g cr y pt. S c al e b ar, 5 0 μ m t h at Nl e f u n cti o n i s r e q uir e d f or t h e m ai nt e n a n c e of I S C s a n d cr y pt h o m e o st a si s. Nl e d el eti o n i m p air s s ur vi v al a n d pr olif er ati o n of i nt e sti n al S C a n d pr o g e nit or s. W e o b s er v e d a si g nifi c a nt i n cr e a s e i n C a s p a s e 3-d e p e n d e nt a p o pt o si s i n Nl e Vil c K O cr y pt s at d a y 2 p.i. ( Fi g ur e s 2 a a n d b). N oti c e a bl y, a p o pt o si s s e e m e d t o o c c ur pr ef er e nti all y at t h e cr y pt b a s e w h er e st e m c ell s a n d pr o g e nit or s r e si d e ( Fi g ur e 2 a, d at a n ot s h o w n). I n cr e a s e d a p o pt o si s w a s a c c o m p a ni e d b y a d e cr e a s e i n t h e pr olif er ati o n of i nt e sti n al pr o g e nit or s at d a y 2 p.i., t h o u g h s o m e cr y pt s, pr o b a bl y c o nt ai ni n g r e c o m bi n ati o n e s c a p er c ell s, r et ai n e d a n or m al pr olif er ati o n pr ofil e ( Fi g ur e 2 a, arr o w, Fi g ur e 2 c). T o i n v e sti g at e t h e e arl y r e s p o n s e of I S C s t o Nl e i n a cti v ati o n, w e fir st e x a mi n e d t h e e x pr e s si o n l e v el s of I S C s m ar k er s b y R T-q P C R. At d a y 1 p.i., t h e m ol e c ul ar si g n at ur e of I S C s w a s p arti all y d er e g ul at e d si n c e B mi 1 e x pr e s si o n w a s i n cr e a s e d, a n d Olf m 4 e x pr e s si o n w a s d e cr e a s e d w hil e L gr 5 a n d T ert e x pr e s si o n w a s u n aff e ct e d. O n e d a y l at er, Olf m 4 d o w nr e g ul ati o n p er si st e d a n d B mi 1 e x pr e s si o n r et ur n e d t o l e v el s si mil ar t o C o ntr ol mi c e ( Fi g ur e 2 d). S u c h u n c o u pli n g b et w e e n L gr 5 a n d Olf m 4 e x pr e s si o n w a s p u z zli n g a s Olf m 4 w a s d e s cri b e d a s a r o b u st m ar k er of L gr 5 -p o siti v e I S C s. 2 5 T o cl arif y t hi s p oi nt, w e fir st l o o k e d at Olf m 4 e x pr e s si o n b y i n sit u h y bri di z ati o n. M o st cr y pt b a s e s w er e d e v oi d of Olf m 4 e x pr e s si o n, a n d c o n si st e d of p a c k e d l y s o z y m e-p o siti v e p a n et h c ell s ( Fi g ur e 2 e) s u g g e sti n g t h at cr y pt b a s e c ol u m n ar ( C B C) st e m c ell s w er e n o l o n g er pr e s e nt at t h e cr y pt b a s e s i n Nl e Vil c K O mi c e. I ntr o gr e s si o n of t h e L gr 5 G F P-I R E S-Cr e E R T 2 all el e i nt o C o ntr ol a n d Nl e Vil c K O mi c e c o nfir m e d t h e a b s e n c e of G F P-p o siti v e C B C c ell s i nt er mi n gl e d wit h p a n et h c ell s at t h e b a s e of Nl e m ut a nt cr y pt s ( S u p pl e m e nt ar y Fi g ur e S 1 A, w hit e br a c k et). I n m ut a nt cr y pt s, str o n g G F P e x pr e s si o n w a s o b s er v e d i n Olf m 4-n e g ati v e c ell s l o c at e d a b o v e p a n et h c ell s a n d at p o siti o n s n or m all y o c c u pi e d b y pr o g e nit or s s u g g e sti n g Fi g ur e 2 Nl e d el eti o ni s d etri m e nt al f or I S C s a n d pr o g e nit or s. ( a ) Cl e a v e d-C a s p as e 3 a n d Br d Ui m m u n o st ai ni n g ofi nt e sti n al s e cti o n s fr o m C o ntr ol a n d Nl e Vil c K Oi nt e sti n e at d ay 2 p.i. R ar e cr y pt s wit h n or m al pr olif er ati o n pr ofil e ( arr o w) w er e o b s er v e d. S c al e b ar s, 5 0 μ m. ( b ) Hi st o gr a m s h o wi n g t h e m e a n n u m b er (± S. E. M.) of C a s p a s e 3-p o siti v e c ell s p er 2 5 cr y pt si n C o ntr ol a n d Nl e Vil c K O s m alli nt e sti n e. T w e nt y fi v e tr a v er s e cr y pt s w er e s c or e d p er m o u s e, n = 3 f or e a c h g e n ot y p e. * P o 0. 0 5, M a n n -W hit n ey Wil c ox o n t e st. ( c ) B ox a n d w hi s k er s pl ot s h o wi n g t h e n u m b er of Br d U-p o siti v e c ell s p er cr y pt i n C o ntr ol a n d m ut a nt Nl e Vil c K O mi c e. T w e nt y fi v e tr a v er s e cr y pt s w er e s c or e d p er m o u s e, n = 3 f or e a c h g e n ot y p e. *** P o 0. 0 0 1 t-t e st. (d ) R T-q P C R p erf or m e d o n m R N A fr o m C o ntr ol a n d Nl e Vil c K O i nt e sti n al extr a ct s. Gr a p h s r e pr e s e nt t h e m e a n f ol d c h a n g e s ± S. E. M. f or tr a n s cri pt s e nri c h e d i n I S C s. n ≥ 5 f or e a c h g e n ot y p e. * P o 0. 0 5 M a n n -W hit n ey Wil c ox o n t e st. ( e ) I n sit u hy bri di z ati o n f or Olf m 4 m R N A ( bl u e st ai ni n g) c o m bi n e d wit h l y s o z y m e i m m u n o st ai ni n g ( br o w n st ai ni n g) o n i nt e sti n al s e cti o n s fr o m C o ntr ol a n d Nl e Vil c K O i nt e sti n e. S c al e b ar s, 5 0 μ m t h at eit h er C B C st e m c ell s h a v e b e e n di s pl a c e d fr o m t h eir ni c h e or m ut a nt pr o g e nit or s m ai nt ai n e d hi g h l e v el s of L gr 5 e x pr e s si o n ( S u p pl e m e nt ar y Fi g ur e S 1 A, w hit e br a c k et, S u p pl e m e nt ar y Fi g ur e S 1 B, arr o w). Alt o g et h er, t h e s e d at a s u g g e st t h at t h e I S C p o ol i s r a pi dl y c o m pr o mi s e d f oll o wi n g Nl e d el eti o n. W e n e xt t e st e d t h e c a p a cit y of Nl e -d efi ci e nt cr y pt s t o f or m or g a n oi d s i n vitr o. 2 6 C ult ur e s w er e e st a bli s h e d wit h cr y pt s fr o m C o ntr ol a n d Nl e Vil c K O mi c e 1 h f oll o wi n g t h e l a st t a m o xif e n i nj e cti o n. C o ntr ol cr y pt s gr e w i nt o or g a n oi d s wit hi n 3 d a y s of c ult ur e, a n d t h e v a st m aj orit y h a d d e v el o p e d m or e t h a n 3 b u d s aft er 6 d a y s. I n c o ntr a st, Nl e Vil c K O cr y pt s m ai nt ai n e d a s s m all n o n b u d di n g u nit s a n d e v e nt u all y di e d ( S u p pl e m e nt ar y Fi g ur e S 2) c o nfir mi n g t h at i nt e sti n al S C a n d pr o g e nit or s ar e r a pi dl y c o m pr o mi s e d f oll o wi n g Nl e d el eti o n. Nl e d el eti o n i n cr e a s e s diff er e nti ati o n t o w ar d t h e g o bl et c ell li n e a g e. W e t h e n a n al y z e d t h e i m p a ct of Nl e i n a cti v ati o n o n t h e diff er e nti ati o n of t h e diff er e nt i nt e sti n al c ell t y p e s. Nl e Vil c K O i nt e sti n e s di d n ot pr e s e nt o b vi o u s c h a n g e s i n t h e si z e of t h e villi, s u g g e sti n g t h at e nt er o c yti c diff er e nti ati o n w a s n ot alt er e d. B ot h al ci a n bl u e c ol or ati o n a n d M U C 2 i m m u n o st ai ni n g r e v e al e d t h e pr e s e n c e of cr y pt s h ar b ori n g a n e x c e s si v e n u m b er of g o bl et c ell s i n Nl e Vil c K O i nt e sti n e s at d a y 3 p.i. ( Fi g ur e 3 a, arr o w s, S u p pl e m e nt ar y Fi g ur e S 3 A). I n C o ntr ol mi c e, cr y pt s wit h m or e t h a n fi v e g o bl et c ell s w er e r ar e ( 3 %) a n d c o nt ai n e d o n a v er a g e si x g o bl et c ell s. M ut a nt cr y pt s wit h n u m er o u s g o bl et c ell s w er e m or e fr e q u e nt ( 1 1 %) a n d c o nt ai n e d o n a v er a g e 1 2 g o bl et c ell s ( S u p pl e m e nt ar y Fi g ur e s S 3 A a n d B). G o bl et c ell s w er e f o u n d all al o n g t h e cr y pt a xi s, i n cl u di n g at t h e cr y pt b ott o m ( Fi g ur e 3 a, a st eri s k s). Alt og et h er, t h e s e r e s ult s s u g g e st t h at Nl e -d efi ci e nt pr o g e nit or s u n d er w e nt pr e m at ur e diff er e nti ati o n. T h e ot h er s e cr et or y c ell li n e a g e s di d n ot s e e m aff e ct e d ( S u p pl e m e nt ar y Fi g ur e S 3 C). C o n si st e nt wit h t h e s e r e s ult s, w e m e a s ur e d b y R T-q P C R a m o d er at e b ut si g nifi c a nt u pr e g ul ati o n of t h e g o bl et c ell m ar k er M u c 2 i n Nl e Vil c K O i nt e sti n e s, w h er e a s C hr o m o gr ani n A a n d L y s o z y m e m R N A l e v el s w er e u n c h a n g e d ( Fi g ur e 3 b). W e f o u n d t h at t h e l o c al i n cr e a s e i n g o bl et c ell n u m b er w a s pr e c e d e d b y t h e u pr e g ul ati o n of At o h 1 , a k e y r e g ul at or of s e cr et or y c ell li n e a g e c o m mit m e nt, 2 7 a n d of S p d ef , w hi c h i s r e q uir e d d o w n str e a m of At o h 1 f or g o bl et c ell t er mi n al m at ur ati o n 2 8 ( Fi g ur e 3 c). H e s 1 e x pr e s si o n w a s u n c h a n g e d, c o nfir mi n g t h at t h e a b s or pti v e li n e a g e w a s n ot aff e ct e d b y Nl e l o s s of f u n cti o n ( Fi g ur e 3 c). Alt o g et h er, t h e s e r e s ult s d e m o n str at e t h at Nl e d efi ci e n c y r a pi dl y c o m pr o mi s e s cr y pt s h o m e o st a si s b y tri g g eri n g a p o pt o si s, c ell c y cl e e xit a n d pr e m at ur e diff er e nti ati o n i nt o g o bl et c ell li n e a g e of i nt e sti n al S C s a n d pr o g e nit or s. Bi o g e n e si s of t h e l ar g e ri b o s o m al s u b u nit i s aff e ct e d i n Nl e m ut a nt cr y pt s. T o v erif y t h at Nl e d efi ci e n c y aff e ct e d bi o g e n e si s of t h e l ar g e ri b o s o m al s u b u nit ( 6 0 S) i n t h e m o u s e i nt e sti n e, w e fir st p erf or m e d fl u or e s c e nt i n sit u h y bri di z ati o n ( FI S H) o n s m all i nt e sti n e s e cti o n s. It s 1 a n d it s 2 pr o b e s w er e u s e d t o e v al u at e t h e l e v el s of n u cl e ol ar r R N A i nt er m e di at e s of, r e s p e cti v el y, t h e s m all a n d l ar g e ri b o s o m al s u b u nit s ( Fi g ur e 4 a). I n C o ntr ol i nt e sti n e s, alt h o u g h n a s c e nt r R N A i nt er m e di at e s w er e d et e ct e d i n m o st c ell s, e nri c h e d e x pr e ssi o n w a s o b s er v e d i n e pit h eli al c ell s of t h e cr y pt s a n d of t h e l o w er p art of t h e villi ( Fi g ur e 4 b). T h e s e c ell s s h o w e d a cl e ar u pr e g ul ati o n of it s 2 si g n al i n Nl e Vil c K O mi c e at d a y 1 p.i. ( Fi g ur e 4 b). It s 1 si g n al w a s al s o i n cr e a s e d, t h o u g h t o a l e s s er e xt e nt. I n cr e a s e d l e v el of n u cl e ol ar r R N A i nt erm e di at e s w a s al s o e vi d e n c e d w h e n p erf or mi n g FI S H wit h a 2 8 S pr o b e ( S u p pl e m e nt ar y Fi g ur e S 4), a n d w a s f urt h er c o nfir m e d b y R T-q P C R o n t ot al i nt e sti n e R N A e xtr a ct s ( Fi g ur e 4 c). W e n e xt m o nit or e d t h e eff e ct of Nl e d el eti o n o n t h e pr o c e s si n g of t h e diff er e nt r R N A s i nt er m e di at e s b y p erf or mi n g a n ort h er n bl ot e x p eri m e nt o n R N A s e xtr a ct e d fr o m C o ntr ol a n d Nl e Vil c K O cr y pt s at d a y 1 p.i. ( Fi g ur e 4 d). C o n si st e nt wit h t h e r ol e of Nl e i n l ar g e s u b u nit m at ur ati o n, s p e cifi c a c c u m ul ati o n of r R N A pr e c ur s or s of t h e l ar g e s u b u nit w a s o b s er v e d i n Nl e Vil c K O cr y pt s ( Fi g ur e 4 d, arr o w s). L e v el s of 1 8 S a n d 2 8 S m at ur e r R N A s w er e n ot alt er e d i n Nl e Vil c K O cr y pt s at d a y 1 p.i. ( Fi g ur e 4 c a n d S u p pl e m e nt ar y Fi g ur e S 4) s u g g e sti n g t h at l ar g e s u b u nit bi o g e n e si s d ef e ct s i n Nl e -d efi ci e nt pr o g e nit or s di d n ot c a u s e a r a pi d r e d u cti o n i n ri b o s o m e c o nt e nt. T o v erif y t hi s p oi nt, cr y pt pr ot ei n e xtr a ct s w er e pr e p ar e d fr o m C o ntr ol a n d Nl e Vil c K O mi c e 1 0 mi n aft er p ur o m y ci n i nj e cti o n a n d a n al y z e d b y i m m u n o bl otti n g u si n g a nti-p ur o m y ci n m o n o cl o n al a nti b o d y. P ur o m y ci n e nt er s c ell s a n d i s c o v al e ntl y i n c or p or at e d i nt o n a s c e nt p ol y p e pti d e s all o wi n g t h e q u a ntifi c ati o n of a cti v el y tr a n sl ati n g ri b o s o m e s. 2 9 At d a y 2 p.i., w h e n t h e p h e n ot y p e i s t h e m o st s e v er e, n o si g nifi c a nt c h a n g e i n t h e q u a ntit y of p ur o m y c yl at e d n a s c e nt c h ai n s w a s d et e ct e d i n Nl e Vil c K O cr y pt s c o m p ar e d wit h C o ntr o l ( Fi g ur e 4 e), s u g g e sti n g t h at pr ot ei n tr a n sl ati o n w a s n ot alt er e d at t hi s e arl y ti m e p oi nt aft er Nl e d el eti o n. D ef e ct s i n ri b o s o m e bi o g e n e si s tri g g er p 5 3 a cti v ati o n i n I S C s a n d pr o g e nit or s. A d e di c at e d s ur v eill a n c e p at h w a y ti g htl y li n k s t h e a cti vit y of ri b o s o m e bi o g e n e si s t o p 5 3 l e v el s. W e t h er ef or e a n al y z e d p 5 3 pr ot ei n l e v el s i n Nl e -d efi ci e nt i nt e sti n e b y i m m u n o st ai ni n g a n d w e st er n bl ot a n al y si s. W e f o u n d t h at p 5 3 w a s st a bili z e d i n Nl e Vil c K O cr y pt s a s e arl y a s d a y 1 p.i. ( Fi g ur e s 5 a a n d c). At t hi s ti m e p oi nt, n u cl e ar p 5 3 pr ot ei n c o ul d b e d et e ct e d i n C B C st e m c ell s, r e c o g ni z a bl e b y t h eir s h a p e a n d l o c ati o n at t h e cr y pt b a s e ( Fi g ur e 5 b). N oti c e a bl y, p 5 3 a cti v ati o n w a s d et e ct e d n eit h er i n villi n or i n p a n et h c ell s. C o n si st e nt wit h p 5 3 a cti v ati o n, w e m e a s ur e d a si g nifi c a nt i n cr e a s e d e x pr e s si o n of s e v er al p 5 3 dir e ct tr a n s cri pti o n al t ar g et s s u c h a s t h e c ell c y cl e i n hi bit or p 2 1 ( Fi g ur e s 5 c a n d d), a n d t h e pr o a p o pt oti c g e n e s B a x, Pi d d a n d N o x a ( Fi g ur e 5 d). T o t e st w h et h er p 5 3 p at h w a y a cti v ati o n w a s a g e n er al f e at ur e of I S C s a n d pr o g e nit or s r e s p o n s e t o ri b o s o m e bi o g e n e si s d ef e ct s, w e tr e at e d i nt e sti n al or g a n oi d s wit h C X-5 4 6 1, a s el e cti v e i n hi bit or of R N A p ol y m er a s e I-dri v e n r R N A tr a n s cri pti o n. 3 0 I n c u b ati o n of or g a n oi d s wit h 1 μ M C X-5 4 6 1 r e s ult e d i n a r a pi d r e d u cti o n i n r R N A pr e c ur s or s l e v el s ( Fi g ur e 6 a). Aft er 1 d a y of tr e at m e nt, b u d s si z e a p p e ar e d r e d u c e d c o m p ar e d wit h v e hi cl e-tr e at e d c o ntr ol or g a n oi d s ( Fi g ur e 6 b), a n d aft er 2 d a y s m o st tr e at e d or g a n oi d s st art e d t o d e g e n er at e ( n ot s h o w n). At d a y 1, C X-5 4 6 1 tr e at m e nt r e s ult e d i n i n cr e a s e d m R N A l e v el s of s e v er al p 5 3 t ar g et g e n e s ( Fi g ur e 6 c) a s w ell a s v ari ati o n s i n e x pr e s si o n of m ar k er s of S C s, pr o g e nit or s a n d diff er e nti at e d c ell s ( Fi g ur e s 6 d-f) s u g g e sti n g t h at i n hi biti o n of r R N A tr a n s cri pti o n c a u s e s p 5 3 a cti v ati o n a n d aff e ct s s ur vi v al a n d diff er e nti ati o n of i nt e sti n al S C a n d pr o g e nit or s e x vi v o . Alt h o u g h t h e e x p eri m e nt al c o n diti o n s diff er e d, C X-5 4 6 1-tr e at e d or g a n oi d s a n d i nt e sti n al e pit h eli u m of Nl e Vil c K O mi c e s h ar e d stri ki n g si mil ariti e s i n cl u di n g u n c o u pli n g i n t h e e x pr e s si o n of Olf m 4 a n d L gr 5 S C m ar k er s a n d u pr e g ul ati o n of M u c 2 g o bl et c ell m ar k er. I nt er e sti n gl y, s u c h v ari ati o n s w er e n ot o b s er v e d w h e n p 5 3 -d efi ci e nt or g a n oi d s w er e tr e at e d wit h C X-5 4 6 1 ( Fi g ur e s 6 g a n d k). Alt o g et h er, t h e s e r e s ult s str o n gl y s u g g e st t h at d ef e ct s i n l ar g e ri b o s o m al s u b u nit bi o g e n e si s c a u s e d b y Nl e d efi ci e n c y a cti v at e a p ot e nt p 5 3 r e s p o n s e i n i nt e sti n al S C s a n d pr o g e nit or s. p 5 3 dri v e s t h e eli mi n ati o n of i nt e sti n al S C s a n d pr o g e nit or s b y c ell c y cl e arr e st, a p o pt o si s a n d dir e ct e d diff ere nti ati o n t o w ar d t h e g o bl et c ell li n e a g e. T o e v al u at e t h e c o ntri b uti o n of p 5 3 i n t h e p h e n ot y p e of Nl e m ut a nt cr y pt s, w e cr o s s e d Nl e Vil c K O mi c e wit h p 5 3 -/-mi c e. Nl e Vil c K O; p 5 3 K O d o u bl e m ut a nt s ( Vil Cr e E R T 2 t g/ 0 ; Nl e fl o x/ n ull ; p 5 3 -/-) w er e c o m p ar e d wit h Nl e Vil c K O; p 5 3 +/ -(Villi n-Cr e E R T 2 t g/ 0 ; Nl e fl o x/ n ull ; p 5 3 + / -) a n d C o ntr ol; p 5 3 K O (Villi n-Cr e E R T 2 t g/ 0 ; Nl e fl o x/+ ; p 5 3 -/-) litt er m at e s, a s w ell a s t o wil d-t y p e p 5 3 C o ntr ol s fr o m t h e pr e vi o u s cr o s s ( Villi n-Cr e E R T 2 t g/ 0 ; Nl e fl o x/+ ; p 5 3 + /+ ). I nt e sti n al p h e n ot y p e of Nl e Vil c K O; p 5 3 +/mi c e w a s si mil ar t o t h at of Nl e Vil c K O mi c e, i n cl u di n g d e cr e a s e d Olf m 4 e x pr e s si o n, r e d u c e d pr olif er ati o n a n d l o c al i n cr e a s e i n g o bl et c ell n u m b er i n t h e cr y pt s ( Fi g ur e 7 a). Stri ki n gl y, b ot h t h e e x pr e s si o n of Olf m 4 at t h e cr y pt b a s e a n d pr olif er ati o n i n t h e tr a n sit-a m plif yi n g c o m p art m e nt w er e r e st or e d i n Nl e Vil c K O; p 5 3 K O cr y pt s, s h o wi n g t h at Nl e -d efi ci e nt I S C s a n d pr o g e nit or s w er e eli mi m at e d vi a a p 5 3-d e p e n d e nt m e c h a ni s m ( Fi g ur e s 7 a a n d c). I n a d diti o n, Nl e Vil c K O; p 5 3 K O cr y pt s e x hi bit e d a r e s c u e d p att er n of g o bl et c ell diff er e nti ati o n ( Fi g ur e 7 a). C o n si st e ntl y, M u c 2 e x pr e s si o n w a s si g nifi c a ntl y r e d u c e d i n Nl e Vil c K O; p 5 3 K O mi c e c o m p ar e d wit h Nl e Vil c K O; p 5 3 +/ -( Fi g ur e 7 d). W e n e xt u s e d i n sili c o a n al y si s 3 1 t o i d e ntif y p ut ati v e p 5 3 r e s p o n s e el e m e nt s ( R E s) a s s o ci at e d wit h g o bl et c ells p e cifi c g e n e s. I nt er e sti n gl y, t w o p arti all y o v erl a p pi n g p 5 3 R E s wit h hi g h s c or e s w er e f o u n d wit hi n a n i ntr o ni c s e q u e n c e of t h e M u c 2 g e n e ( Fi g ur e s 7 e a n d f). W h e n t hi s i ntr o ni c s e q u e n c e w a s cl o n e d u p str e a m of a l u cif er a s e r e p ort er g e n e, a str o n g i n d u cti o n w a s o b s er v e d u p o n c otr a n sf e cti o n wit h a p 5 3 e x pr e s si o n v e ct or i nt o p 5 3 -d efi ci e nt fi br o bl a st s ( Fi g ur e 7 g). Eit h er d el eti o n of t h e t w o R E s or u s e of a n e x pr e s si o n v e ct or e n c o di n g a p 5 3 v ari a nt l a c ki n g tr a n s a cti v ati o n a cti vit y ( p 5 3 R 2 7 0 H) a b oli s h e d l u cif er a s e r e p ort er i n d u cti o n ( Fi g ur e 7 g).
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 3 Nl e d el eti o n l e a d s t o bi a s e d diff er e nti ati o n t o w ar d t h e g o bl et li n e a g e. ( a ) Al ci a n bl u e st ai ni n g a n d M U C 2 i m m u n o st ai ni n g o n i nt e sti n al s e cti o n s fr o m C o ntr ol a n d Nl e Vil c K Oi nt e sti n e. Bl a ck arr o ws s h o w cr y pt s wit h el ev at e d n u m b er of g o bl et c ell s. T hir d r o w s h o w s m a g nifi e d vi e w s of fr a m e d r e gi o n s. A st eri s k si n di c at e g o bl et c ell s e ct o pi c all y l o c at e d i n t h e st e m c ell z o n e. S c al e b ar s, 5 0 μ m. ( b a n d c ) R T-q P C R p erf or m e d o n m R N A fr o m C o ntr ol a n d Nl e Vil c K O i nt e sti n al extr a ct s. Gr a p h s r e pr e s e nt t h e m e a n f ol d c h a n g e s ± S. E. M. f or tr a n s cri pt s r e pr e s e nt ati v e of c ell s fr o m t h e diff er e nt s e cr et or y li n e a g e s ( b ) or i nt e sti n al pr o g e nit or s (c ). n ≥ 4 f or e a c h g e n ot y p e. * P o 0. 0 5 M a n n -W hit n e y Wil c ox o n t e st T h e s e d at a str o n gl y s u g g e st t h at M u c 2 i s a dir e ct p 5 3 t ar g et g e n e a n d pr o vi d e i n si g ht s i nt o t h e c o ntri b uti o n of p 5 3 t o t h e g o bl et c ell diff er e nti ati o n p h e n ot y p e. R e m o v al of Nl e -d efi ci e nt I S C s p er si st s i n d e p e n d e ntl y of p 5 3. Pr e s e n c e of t h e Nl e r e c o m bi n e d all el e w a s m o nit or e d b y g e n o mi c P C R o n Nl e Vil c K O; p 5 3 K O cr y pt s at diff er e nt ti m e s aft er t a m o xif e n i nj e cti o n ( Fi g ur e 8 a). T hi s a n al y si s r e v e al e d t h at t h e r e pl a c e m e nt of Nl e -d efi ci e nt i nt e sti n al e pit h eli u m b y Nl e -pr ofi ci e nt c ell s o c c urr e d b et w e e n d a y s 4 a n d 1 0 p.i. i n a p 5 3-d efi ci e nt b a c k gr o u n d. T h er ef or e, Nl e m ut a nt I S C s w er e n ot m ai nt ai n e d e v e n i n t h e a b s e n c e of p 5 3. W e n e xt a n al y z e d c ell d e at h i n Nl e Vil c K O; p 5 3 K O i nt e sti n e. I nt er e sti n gl y, i n cr e a s e d a p o pt o si s w a s o b s er v e d i n Nl e Vil c K O; p 5 3 K O cr y pt s at d a y 2 p.i. ( Fi g ur e s 8 b a n d c), e v e n t h o u g h t h e e x pr e s si o n of pr o a p o pt oti c g e n e s w a s n ot i n d u c e d ( S u p pl e m e nt ar y Fi g ur e S 5). C o ntr ar y t o Nl e Vil c K O; p 5 3 +/ -cr y pt s, C a s p a s e 3-p o siti v e c ell s w er e f o u n d m or e r ar el y at t h e cr y pt b a s e a n d m or e fr e q u e ntl y i n t h e u p p er t hir d of t h e cr y pt w h er e pr o g e nit or s n or m all y e xit c ell c y cl e ( Fi g ur e 8 d). I n t h e a b s e n c e of p 5 3 , Nl e -d efi ci e nt i nt e sti n al pr o g e nit or s s e e m t h er ef or e t o pr o gr e s s f urt h er al o n g t h e diff er e nti ati o n p at h w a y b ef or e p o s si bl y b ei n g eli mi n at e d t hr o u g h p 5 3 -i n d e p e n d e nt a p o pt o si s. A s Nl e d efi ci e n c y d o e s n ot aff e ct pr ot ei n s y nt h e si s at d a y 2 p.i. ( Fi g ur e 4 e), d ef e ct s i n pr ot ei n tr a n sl ati o n ar e u nli k el y t o b e t h e pri m ar y c a u s e of p 5 3-i n d e p e n d e nt c ell d e at h at t h at ti m e. At d a y 4 p.i., a di mi n uti o n, alt h o u g h n o n si g nifi c a nt, i n pr ot ei n s y nt h e si s w a s o b s er v e d i n Nl e Vil c K O; p 5 3 K O cr y pt s c o m p ar e d wit h C o ntr ol; p 5 3 K O ( Fi g ur e 8 e) s u g g e sti n g t h at d er e g ul at e d pr ot ei n Fi g ur e 4 Ri b o s o m e bi o g e n e si s i s i m p air e d i n Nl e m ut a nt cr y pt s. ( a ) Si m plifi e d di a gr a m ill u str ati n g t h e m ai n st e p s of ri b o s o m e bi o g e n e si s i n e u k ar y oti c c ell s. Bl u e arr o w s r e pr e s e nt t h e pri m er s u s e d t o m e a s ur e t h el ev el s of ri b o s o m al R N A s b y R T-q P C R. FI S H pr o b e s u s e d t o d et e ctit s 1 (r e d) a n dit s 2 ( gr e e n) s e q u e n c e s fr o m pr e c ur s or s of t h e s m all a n d l ar g e ri b o s o m al s u b u nit s, r e s p e cti v el y, ar e i n di c at e d. ( b ) FI S H f or it s 1 (r e d) or it s 2 ( gr e e n) o n i nt e sti n al s e cti o n s fr o m C o ntr ol a n d Nl e Vil c K O i nt e sti n e. S c al e b ar s, 2 0 μ m. (c ) R T-q P C R p erf or m e d o n m R N A fr o m C o ntr ol a n d Nl e Vil c K O i nt e sti n al extr a ct s. Gr a p h s r e pr e s e nt t h e m e a n f ol d c h a n g e s ± S. E. M. f or t h e diff er e nt a m pli c o n s. n = 3 f or e a c h g e n ot y p e. * P o 0. 0 5 M a n n -W hit n e y Wil c ox o n t e st. ( d ) N ort h er n bl ot of R N A s fr o m C o ntr ol a n d Nl e Vil c K O cr y pt s at d ay 1. I n t h el eft p a n el, B E T c ol or ati o n s h o w s t h e 2 8 S a n d 1 8 S r R N A s m at ur e s p e ci e s C o ntr ol a n d Nl e Vil c K O cr y pt s. H y bri di z ati o n wit h pr o b e s a g ai n st t h e it s 1 ( c e ntr al p a n el) or it s 2 (ri g ht p a n el) s h o ws pr e c ur s or s of t h e s m all a n d l ar g e ri b o s o m al s u b u nit, r e s p e cti v el y. Bl a ck arr o w s i n di c at e t h e a c c u m ul ati o n of t h e 3 2 a n d 1 2 S pr e c ur s or s of t h e l ar g e ri b o s o m al s u b u nit i n Nl e Vil c K O cr y pt s. (e ) A nti-p ur o my ci n i m m u n o bl otti n g of pr ot ei n extr a ct s f or i d e nti c al n u m b er of cr y pt s c ell s fr o m C o ntr ol a n d Nl e Vil c K O i nt e sti n e at d ay 2 p.i. R e s ult s o bt ai n e d fr o m t w o i n d e p e n d e nt ex p eri m e nt s ar e s h o w n. Gr a p h s r e pr e s e nt t h e m e a n n or m ali z e d i nt e n sit y ± S. E. M. n = 4 f or e a c h g e n ot y p e. P 4 0. 0 5 M a n n -W hit n ey Wil c ox o n t e st s y nt h e si s mi g ht al s o c o ntri b ut e t o t h e eli mi n ati o n of Nl ed efi ci e nt I S C s a n d pr o g e nit or s i n a b s e n c e of p 5 3. Alt o g et h er t h e s e d at a s h o w t h at p 5 3-i n d e p e n d e nt m e c h a ni s m s al s o p arti ci p at e i n t h e eli mi n ati o n of m ut a nt I S C s a n d pr o g e nit or s. Di s c u s si o n O ur d at a r e v e al t h e cr u ci al r ol e of Nl e i n m ai nt ai ni n g a d ult i nt e sti n al h o m e o st a si s a n d st e m c ell s. Hi g h er l e v el s of Nl e a n d n a s c e nt r R N A e x pr e s si o n ar e f o u n d i n cr y pt s c o m p ar e d wit h villi, a n d a c c or di n gl y, ri b o s o m e bi o g e n e si s d y sf u n cti o n c o ns e c uti v e t o N L E d e pl eti o n i s r e stri ct e d t o t h e cr y pt c o m p artm e nt. I n r e s p o n s e t o ri b o s o m e bi o g e n e si s d ef e ct s, p 5 3 i s a cti v at e d i n I S C s a n d pr o g e nit or s, c a u si n g t h eir r a pi d eli mi n ati o n t hr o u g h c ell c y cl e arr e st a n d a p o pt o si s. I n a d diti o n t o t h e s e w ell-d e s cri b e d str e s s r e s p o n s e s, w e f o u n d t h at p 5 3 al s o tri g g er s t h e pr e m at ur e diff er e nti ati o n of pr o g e nit or s i nt o g o bl et c ell s. Alt h o u g h pr e m at ur e diff er e nti ati o n m a y r e pr e s e nt a n effi ci e nt w a y t o r e m o v e d a m a g e d or u nfit st e m/ pr o g e nit or c ell s fr o m a cti v e p o ol s, f e w e x a m pl e s h a v e b e e n d o c u m e nt e d s o f ar. I n r e s p o n s e t o D N A d a m a g e i n e m br y o ni c st e m c ell s, p 5 3 i n d u c e s diff er e nti ati o n t hr o u g h dir e ct r e pr e s si o n a n d a cti v ati o n of pl uri p ot e n c y-a n d diff er e nti ati o n-a s s o ci at e d g e n e s r e s p e cti v el y. 3 2 I n a d ult m el a n o c yt e a n d h e m at o p oi eti c st e m c ell s, pr e m at ur e diff er e nti ati o n i n r e s p o n s e t o g e n ot o xi c str e s s o c c ur s i n d e p e n d e ntl y of p 5 3. 3 3, 3 4 M u c 2 e x pr e s si o n w a s u pr e g ul at e d b ot h i n Nl e Vil c K O cr y pt s a n d i n C X-5 6 4 1-tr e at e d or g a n oi d s. T o g et h er wit h t h e i d e ntifi c ati o n of f u n cti o n al p 5 3 r e s p o n s e el e m e nt s wit hi n t h e M u c 2 g e n e, t hi s i n di c at e s t h at p 5 3 h a s a dir e ct tr a n s cri pti o n al c o ntr ol o n t h e diff er e nti ati o n of i nt e sti n al c ell s t o w ar d t h e g o bl et c ell li n e a g e i n r e s p o n s e t o ri b o s o m e bi o g e n e si s d ef e ct s. I nt er e sti n gl y, a pr e vi o u s st u d y r e p ort e d t h e tr a n s cri pti o n al a cti v ati o n of M U C 2 b y p 5 3 i n h u m a n c ol o n c a n c er c ell li n e s, 3 5 s u g g e sti n g t h at s u c h m e c h a ni s m c o ul d al s o b e o p er ati n g i n h u m a n s. W h et h er p 5 3 tr a n s cri pti o n all y r e g ul at e s t h e e x pr e s si o n of ot h er g e n e s a s s o ci at e d wit h t h e g o bl et c ell diff er e nti ati o n pr o gr a m w o ul d r e q uir e f urt h er st u di e s. It w o ul d al s o b e i nt er e sti n g t o d et er mi n e if p 5 3-d e p e n d e nt diff er e nti ati o n r e s p o n s e s ar e eli cit e d i n ot h er or g a n s f oll o wi n g ri b o s o m e bi o g e n e si s d ef e ct s. Nl e a ct s i n l ar g e ri b o s o m al s u b u nit i n y e a st s, 2 0, 2 1 f u n gi, 3 6 pl a nt s 3 7 a n d m a m m al s. 2 3 C o ntr ar y t o Dr o s o p hil a , 3 8 Nl e l o s s of f u n cti o n d o e s n ot s e e m t o i nt erf er e wit h t h e N ot c h p at h w a y i n t h e m o u s e h e m at o p oi eti c 2 3 a n d i nt e sti n al (t hi s st u d y) li n e a g e s. I n d e e d, alt h o u g h i n cr e a si n g or d e cr e a si n g N ot c h a cti vit y s y st e m ati c all y r e s ult s i n str o n g v ari ati o n s of H e s 1 e x pr e s si o n l e v el s i n t h e i nt e sti n al cr y pt c ell s, 3 9 -4 3 H e s 1 m R N A l e v el s w er e u n c h a n g e d f oll o wi n g Nl e i n a cti v ati o n i n t h e i nt e sti n al e pit h eli u m ( Fi g ur e 3 c a n d d at a n ot s h o w n). I nt er e sti n gl y, pr e m at ur e diff er e nti ati o n t o w ar d t h e g o bl et c ell li n e a g e of i nt e sti n al st e m/ pr o g e nit or c ell s i s o b s er v e d w h e n N ot c h a cti vit y i s i n hi bit e d. 3 9, 4 1 -4 3 I n vi e w of o ur r e s ult s,it w o ul d t h er ef or e b ei m p ort a nt t o d et er mi n e w h et h er p 5 3 p arti ci p at e s i n t h e h y p er s e cr et or y p h e n ot y p e of N ot c h-d ef e cti v e i nt e sti n al e pit h eli u m. T hi s w or k al s o u nr a v el s t h e e xi st e n c e of p 5 3-i n d e p e n d e nt r e s p o n s e s t o ri b o s o m al str e s s i n t h e i nt e sti n e i n cl u di n g pr o g e nit or s a p o pt o si s a n d I S C s di s a p p e ar a n c e. I n h u m a n c a n c er c ell li n e s, p 5 3-i n d e p e n d e nt m e c h a ni s m s li n ki n g ri b os o m e bi o g e n e si s d ef e ct s t o c ell c y cl e arr e st h a v e b e e n r e p ort e d. 4 4, 4 5 I nt er e sti n gl y, bi n di n g of R P L 1 1 t o M D M 2 w a s s h o w n t o i n hi bit it s E 2 F 1-st a bili zi n g a cti vit y, t h er e b y hi n d eri n g c ell c y cl e pr o gr e s si o n. 4 4 I n cr e a s e d bi n di n g of R P L 1 1 t o M D M 2 c o n s e c uti v e t o ri b o s o m e bi o g e n e si s d y sf u n cti o n c o ul d t h er ef or e p ot e nti all y i nt erf er e wit h ot h er p 5 3-i n d e p e n d e nt f u n cti o n s of M D M 2 s u c h a s i n hi biti o n of a p o pt o si s. 4 6 -4 8 S o f ar, s u c h f u n cti o n s h a s b e e n d e s cri b e d i n c ell li n e s a n d it will b e i nt er e sti n g i n f ut ur e st u di e s t o e v al u at e t h eir c o ntri b uti o n t o t h e p h e n ot y p e of Nl e Vil c K O; p 5 3 K O mi c e. B e si d e s t h e a cti v ati o n of p 5 3-d e p e n d e nt a n d i n d e p e n d e nt c h e c k p oi nt s, d ef e cti v e ri b o s o m e bi o g e n e si s i s li k el y t o c o nf er Nl e-d efi ci e nt I S C s/ pr o g e nit or s wit h a c ell pr olif er ati o n Fi g ur e 5 p 5 3i s a cti v at e di n I S C s a n d pr o g e nit or s f oll o wi n g Nl e d el eti o n. ( a a n d b ) p 5 3i m m u n o st ai ni n g o ni nt e sti n al s e cti o n s fr o m C o ntr ol a n d Nl e Vil c K Oi nt e sti n e. A st eri s k s i n di c at e I S C s wit h n u cl e ar a c c u m ul ati o n of p 5 3. S c al e b ar, 5 0 μ m. ( b ) M a g nifi e d vi e w of t h e fr a m e d r e gi o n i n a . (c ) W e st er n bl ot f or p 5 3, p 2 1 a n d α -A cti n p erf or m e d o n cr y pt s e nri c h e d pr ot ei n extr a ct s fr o m C o ntr ol a n d Nl e Vil c K Oi nt e sti n e s. ( d ) R T-q P C R p erf or m e d o n m R N A fr o m C o ntr ol ( gr ay b ar s) a n d Nl e Vil c K O (r e d b ar s)i nt e sti n al extr a ct s. Gr a p h s r e pr e s e nt t h e m e a n f ol d c h a n g e s ± S. E. M. of t h e i n di c at e d p 5 3 tr a n s cri pti o n n al t ar g et s. n ≥ 5 f or e a c h g e n ot y p e. * P o 0. 0 5; ** P o 0. 0 0 1 M a n n -W hit n e y Wil c ox o n t e st di s a d v a nt a g e d u e t o d e cr e a s e d ri b o s o m e c o nt e nt a n d r e d u c e d r at e of tr a n sl ati o n. I n d e e d, t h e r e d u c e d l e v el s of R P L 5 or R P L 1 1 i n h u m a n l u n g fi br o bl a st s w a s r e c e ntl y s h o w n t o r e d u c e t h eir tr a n sl ati o n al c a p a cit y a n d i m p e d e t h eir pr olif er ati o n. 4 9 A si mil ar m e c h a ni s m w a s pr o p o s e d t o a c c o u nt f or t h e d el a y e d l ar v al d e v el o p m e nt a n d r e d u c e d b o d y si z e of Dr o s o p hil a mi n ut e m ut a nt s h ar b ori n g h y p o m or p hi c m ut ati o n s i n ri b o s o m al pr ot ei n s. 5 0 W h e n s urr o u n d e d b y wil d-t y p e c ell s, mi n ut e cl o n e s ar e o ut c o m p et e d a n d di s a p p e ar (f or r e vi e w, s e e A m o y el a n d B a c h 5 1 ). T h u s, s u c h c ell c o m p etiti o n p h e n o m e n a mi g ht al s o c o ntri b ut e t o t h e r e pl a c e m e nt of Nl e -d efi ci e nt cr y pt c ell s b y c ell s t h at h a v e e s c a p e d r e c o m bi n ati o n. A n ot h er p o s si bilit y i s t h at r e d u c e d ri b o s o m e bi o g e n e si s w o ul d alt er t h e s elf-r e n e w al of Nl e -d efi ci e nt I S C s. S u p p ort fr o m t hi s h y p ot h e si s c o m e s fr o m t h e r e c e nt d e m o n str ati o n t h at m o d ul ati o n of ri b o s o m e D N A tr a n s cri pti o n a n d ri b o s o m e bi o g e n e si s i s dir e ctl y i nfl u e n ci n g t h e s elf-r e n e w al pr o p erti e s of Dr o s o p hil a g er m st e m c ell s. 5 2 Ri b o s o m e pr o d u cti o n i s i n cr e a s e d i n c a n c er c ell s a n d d er e g ul ati o n of ri b o s o m e bi o g e n e si s i s a s s o ci at e d wit h i n cr e a s e d ri s k s of d e v el o pi n g c a n c er. 5 3, 5 4 I n h u m a n c ol or e ct al Fi g ur e 6 I n c u b ati o n of i nt e sti n al or g a n oi d s wit h t h e r R N A p ol y m er a s e I i n hi bit or C X-5 4 6 1 r e c a pit ul at e s t h e Nl e Vil c K O p h e n ot y p e s. (a ) R T-q P C R p erf or m e d o n m R N A fr o m v e hi cl e or C X-5 4 6 1 tr e at e d or g a n oi d s aft er 1 h i n c u b ati o n. Gr a p h s r e pr e s e nt t h e m e a n f ol d c h a n g e s ± S. E. M. f or r R N A pr e c ur s or s. n = 3 f or e a c h c o n diti o n. * P o 0. 0 5; ***P o 0. 0 0 0 1 m ulti pl e St u d e nt t e st wit h t h e H ol m -Si d a k c orr e cti o n m et h o d. ( b a n d g ) Pi ct ur e s of or g a n oi d s o bt ai n e d fr o m W T (b ) or P 5 3 K O mi c e ( g ), aft er 1 d ayi n c u b ati o n wit h v e hi cl e or C X-5 4 6 1. S c al e b ar s, 2 0 μ m. ( c -f) a n d (h -j), R T-q P C R p erf or m e d o n m R N A fr o m v e hi cl e or C X-5 4 6 1 tr e at e d or g a n oi d s 1 d ay aft er a d diti o n of v e hi cl e or C X-5 4 6 1. E x pr e s si o n l ev el s of p 5 3 eff e ct or s, a n d m ar k er s of C B C s, pr o g e nit or s a n d diff er e nti at e d i nt e sti n al c ell s ar e s h o w n. Gr a p h s r e pr e s e nt t h e m e a n f ol d c h a n g e s ± S. E. M. n ≥ 3 f or e a c h c o n diti o n. * P o 0. 0 5 M a n n -W hit n e y Wil c ox o n t e st c a n c er, i n cr e a s e i n t h e l e v el s of m a n y ri b o s o m al pr ot ei n s w a s r e p ort e d a n d t h e e x pr e s si o n p att er n s of s p e cifi c R P s w er e a s s o ci at e d wit h t u m or diff er e nti ati o n, pr o gr e s si o n or m et a st a si s st at u s. 5 5 F urt h er m or e, a g er mli n e m ut ati o n i n t h e R p s 2 0 g e n e w a s r e c e ntl y s h o w n t o c a u s e h er e dit ar y n o n p ol y p o si s c ol or e c t al c ar ci n o m a pr e di s p o siti o n. 5 3 Fi n all y, i n p ati e nt s wit h ul c er ati v e c oliti s, I L-6-m e di at e d sti m ul ati o n of ri b o s o m e bi o g e n e si s a n d s u b s e q u e nt d e cr e a s e i n p 5 3 l e v el s w er e r e c e ntl y pr o p o s e d a s a p o s si bl e m e c h a ni s m f a v ori n g c a n c er pr o gr e s si o n i n c ol o ni c m u c o s a e x p o s e d t o c hr o ni c i nfl a m m ati o n. 5 6 F ut ur e i n v e sti g ati o n s u si n g t h e Nl e Vil c K O m o d el will h el p t o o bt ai n a d e e p er u n d er st a n di n g o n t h e m e c h a ni s m s t h at li n k ri b o s o m e s bi o g e n e si s t o i nt e sti n al c a n c er. M at eri al s a n d m et h o d s Mi c e. E x p eri m e nt s o n mi c e w er e c o n d u ct e d a c c or di n g t o t h e Fr e n c h a n d E ur o p e a n r e g ul ati o n s o n c ar e a n d pr ot e cti o n of l a b or at or y a ni m al s ( E C Dir e cti v e 8 6/ 6 0 9, Fr e n c h L a w 2 0 0 1-4 8 6 i s s u e d o n 6 J u n e 2 0 0 1) a n d t h e N ati o n al I n stit ut e s of Fi g ur e 7 C ell c y cl e exit a n d diff er e nti ati o n ofi nt e sti n al S C s a n d pr o g e nit or st o w ar dt h e g o bl et c ellli n e a g e d e p e n d o n p 5 3. ( a ) Olf m 4i n sit u hy bri di z ati o n, Br d Ui m m u n o st ai ni n g a n d al ci a n bl u e st ai ni n g o n s e cti o n s of C o ntr ol; p 5 3 K O, Nl e Vil c K O; p 5 3 +/ -a n d Nl e Vil c K O; p 5 3 K O i nt e sti n e s. ( b a n d c ) Hi st o gr a m s h o wi n g Olf m 4 m R N A l ev el s a n d m e a n n u m b er ± S. E. M. of Br d U-p o siti v e c ell s p er cr y pti n C o ntr ol; p 5 3 K O, Nl e Vil c K O; p 5 3 +/ -a n d Nl e Vil c K O; p 5 3 K O s m alli nt e sti n e. n = 4 f or e a c h g e n ot y p e. ( d ) R T-q P C R p erf or m e d o n m R N A fr o m C o ntr ol, Nl e Vil c K O; p 5 3 +/ -a n d Nl e Vil c K O; p 5 3 K Oi nt e sti n e s at d ay 2 p.i. s h o wi n g t h el ev el of M u c 2 ex pr e s si o n. Gr a p h s r e pr e s e nt t h e m e a n f ol d c h a n g e s ± S. E. M. n ≥ 3 f or e a c h g e n ot y p e. ( e ) P arti al m a p of t h e M u c 2 g e n e c orr e s p o n di n g t o t h e 5 'r e gi o n of t h e M u c 2-0 0 1 E n s e m bl tr a n s cri pt a n d s h o wi n g t h e p ut ati v e p 5 3 R E s (l olli p o p s) wit hi ni ntr o n 3. T h e m a p s of L u cif er a s e r e p ort er pl a s mi d s ar e s h o w n, wit h pl a s mi di 3 c o nt ai ni n g W T s e q u e n c e sfr o m M u c 2 i ntr o n 3, pl a s mi di 3Δ c o nt ai ni n gt h ei ntr o n 3 d el et e df or b ot h p 5 3 R E s. ( f) D N A s e q u e n c es of t h e p arti all y o v erl a p pi n g p 5 3 R E s i d e ntifi e d wit hi n M u c 2 i ntr o n 3. O n t o p, t h e c o n s e n s u s s e q u e n c e f or a p 5 3 R E i s s h o w n, wit h t w o p 5 3bi n di n g h alf-sit e s s e p ar at e d b y 0 -1 3 n u cl e oti d e s. T h e p 5 3 R E s ar e s h o w n, wit h p ut ati v e h alf-sit e s h a vi n g 0 -3 mi s m at c h es wit h t h e c o n s e n s u s ( m at c h e s i n c a pit al l ett er s a n d mi s m at c h e si nl o w er c a s e). N u m b er s ar e r el ati v e t o t h e tr a n s cri pti o n st art sit e. ( g ) L u cif er a s e r e p ort er a s s ay. T h ei 3 ori 3Δ pl a s mi d w er e tr a n sf e ct e di n p 5 3 -/-M E F s t o g et h er wit h a n e m pt y v e ct or ( ev), a n ex pr e s si o n v e ct or e n c o di n g W T p 5 3 ( p 5 3 W T) or m ut a nt p 5 3 ( p 5 3 R 2 7 0 H). T h e gr a p h s h o w sl u cif er a s e a cti vit y n or m ali z e d t o t h e c o ntr ol r e nill al u cif er a s e. T hr e e i n d e p e n d e nt ex p eri m e nt s w er e pl ott e d. * P o 0. 0 5 St u d e nt' s t-t e st H e alt h A ni m al W elf ar e (I n s ur a n c e # A 5 4 7 6-0 1 i s s u e d o n 0 2/ 0 7/ 2 0 0 7). T h e all el e s u s e d w er e a s f oll o w s: Nl e fl o x ,

  g e n er at e C o ntr ol a n d Nl e Vil c K O mi c e, Villi n-Cr e E R T 2 t g/t g ; Nl e fl ox/fl o x mi c e w er e cr o s s e d t o Nl e n ull/ + mi c e. Mi c e at 5 t o 6 w e e k s of a g e w er e i nj e ct e d i ntr a p erit o n e all y wit h 7 5 m g/ k g t a m oxif e n f or t hr e e c o n s e c uti v e d ay s. F or pr olif er ati o n a s s ay s, mi c e w er e i nj e ct e d wit h Br d U ( 1 0 0 m g/ k g) 2. 5 h b ef or e killi n g. Ti s s u e e xtr a ct s. F or p ar affi n s e cti o n s, t h e i nt e sti n al tr a ct w a s di s s e ct e d, fl u s h e d t wi c e wit h i c e-c ol d P B S t o r e m ov e a n y f e c al c o nt e nt a n d p erf u s e d wit h i c ec ol d 4 % p ar af or m al d e hy d e ( P F A). T h e s m all i nt e sti n e w a s r oll e d u p fr o m t h e pr oxi m al t o t h e di st al e n d i n c o n c e ntri c cir cl e s, fi x e d i n 4 % P F A at 4 °C o v er ni g ht, d e hy dr at e d, a n d e m b e d d e d i n p ar affi n w a x. F or R T-q P C R o n t ot al i nt e sti n e, 1 c m of d u o d e n u m w a s h ar v e st e d i n 1 ml Tri z ol (I n vitr o g e n, C arl s b a d, C A, U S A). F or cr y pt s a n d villi i s ol ati o n, 5 -1 0 c m of j ej u n u m w er e c oll e ct e d, o p e n e d l o n git u di n all y a n d pr o c e s s e d a s pr evi o u sl y d e s cri b e d. 6 0 Hi st ol o g y a n d i m m u n o st ai ni n g. Hi st ol o g y a n d i m m u n o st ai ni n g w er e p erf or m e d a s d e s cri b e d pr evi o u sl y. 6 1 S p e cifi c a nti b o di e s bi n di n g w a s d et e ct e d u si n g eit h er bi oti nyl at e d s e c o n d ar y a nti b o di e s a n d Str e pt avi di n/ H R P c o m pl ex e s ( D a k o, Gl o str u p, D e n m ar k), or I m m P R E S S-H R P ( Ve ct or L a b or at ori e s, B urli n g a m e, C A, U S A). Bri g ht fi el d mi cr o sc o py w a s p erf or m e d u si n g a Z eiss Axi o p h ot mi cr osc o p e, or a Mir ax Sc a n d evic e ( C arl Z ei ss micr oI m a gi n g, G o etti n g e n, G er m a ny) e q ui p p e d w it h a 2 0 × o bj ectiv e l e ns. T h e syst e m w a s s et t o r u n i n a ut o m at e d b at c h m o d e wit h a ut o m at e d f o c u s a n d ti s s u e fi n di n g. F or i m m u n ofl u or e s c e n c e st ai ni n g, s e cti o n s w er e m o u nt e d i n v e ct a s hi el d a n d i m a g e s w er e a c q uir e d wit h a n u pri g ht mi cr o s c o p e Z ei s s A xi ov ert 2 0 0 M wit h a Z ei s s a p ot o m e s y st e m c o ntr oll e d b y t h e Z ei s s a xi o vi si o n 4. 4 s oft w ar e. Pri m ar y a n d s e c o n d ar y a nti b o di e s u s e d i n t hi s st u d y ar e li st e d i n S u p pl e m e nt ar y m at eri al S u p pl e m e nt ar y Ta bl e S 2. I n sit u h y bri di z ati o n. Di g oxi g e ni n-l a b el e d Olf m 4 a nti s e n s e pr o b e w a s s y nt h e si z e d fr o m a pl a s mi d c o nt ai ni n g Olf m 4 c D N A ( Gift fr o m B R o m a g n ol o, C o c hi n I n stit ut e, P ari s) u si n g T 7 R N A p ol y m er a s e a n d Di g l a b eli n g kit ( R o c h e Di a g n o sti c s, B a s el, S wit z erl a n d). P ar affi n s e cti o n s ( 8 μ m) w er e r e hy dr at e d a n d tr e at e d wit h 1 5 μ g/ ml Pr ot ei n a s e K f or 1 5 mi n. Pr ot ei n a s e K w a s i n a cti v at e d wit h a 1 mi n w a s h i n 0. 2 % Gl y ci n i n P B S-T w e e n. S e cti o n s w er e p o stfi x e d i n 4 % P F A f or 1 0 mi n a n d w a s h e d s ev er al ti m e s i n P B S-0. 1 % t w e e n. Pr e hy bri di z ati o n w a s c arri e d o ut f or 1 h at 6 5 °C i n 5 0 % d ei o ni z e d f or m a mi d e, 2 × s o di u m s ali n e citr at e ( S S C), 5 0 μ g/ ml y e a st t R N A a n d 5 0 μ g/ ml H e p ari n. H y bri di z ati o n w a s p erf or m e d o v er ni g ht at 6 5 °C wit h t h e ri b o pr o b e dil ut e d i n pr e hy bri di z ati o n mi x, a n d w a s f oll o w e d b y w a s h e s i n 5 0 % f or m a mi d e/ 2 × S S C at 6 5 °C f or 1 h. S e cti o n s w er e w a s h e d f or a n a d diti o n al h o ur i n m al e at e b uff er ( 1 0 0 m M m al ei c a ci d, 1 5 0 m M N a Cl, 0, 1 % t w e e n) at r o o m t e m p er at ur e, a n d i n c u b at e d f or 1. 5 h wit h t h e a nti-di g oxi g e ni n al k ali n e p h o s p h at a s e-c o nj u g at e d a nti b o d y ( dil uti o n, 1 : 5 0 0, i n Bl o cki n g B uff er, R o c h e Di a g n o sti c s). S e cti o n s w er e t h e n w a s h e d i n m al e at e b uff er b ef or e i n c u b ati o n wit h t h e c hr o m o g e ni c s u b str at e s of al k ali n e p h o s p h at a s e, 5-br o m o-4-c hl or o-3-i n d ol yl-Fi g ur e 8 p 5 3-i n d e p e n d e nt eli mi n ati o n of Nl e m ut a nt i nt e sti n al S C s a n d pr o g e nit or s. ( a ) D et e cti o n of t h e n o nr e c o m bi n e d (fl ox) a n d r e c o m bi n e d ( d el) Nl e all el e s b y g e n o mi c P C R p erf or m e d o n cr y pt s ( c) or villi ( v) e nri c h e d D N A extr a ct s fr o m C o ntr ol; p 5 3 K O a n d Nl e Vil c K O; p 5 3 K O i nt e sti n e s. ( b ) C a s p a s e 3i m m u n o st ai ni n g o n s e cti o n s of Nl e Vil c K O; p 5 3 +/ -a n d Nl e Vil c K O; p 5 3 K Oi nt e sti n e s. Arr o w s s h o w a p o pt oti c c ell sl o c at e di nt h e u p p er cr y pt r e gi o n. S c al e b ar s, 5 0 μ m. ( c ) Hi st o gr a m s h o wi n gt h e m e a n n u m b er ( ± S. E. M.) of C a s p a s e 3-p o siti v e c ell s p er cr y pti n Nl e Vil c K O; p 5 3 +/ -a n d Nl e Vil c K O; p 5 3 K O s m alli nt e sti n e. n = 3 f or e a c h g e n ot y p e. ( d ) Di a gr a m r e pr e s e nti n g t h e p er c e nt a g e of C a s p a s e 3-p o siti v e c ell sf o u n di nt h el o w er, mi d dl e a n d u p p er t hir d s oft h e cr y pt si n Nl e Vil c K O; p 5 3 +/ -a n d Nl e Vil c K O; p 5 3 K O s m alli nt e sti n e. ( e ) A nti-p ur o my ci ni m m u n o bl otti n g of pr ot ei n extr a ct s f ori d e nti c al n u m b er of cr y pt s c ell s fr o m C o ntr ol; p 5 3 K O a n d Nl e Vil c K O; p 5 3 K Oi nt e sti n e at d ay 4 p.i. Gr a p h s r e pr e s e nt t h e m e a n n or m ali z e di nt e n sit y ± S. E. M. n = 3 f or e a c h g e n ot y p e Ri b o g e n e si s d ef e ct s alt e r i nt e sti n al h o m e o st a si s A St e d m a n et al 1 0 C ell D e at h a n d Diff er e nti ati o n p h o s p h at e ( 0. 1 7 5 m g/ ml) a n d N B T ( 0. 3 3 7 m g/ ml) ( R o c h e Di a g n o sti c s), i n 1 0 0 m M Tri s ( p H 9. 5), 1 0 0 m M N a Cl, a n d 5 0 m M M g Cl 2 at r o o m t e m p er at ur e. F or fl u or e s c e nt i n sit u hy bri di z ati o n, t h e hy bri di z ati o n st e p w a s p erf or m e d a s pr evi o u sl y d e s cri b e d. 6 2 C o nj u g at e d FI S H pr o b e s w er e p ur c h a s e d fr o m E ur o g e nt e c: it s 1-C y 5: t a g a c a c g g a a g a g c c g g a c g g g a a a g a; it s 2-C y 3: g c g att g at c gt c a a c c g a c g ct c; 2 8 S-Al ex a 4 8 8: c c c gtt c c ctt g g ct gt g gttt c g ct g g at a; 1 8 S-C y 5: ttt a ctt c ct ct a g at a gt c a a gtt c g a c c a n d v ali d at e d i n a pr evi o u s st u d y. 2 3 Cr y pt s c ult ur e. I s ol at e d cr y pt s w er e c ult ur e d a s pr evi o u sl y d e s cri b e d. 2 6 I n bri ef, 4 5 0 cr y pt s w er e e m b e d d e d i n gr o wt h f a ct or r e d u c e d m atri g el ( C or ni n g Lif e S ci e n c e s, Te w ks b ur y, M A, U S A) a n d pl at e d i n 2 4-w ell s pl at e s wit h c ult ur e m e di u m ( A d v a n c e d D M E M/ F 1 2; I n vitr o g e n) c o nt ai ni n g E G F ( P e pr ot e c h, R o ck y Hill, N J, U S A); R-s p o n di n 1 ( R & D S y st e m s, Mi n n e a p oli s, M N, U S A); a n d n o g gi n ( P e pr ot e c h); a n d s u p pl e m e nt e d wit h N 2 a n d B 2 7 (I n vitr o g e n). T h e m e di u m w a s ex c h a n g e d ev er y 4 d ay s. F or C X-5 4 6 1 tr e at m e nt, or g a n oi d s w er e c ult ur e d f or 4 d ay s, a n d n e w c ult ur e m e di u m c o nt ai ni n g 1 μ M C X-5 4 6 1 ( A x o n M e d c h e m, Gr o ni n g e n, T h e N et h erl a n d s) dil ut e d i n 0, 1 M citr at e. 0, 1 M citr at e o nl y w a s a d d e d a s a v e hi cl e c o ntr ol. R T-q P C R. F or t ot al R N A s extr a cti o n, i nt e sti n al s a m pl e s w er e h o m o g e ni z e d i n Tri z ol c o nt ai ni n g 0. 4 g of gl a s s b e a d s ( 2 1 2 -3 0 0 μ m ø, Si g m a, St. L o ui s, M O, U S A) f or 4 0 s i n a F a st Pr e p I n str u m e nt ( M P Bi o c h e mi c al s, Ill kir c h, Fr a n c e). To extr a ct t h eir R N A s, or g a n oi d s w er e r e c ov er e d fr o m M atri g el a n d pr o c e s s e d f oll o wi n g t h e m R N e a sy mi ni kit pr o c e d ur e ( Qi a g e n S ci e n c e s, G er m a nt o w n, M D, U S A). R ev er s etr a n s cri pti o n w a s p erf or m e d u si n g t h e S u p er s cri pt II kit (I n vitr o g e n) a c c or di n g t o t h e m a n uf a ct ur er s ' i n str u cti o n s. R e al-ti m e P C R w a s c arri e d o n u si n g c u st o m-d e si g n e d pri m er s ( S u p pl e m e nt ar y Ta bl e S 1) a n d S Y B R gr e e n P C R m a st er mi x ( A p pli e d Bi o s y st e m, F o st er cit y, C A, U S A) o n a St e p O n e i n str u m e nt ( St e p O n e s oft w ar e v er si o n 2. 2; A p pli e d Bi o s y st e m s). E x pr e s si o n l ev el s w er e n or m ali z e d u si n g T B P , Al d ol a s e a n d/ or Rr m 2 a s r ef er e n c e g e n e s. W e st er n bl ot. Pr ot ei n s w er e extr a ct e d i n a ur e a b uff er s u p pl e m e nt e d wit h a nti pr ot e as e s ( R o c h e Di a g n o sti c s) a n d 1 m M D T T. E xtr a ct s w er e s o ni c at e d 5 mi n a n d tr e at e d wit h B e n z o n a s e ( Si g m a) t o g et ri d of D N A c o nt a mi n a nts. T h e pr ot ei n c o nt e nt w a s d et er mi n e d u si n g a Br a df or d a s s ay. Pr ot ei n s w er e d e n at ur e d i n L a e m mli b uff er at 9 5 °C f or 1 0 mi n b ef or e b ei n g l o a d e d o n a 1 0 % p ol y a cr yl a mi d e g el. Aft er mi gr ati o n, pr ot ei n s w er e tr a n sf err e d o nt o a nitr o c ell ul os e m e m br a n e ( Bi or a d, H er c ul e s, C A, U S A) a n d i n c u b at e d o v er ni g ht at 4 °C wit h t h e pri m ar y a nti b o di e s. M e m br a n e s w er e i n c u b at e d wit h p er oxi d a s e l a b el e d s e c o n d ar y a nti b o di e s at R T f or 4 5 mi n, ri n s e d i n P B S. Si g n al s w er e vi s u ali z e d u si n g E Cl ( Pi er c e Bi ot e c h n ol o g y, R o ckf or d, I L, U S A) a n d q u a ntifi e d o n a Ty p h o o n I n str u m e nt. Pri m ar y a n d s e c o n d ar y a nti b o di e s u s e d i n t h e s e ex p eri m e nt s ar e li st e d i n s u p pl e m e nt ar y m at eri al S u p pl e m e nt ar y Ta bl e S 2. Q u a ntifi c ati o n of pr ot ei n s y nt h e si s. Mi c e w er e i nj e ct e d i ntr a p erit o n e all y wit h 1 m g of p ur o my ci n i n P B S, 1 0 mi n b ef or e killi n g. I nt e sti n e s w er e r a pi dl y h ar v e st e d i n i c e-c ol d P B S c o nt ai ni n g e m eti n e t o bl o ck p ur o my ci n i n c or p or ati o n d uri n g t h e pr o c e d ur e. Cr y pt s w er e i s ol at e d a s d e s cri b e d pr evi o u sl y, a n d di s s o ci at e d i nt o si n gl e c ell s. Si n gl e c ell s w er e c o u nt e d o n a h e m o c yt o m et er b ef or e b ei n g l y s e d i n pr ot ei n extr a cti o n b uff er. P ur o my cil at e d p e pti d e c h ai n s w er e q u a ntifi e d o n a w e st er n bl ot a g ai n st p ur o my ci n b y m e a s uri n g t h e pi x el i nt e n sit y t hr o u g h t h e w h ol e l e n gt h of e a c h l a n e u si n g t y p h o o n i n str u m e nt. N ort h er n bl ot. Tot al R N A fr o m cr y pt s c ell s w a s pr e p ar e d wit h T RI z ol r e a g e nt f oll o wi n g t h e s u p pli er's i n str u cti o n s ( Si g m a). Mi gr ati o n a n d hy bri di z ati o n w er e p erf or m e d a s pr evi o u sl y d e s cri b e d. 6 3 T h e pr o b e s u s e d i n t hi s st u d y w er e It s 1-1 a

  I n sili c o s e ar c h f or p ut ati v e p 5 3 r e s p o n s e el e m e nt s. To i d e ntif y p ut ati v e p 5 3 R E s, w e u s e d t h e C o n sit e s oft w ar e ( htt p:// c o n sit e. g e n er e g. n et/) wit h a p o siti o n al fr e q u e n c y m atri x f or p 5 3 r e s p o n s e el e m e nt s m o difi e d t o t a k e v ar yi n g s p a c er l e n gt h s ( 0 -1 3 b p) i nt o a c c o u nt. Wit h t hi s m et h o d, p 5 3 R E s fr o m k n o w n p 5 3 t ar g et g e n e s w er e pr evi o u sl y f o u n d t o h a v e a m e a n v al u e ( M) of 1 1. 7, wit h a S. D. of 1. 2. P ut ati v e R E s w er e pl ott e d a g ai n st t h e m a p a s l olli p o p s, wit h gr eyt o n e s a c c or di n g t o t h eir s c or e: w hit e f or s c or e s b et w e e n 1 0. 5 a n d 1 2. 9 ( M ± S. D.) a n d bl ac k f or s c or e s 4 1 5. 3 ( M + 3 S. D.). L u cif er a s e e x pr e s si o n a s s a y s. To c o n str u ct t h e p 5 3 R E r e p ort er pl a s mi d s, w e cl o n e d i ntr o ni c s e q u e n c e s u p str e a m of a S V 4 0 mi ni m al pr o m ot er b ef or e t h e fir efl y l u cif er a s e g e n e. F or e a c h ex p eri m e nt, 1 0 6 ex p o n e nti all y gr o wi n g p 5 3 -/- m o u s e e m br y o ni c fi br o bl a st s w er e n u cl e of e ct e d u si n g t h e L o n z a M E F 2 n u cl e of e ct or kit wit h 3 μ g of a p 5 3 R E-fir efl y l u cif er a s e r e p ort er pl a s mi d (i 3 or i 3 Δ ) a n d 3 μ g of a n e m pt y ex pr e s si o n pl a s mi d, 3 μ g of t h e s a m e r e p ort er pl a s mi d a n d 3 μ g of a W T p 5 3 ex pr e s si o n pl a s mi d or 3 μ g of t h e s a m e r e p ort er pl a s mi d a n d 3 μ g of a p 5 3 R 2 7 0 H ex pr e s si o n pl a s mi d. F or all p oi nt s, d at a w er e n or m ali z e d b y a d di n g 3 0 n g of r e nill a l u cif er a s e ex pr e s si o n pl a s mi d ( p G L 4. 7 3, Pr o m e g a, S a n L ui s O bi s p o, C A, U S A). N u cl e of e ct e d c ell s w er e all o w e d t o gr o w f or 2 4 h, t h e n tr y p si ni z e d, r e s u s p e n d e d i n 7 5 μ l c ult ur e m e di u m a n d tr a n sf err e di nt o a w ell of a n o pti c al 9 6 w ell pl at e ( N u n c, T h er m o Fi s h er S ci e ntifi c, R u g by, U K). T h e d u al-gl o l u cif er a s e a s s ay s y st e m ( Pr o m e g a) w a s u s e d a c c or di n g t o t h e m a n uf a ct ur er 's pr ot o c ol t o l y s e t h e c ell s a n d r e a d fir efl y a n d r e nill a l u cif er a s e si g n al s. St ati sti c al a n al y si s. Gr a p h s w er e p erf or m e d u si n g Pri s m 5 s oft w ar e ( Gr a p h P a d S oft w ar e, L a J oll a, C A, U S A). F or m e a n c o m p ari s o n s, all b ar gr a p h s wit h p o ol e d d at a s h o w m e a n s ± S. E. M. St ati sti c al a n al y s e s w er e p erf or m e d u si n g t h e M a n n-W hit n e y Wil c ox o n t e st or t h e St u d e nt' s t-t e st. P o 0. 0 5 w a s c o n si d er e d si g nifi c a nt. C o nfli ct of I nt er e st T h e a ut h or s d e cl ar e n o c o nfli ct of i nt er e st. A c k n o wl e d g e m e nt s . W e ar e gr at ef ult ot h e m e m b er s oft h e hi st o p at h ol o gy u nit a n d of B R o m a g n ol o 's t e a m a n d t o A D a vi d a n d S El M e s s a o u di-A u b ert f or t e c h ni c al h el p a n d a d vi c e s. W e t h a n k P S a n s o n etti f or t h e L gr 5 Cr e E R T 2-I R E S-Gf p m o u s e li n e, B R o m a g n ol o f or t h e Olf m 4i n sit u pr o b e a n d B G ayr a u d-M or el, L L e C a m, J C M ari n e f or pr ovi di n g r e a g e nt s. W e t h a n k B R o m a g n ol o, P J ay a n d J Art u s f or criti c al r e a di n g of t h e m a n u s cri pt, a n d all m e m b er s of t h e GI st e m c o n s orti u m, S Taj b a k h s h 's l a b a n d t h e M o u s e F u n cti o n al G e n eti c s u nitf or h el pf ul di s c u s si o n s. I m a gi n g w a s p erf or m e d at t h e I m a g o p ol e a n d t h e hi st o p at h ol o gy U nit fr o m I n stit ut P a st e ur. T hi s w or k w a s s u p p ort e d b y t h e I n stit ut N ati o n al d u C a n c er (I N C a 2 0 0 7-1-C O L-6-I C-1 a n d P L BI O 0 9-0 7 0), t h e I n stit ut P a st e ur, t h e C e ntr e N ati o n al d el a R e c h er c h e S ci e ntifi q u e, t h e A g e n c e N ati o n al e d e l a R e c h er c h e ( A N R-1 0-L A B X-7 3-0 1 R E VI V E) a n d t h e F o n d ati o n A R C ( Pr o gr a m m el a b elli s é 2 0 1 4). A S r e c ei v e d s u p p ort fr o m t h e F o n d ati o n d e s Tr eill e s. 1. Fr o m o nt-R a ci n e M, S e n g er B, S a v e a n u C, F a si ol o F. Ri b o s o m e a s s e m bl y i n e u k ar y ot e s. G e n e 2 0 0 3; 3 1 3 : 1 7-4 2. 2. Wil d T, H or v at h P, W yl er E, Wi d m a n n B, B a d ert s c h er L, Z e m p I et al. A pr ot ei n i n v e nt or y of h u m a n ri b o s o m e bi o g e n e si s r ev e al s a n e s s e nti alf u n cti o n of ex p orti n 5i n 6 0 S s u b u nit ex p ort. P L o S Bi ol 2 0 1 0; 8 : e 1 0 0 0 5 2 2. 3. Sl o a n K E, M attij s s e n S, L e b ar o n S, Toll er v ey D, Pr uij n G J M, W at ki n s N J. B ot h e n d o n u cl e ol yti c a n d ex o n u cl e ol yti c cl e a v a g e m e di at e I T S 1 r e m o v al d uri n g h u m a n ri b o s o m al R N A pr o c e s si n g. J C ell Bi ol 2 0 1 3; 2 0 0 : 5 7 7-5 8 8. 4. C arr o n C, O' D o n o h u e M-F, C h o e s m el V, F a u bl a di er M, Gl ei z e s P-E. A n al y si s of t w o h u m a n pr e-ri b o s o m al f a ct or s, b y sti n a n d h T sr 1, hi g hli g ht s diff er e n c e s i n ev ol uti o n of ri b o s o m e bi o g e n e si s b et w e e n y e a st a n d m a m m al s. N u cl ei c A ci d s R e s 2 or e a u L, Z or b a s C, L a n g h e n dri e s J-L, M ulli n e u x S-T, St a m at o p o ul o u V, M ulli er R et al. T h e c o m pl exit y of h u m a n ri b o s o m e bi o g e n e si s r ev e al e d b y s y st e m ati c n u cl e ol ar s cr e e ni n g of Pr e-r R N A pr o c e s si n g f a ct or s. M ol C ell 2 o n ati G, P e d di g ari S, M er c er C A, T h o m a s G. 5 S ri b o s o m al R N Ai s a n e s s e nti al c o m p o n e nt of a n a s c e nt ri b o s o m al pr e c ur s or c o m pl e xt h at r e g ul at e s t h e H d m 2-p 5 3 c h e c k p oi nt. C ell R h a n g Y, W olf G W, B h at K, Ji n A, Alli o T, B ur k h art W A et al. Ri b o s o m al pr ot ei n L 1 1 n e g ati v el y r e g ul at e s o n c o pr ot ei n M D M 2 a n d m e di at e s a p 5 3-d e p e n d e nt ri b o s o m al-str e s s c h e c k p oi nt p at h w ay. M ol C ell Bi ol 2 u m a g alli S, I v a n e n k o v V V, Te n g T, T h o m a s G. S u pr ai n d u cti o n of p 5 3 b y di sr u pti o n of 4 0 S a n d 6 0 S ri b o s o m e bi o g e n e si sl e a d s t o t h e a cti v ati o n of a n o v el G 2/ M c h e c k p oi nt. G e n e s mi st e a d J, Tri g g s-R ai n e B. Di v er s e di s e a s e s fr o m a u bi q uit o u s pr o c e s s: t h e ri b o s o m o p at hy p ar a d ox. F E B S L ett 2 0 1 4; 5 8 8 : 1 4 9 1-1 5 0 0. 1 0. N arl a A, E b ert B L. Ri b o s o m o p at hi e s: h u m a n di s or d er s of ri b o s o m e d y sf u n cti o n. Bl o o d 2 0 1 0; 1 1 5 : 3 1 9 6-3 2 0 5. 1 1. M c G o w a n K A, Li J Z, P ar k C Y, B e a u dr y V, Ta b or H K, S a b ni s A J et al. Ri b o s o m al m ut ati o n s c a u s e p 5 3-m e di at e d d ar k s ki n a n d pl ei otr o pi c eff ect s. N at G e n et 2 0 0 8; 4 0 : 9 6 3-9 7 0. 1 2. D utt S, N arl a A, Li n K, M ull all y A, A b ay a s e k ar a N, M e g er di c hi a n C et al. H a pl oi n s uffi ci e n c y f or ri b o s o m al pr ot ei n g e n e s c a u s e s s el e cti v e a cti v ati o n of p 5 3 i n h u m a n er yt hr oi d pr o g e nit or c ell s. Bl o o d 2 0 1 1; 1 1 7 : 2 5 6 7-2 5 7 6. Ri b o g e n e si s d ef e ct s alt e r i nt e sti n al h o m e o st a si s A St e d m a n et al
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 , Figure,S1.CBC,stem,cells,are,compromised,following,Nle,deletion.,(A)$GFP$(green)$
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 6 of O nl y P r o of O nl y pr olif er ati o n a n d s u g g e st t h at c ell t y p e-s p e cifi c m e c h ani s m s mi g ht r e g ul at e ri b o s o m e bi o g e n e si s i n h e m at o p oieti c st e m c ell s a n d pr o g e nit or s. C o n si st e nt wit h o ur c o n cl u si o n i s t h e r e c e nt o b s er v ati o n t h at A N GI O G E NI N, a ni c h e-s p e cifi c f a ct or, sti m ul at e s r R N A tr a n s cri pti o n i n M E P s, C M P s, a n d G M P s b ut n ot i n H S C s a n d M P P s ( G o n c al v e s et al. 2 0 1 6). A m o n g Li n -u n diff er e nti at e d c ell s, M E P s s h o w e d t h e hi g h e st a cti vit y of pr e-r R N A l e v el s. Alt h o u g h cl a s si c all y d efi n e d a s bi p ot e nt pr o g e nit or s, t h e Li n -S c a 1 -c Kit + C D 3 4 -F C γ R-II/III l o w p o p ul ati o n of t h e B M w a s r e c e ntl y s h o w n t o b e c o m p o s e d al m o st e xcl u si v el y of c ell s h a vi n g er yt hr oi d diff er e nti ati o n p ot e n c y ( P a ul et al. 2 0 1 5). W e al s o d et e ct e d hi g h l e v el s of pr e-r R N A s f urt h er d o w n al o n g t h e er yt hr oi d diff er e nti ati o n pr o gr a m, i n pr o er yt hr o bl a st s. C o ntr ar y t o pr er R N A l e v el s, gl o b al pr ot ei n tr a n sl ati o n i s n ot i n cr e a s e d i n M E P s c o m p ar e d t o C M P s a n d G M P s (t hi s st u d y a n d Si g n er et al. 2 0 1 4) i n di c ati n g t h at hi g h ri b o s o m e bi o g e n e si s a cti vit y i n t h e s e pr o g e nit or s i s n ot dri v e n b y a p arti c ul arl y hi g h n e e d i n tr a n sl ati o n. I m p ort a ntl y, a criti c al r ol e f or ri b os o m e i n er yt hr oi d d e v el o p m e nt w a s u n c o v er e d m or e t h a n a d e c a d e a g o b y t h e d e m o n str ati o n t h at m ut ati o n s i n ri b o s o m al g e n e s c a u s e s er yt hr oi d d ef e ct s i n p ati e nt s s uff eri n g fr o m Di a m o n d-Bl a c kf a n a n e mi a a n d t h e 5 q s y n dr o m e ( N arl a a n d E b ert 2 0 1 0). O ur o b s er v ati o n of a p arti c ul arl y hi g h l e v el of ri b o s o m e bi o g e n e si s a cti vit y i n er yt hr oi d pr o g e nit or s will e v e nt u all y h el p t o u n d er st a n d w h y d e v el o pi n g er yt hr o c yt e s ar e hi g hl y s e n siti v e t o s u b o pti m al l e v el s of ri b o s o m al pr ot ei n s. W e al s o d o c u m e nt e d a s h ar p di mi n uti o n i n pr e-r R N A l e v el s at t h e tr a nsiti o n b et w e e n pr o-er yt hr o bl a st s a n d b a s o p hili c er yt hr o bl a st s. T hi s i s c o ntr a sti n g wit h t h e pr o gr e s si v e m o d ul ati o n of ot h er p ar a m et er s ( di mi n uti o n of c ell si z e, c hr o m ati n c h a n g e, or h e m o gl o bi n a c c u m ul ati o n) o b s er ve d d uri n g er yt hr oi d diff er e nti ati o n. I nt er e sti n gl y, t h e p ol y c o m b gr o u p pr ot ei n B mi 1 h a s b e e n s h o w n t o p o siti v el y r e g ul at e ri b o s o m e bi o g e n e si s i n pr o er yt hr o bl a st s a n d t h er ef or e i s li k el y i n v ol v e d i n t h e r e g ul ati o n of ri b o s o m e bi o g e n e si s a cti vit y d uri n g n or m al er yt hr oi d m at ur ati o n ( G a o et al. 2 0 1 5). H o w e v er, B mi 1 e x pr e s si o n i s t ur n e d off i n l at e er yt hr o bl a st s ( G a o et al. 2 0 1 5) aft er t h e s h ar p d o w n-r e g ul ati o n of pr e-r R N A l e v el s, i n di c ati n g t h at a d diti o n al r e g ul at or s of ri b o s o m e bi o g e n e si s d uri n g er yt hr oi d diff er e nti ati o n r e m ai n t o b e di s c o v er e d. I nt er e sti n gl y, r e c e nt st u di e s s u g g e st t h at d o w n-r e g ul ati o n of r R N A tr a n s cri pti o n m a y a ct u all y tri g g er diff er e nti ati o n ( H a y a s hi et al. 2 0 1 4; Z h a n g et al. 2 0 1 4). I n t h e f ut ur e, it A B FI G U R E 4. R N A P ol I i n hi bit or s l e a d t o si g nifi c a nt d e cr e a s e of pr e-r R N A l e v el s d et e ct e d b y Fl o w-FI S H. B M c ell s w er e i n c u b at e d or n ot i n t h e pr e s e n c e of 1 0 µ M C X-5 4 6 1 or 2. 5 µ M B M H-2 1 f or 3 h, a n d w er e t h e n st ai n e d u si n g Fl o w-FI S H wit h pr o b e s dir e ct e d a g ai n st it s 1 or it s 2 or a n o nt ar g eti n g pr o b e ( s cr). Q u a ntifi c ati o n of it s 1 (A ) a n d it s 2 (B ) l e v el s i n t h e i n di c at e d p o p ul ati o n s, r el ati v e t o l e v el s i n t h e B M p o p ul ati o n ( H S C: Li n -S c a 1 + c Kit + C D 3 4 -; M P P: Li n - S c a 1 + c Kit + C D 3 4 + ; C M P: Li n -S c a 1 + c Kit + C D 3 4 hi ; G M P: Li n -S c a 1 + c Kit + C D 3 4 l o ; M E P: Li n - S c a 1 + c Kit + C D 3 4 l o ). St ati sti c al si g nifi c a n c e of t h e diff er e n c e s b et w e e n tr e at e d a n d u ntr e at e d c ell s w a s c al c ul at e d u si n g u n p air e d t w o-t ail e d St u d e nt 's t-t e st s: ( * ) P < 0. 0 5, ( * * ) P < 0. 0 1, ( * * * ) P < 0. 0 0 1, ( * * * * ) P < 0. 0 0 0 1. n = 3 mi c e f or e a c h s a m pl e gr o u p. J ar z e b o w s ki et al.
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LEGENDS, , Figure, 1, Nle, loss0of0function, improves, survival, of, Apc0deficient, mice, and, limits, crypt,hyperplasia.!(A)!Scheme!of!tamoxifen!injection!and!analysis.!(B)!Detection!of!the!

  

	subjected!to!the!same!analysis.!We!performed!Wald!tests!under!the!model!~Nle!+!Apc!+! Nle:Apc,!where!Nle!is!a!factor!indicating!Nle!cKO!and!Apc!is!a!factor!indicating!Apc!cKO.! We!tested!the!significance!of!the!Nle,!Apc!and!the!interaction!term.! K5means#clustering#of#RNA5seq#Data# Response! patterns! of! genes! were! identified! using! kLmeans! clustering! (offered! by! the! FIGURE,nonrecombined! (flox)! and! the! recombined! (del)! Apc! (top)! and! Nle! (bottom)! alleles! by!
	Clustering! package! in! Julia! 0.6! (Bezanson! et! al.! 2017)! on! normalised! read! counts.! We! PCR! performed! on! DNA! extracts! from! Control,! ApcVilcKO! and! Apc;NleVilcKO! small!
	clustered!the!mean!expression!per!timepoint!and!condition,!normalised!to!the!maximum! intestinal!epithelium.!Two!bands!of!similar!intensity!are!amplified!from!Apc flox/del !(top)!
	expression! of! each! gene.! We! found! k! =! 10! found! a! good! balance! between! generalising! and!Nle flox/del !(bottom)!DNA!(T).!The!wt!allele!appears!on!the!gel!for!Apc#but!not!for!Nle.#
	broad!behaviours!and!identifying!specific!results!in!the!double!cKO.! (C)! Weight! curve! of! Control,! ApcVilcKO! and! Apc;NleVilcKO! mice! following! tamoxifen!
	Gene/phenotype#ontology#enrichment#analysis! injection.!*,!p<0.05!***,!p<0.001!according!to!Student's!tLtest.!(D)!KaplanLMeier!survival!
	The! different! gene! clusters! from! the! modelLbased! analysis! were! analyzed! using! the! curve!of!Control,!ApcVilcKO!and!Apc;NleVilcKO!mice!following!tamoxifen!injection.!The!
	MouseMine! database.! For! each! gene! list,! Gene! Ontology! Enrichment! terms! and! difference!between!ApcVilcKO!and!Apc;NleVilcKO!is!significant!with!p<0.05!according!to!
	Mammalian! Phenotype! Ontology! Enrichment! terms! were! searched! with! Max! pLvalue! =! MannLWhitney! Wilcoxon! test.! (E)! Hematoxylin-eosin! staining! of! intestinal! epithelium!
	0.05! and! HolmLBonferroni! correction.! When! significantly! enriched! terms! were! found,! sections!from!Control,!ApcVilcKO!and!Apc;NleVilcKO!small!intestines!at!day!2!pi.!Black!
	those!relevant!to!our!mutant!phenotypes!were!selected,!and!the!term!with!the!lowest!pL bars!indicate!the!crypt!compartment!(enlarged!in!the!ApcVilcKO).!Scale!bars,!50!μm.!
	value!for!each!category!was!indicated!on!figures!5E!and!S5.! !
	For!every!analysis,!p<0.05!is!considered!significant.! Figure, 2
	!
	!
	Computational,Methods,
	RNA5seq#Data#Processing#and#Differential#Expression#
	Paired! end! RNALseq! reads! were! quantified! against! the! mm9! transcriptome! using!
	Kallisto! 0.43! (Bray! et! al.! 2016)! with! default! options.! Rounded! estimated! counts! were!
	used!as!input!to!DESeq2(Love!et!al.!2014).!Genes!with!at!least!10!normalized!counts!in!
	all! replicates! of! at! least! one! condition! were! considered! for! differential! expression!
	analysis.! For! all! differential! expression! tests! DESeq2! was! run! without! independent!

Table!S1.! ! Quantification,of,protein,synthesis.! Mice! were! injected! intraperitoneally! with! 2mg! of! puromycin! in! PBS,! 10min! before! sacrifice.!Intestines!were!rapidly!harvested!in!iceLcold!PBS!containing!emetine!to!block! further! puromycin! incorporation! during! the! procedure.! Crypts! were! isolated! as! previously! described! (Guo! et! al.! 2009)! and! counted! before! being! lysed! in! protein! extraction! buffer.! Puromycilated! peptide! chains! were! quantified! on! a! western! blot! against! puromycin! by! measuring! the! pixel! intensity! through! the! whole! length! of! each! lane!using!a!Typhoon!instrument.! ! Statistical, analysis.! For! mean! comparisons,! all! bar! graphs! with! pooled! data! show! means!±!S.E.M.!Statistical!analyses!were!performed!using!the!Mann-Whitney!Wilcoxon! test!or!the!Student's!tLtest.!p<0.05!was!considered!significant.! filtering!and!without!any!fold!change!shrinkage,!genes!with!padj!<!0.05!are!considered! differentially! expressed.! Samples! at! 24h! and! 48H! were! processed! separately! and!

, Nle$ loss0of0function, limits, the, expansion, of, the, proliferative, compartment, expansion, despite, Wnt, pathway, hyperactivation.!

  

	!
	Figure,3
	(A)! βLcatenin!
	immunostaining! (brown)! counterstained! with! hematoxylin! (blue)! on! intestinal!
	epithelium! sections! from! Control,! ApcVilcKO! and! Apc;NleVilcKO! intestines! at! day! 2! pi.!
	The! second! lane! shows! magnified! views! of! framed! regions.! Scale! bars,! 50! μm.! (B)! RTL
	qPCR! performed! on! total! RNA! from! Control,! NleVilcKO,! ApcVilcKO! and! Apc;NleVilcKO!
	intestinal! epithelium! extracts! at! day! 2! pi.! Graphs! represent! the! mean! fold! changes! ±!
	S.E.M.!for!Wnt!transcriptional!target!genes!c5Myc!and!Axin2.!n!≥!3!for!each!genotype.!*,!
	p<0.05! **,! p<0.01! ***,! p<001! according! to! Student's! tLtest.! (C)! BrdU! immunostaining!
	(brown)!counterstained!with!hematoxylin!(blue)!on!intestinal!epithelium!sections!from!
	Control,! ApcVilcKO! and! Apc;NleVilcKO! intestines! at! day! 2! pi! harvested! 2! hours! after!
	BrdU!injection.!Black!bars!indicate!the!extension!of!the!proliferative!compartment.!Scale!
	bars,! 50! μm.! (D)! Histogram! showing! the! mean! proportion! (±! S.E.M.)! of! BrdULpositive!
	cells! in! the! proliferative! compartment! in! Control,! ApcVilcKO! and! Apc;NleVilcKO! small!
	intestines.!TwentyLfive!transverse!crypt!sections!were!scored!per!mouse,!n!=!4!for!each!
	genotype.! The! means! were! not! significantly! different! among! genotypes! according! to!
	MannLWhitney!Wilcoxon!test.!

,Nle$loss0of0function,restores,cell,cycle,exit,and,differentiation,in,the,Apc0 deficient, epithelium.!

  

	(A)! BrdU! immunostaining! (brown)! counterstained! with!
	Hematoxylin! (blue)! on! intestinal! epithelium! sections! from! Control,! ApcVilcKO! and!
	Apc;NleVilcKO!intestines!at!day!3!pi!harvested!2!hours!or!48!hours!after!BrdU!injection.!
	Plain!black!bars!indicate!the!proliferative!compartment.!Dotted!black!bars!indicate!the!
	range! of! proliferative! cell! migration! within! 48! hours.! Scale! bars,! 50! μm.! (B)! CleavedL
	Caspase! 3! immunostaining! (brown)! counterstained! with! Hematoxylin! (blue)! on!
	intestinal!epithelium!sections!from!Control,!ApcVilcKO!and!Apc;NleVilcKO!intestines!at!
	day!2!pi.!Arrowheads!indicate!Caspase!3Lpositive!cells.!Scale!bars,!50!μm.!(C)!RTLqPCR!
	performed! on! total! RNA! from! Control,! ApcVilcKO! and! Apc;NleVilcKO! intestinal! crypt!
	extracts!at!day!2!pi.!Graphs!represent!the!mean!fold!changes!±!S.E.M.!for!differentiation!
	markers! Alanyl! aminopeptidase! (Anpep),! Mucin! 2! (Muc2)! and! Chromogranin! A!
	(ChromoA).! n! ≥! 3! for! each! genotype.! *,! p<0.05! **,! p<0.01! according! to! Student's! tLtest.!
	(D)! MUC2! immunostaining! (brown)! counterstained! with! Hematoxylin! (blue)! on!
	intestinal!epithelium!sections!from!Control,!ApcVilcKO!and!Apc;NleVilcKO!intestines!at!
	day!2!pi.!Scale!bars,!50!μm.!
	!
	Figure, 4

, Nle, loss0of0function, leads, to, ribosome, biogenesis, defects,, reduction, of, protein, synthesis, and, p53, stabilization, in, the, Apc0deficient, epithelium.!

  

	according! to! Mann-Whitney! Wilcoxon! test.! (F)! p53! immunostaining! (brown)!
	counterstained!with!Hematoxylin!(blue)!on!intestinal!epithelium!sections!from!Control,!
	ApcVilcKO!and!Apc;NleVilcKO!intestines!at!day!2!pi.!Scale!bars,!50!μm.!
	!
	Figure, 5
	(A)!
	Simplified!diagram!illustrating!the!main!steps!of!ribosome!biogenesis!in!eukaryotic!cells.!
	Blue!arrows!represent!the!primers!used!to!measure!the!levels!of!ribosomal!RNAs!by!RTL
	qPCR.!FISH!probes!used!to!detect!its1!(red)!and!its2!(green)!sequences!from!precursors!
	of! the! small! and! large! ribosomal! subunits,! respectively,! are! indicated.! (B)! RTLqPCR!
	performed! on! total! RNA! from! Control,! ApcVilcKO! and! Apc;NleVilcKO! intestinal! crypt!
	extracts! at! day! 2! pi.! Graphs! represent! the! mean! fold! changes! ±! S.E.M.! for! the! different!
	amplicons.! n! ≥! 3! (resp.! n! =! 4)! for! each! genotype.! *,! p<0.05! **,! p<0.01! ***,! p<001!
	according!to!Student's!tLtest.!(C)!FISH!for!its1!(red)!or!its2!(yellow)!counterstained!with!
	Hoechst! (blue)! on! intestinal! epithelium! sections! from! Control,! ApcVilcKO! and!
	Apc;NleVilcKO! intestines.! Scale! bars,! 50! μm.! (D)! AntiLpuromycin! immunoblotting! of!
	protein! extracts! for! identical! number! of! crypts! cells! from! Control,! ApcVilcKO! and!
	Apc;NleVilcKO!intestines!at!day!2!pi.!(E)!Histogram!showing!the!mean!normalized!signal!
	intensity!±!S.E.M!from!the!immunoblot!shown!in!(D).!n!=!4!for!each!genotype.!*,!p<0.05!

, The, double, mutant, transcriptome, is, the, sum, of, simple, mutant, transcriptomes.!(A)!Principal!Component!Analysis!(PCA)!of!the!samples.!PC2!is!plotted!

  

	against!PC1.!ApcVilcKO!(A)!and!Apc;NleVilcKO!(AN)!are!distinguishable!from!Control!(C)!
	and!NleVilcKO!(N)!according!to!PC1,!whereas!N!and!AN!are!distinguishable!from!C!and!A!
	according! to! PC1,! meaning! that! PC1! corresponds! to! Apc# lossLofLfunction! and! PC2!
	corresponds!to!Nle#lossLofLfunction.!(B)!KLmeans!clustering!on!all!genes!normalized!by!
	their! maximum! expression! among! the! samples.! (C)! List! and! description! of! the! 8!
	theoretical! categories! of! genes! according! to! the! modelLbased! analysis.! (D)! Histogram!
	showing!the!distribution!of!genes!among!the!8!categories!at!day!1!pi!and!day!2!pi.!The!
	number! of! genes! assigned! to! each! category! is! indicated! at! both! timings.! (E)! KLmeans!
	clustering!on!the!genes!assigned!to!the![N|A|L]!and![N|A|D]!categories!at!day!2!pi.!Gene!
	number! is! plotted! on! the! left! of! each! heatmap.! For! each! cluster,! genes! relevant! to! the!
	analyzed! phenotypes! are! indicated,! as! well! as! the! most! significantly! enriched! gene!
	(black)!and!phenotype!(blue)!ontology!terms!from!MouseMine.!(F)!Histograms!showing!
	the! expression! variation! at! day! 2! pi! of! some! cell! cycle! inhibitorLcoding! mRNAs! (blue),!
	p53! transcriptional! targets! (red),! Wnt! transcriptional! targets! (purple)! and! transcripts!
	enriched!in!ISCs!(red).!ns,!fold!change!not!significant.!!
	!

Figure, 6, Apc$loss0of0function, attenuates, stem, cell, loss, following, Nle$deletion.!(A)!

  

	!
	Figure,7
	RTLqPCR! performed! on! total! RNA! from! Control,! NleVilcKO,! ApcVilcKO! and!
	Apc;NleVilcKO! intestinal! crypt! extracts! at! day! 2! pi.! Graphs! represent! the! mean! fold!
	changes!±!S.E.M.!for!ISC!markers!Lgr5!and!Olfm4.!n!=!4!for!each!genotype.!*,!p<0.05!**,!
	p<0.01! ***,! p<001! according! to! Student's! tLtest.! (B)! In! situ! hybridization! for! Olfm4!
	mRNA! (brown)! counterstained! with! Hematoxylin! (blue)! on! intestinal! epithelium!
	sections! from! Control,! NleVilcKO,! ApcVilcKO! and! Apc;NleVilcKO! intestines.! The! second!
	lane! shows! magnified! views! of! framed! regions.! Scale! bars,! 50! μm.! (C)! BrdU!
	immunostaining! (brown)! counterstained! with! Hematoxylin! (blue)! on! crypt! sections!
	from!Control,!NleVilcKO,!ApcVilcKO!and!Apc;NleVilcKO!intestines!at!day!2!pi!harvested!2!
	hours!after!BrdU!injection.!Asterisks!indicate!BrdULpositive!CBCs.!Scale!bars,!25!μm.!

,Double,mutant,crypts,can,form,organoids,in$vitro.#(A)!Histogram!showing!

  

	!	
	the!mean!percentage!(±!S.E.M.)!of!organoid!formation!and!survival!at!day!4!pi!from!an!
	initial! culture! of! 400! crypts! per! well! from! Control,! NleVilcKO,! ApcVilcKO! and!
	Apc;NleVilcKO!intestines!harvested!at!day!1!pi.!n!≥!3!experiments!for!each!genotype.!*,!
	p<0.05!**,!p<0.01!according!to!Student's!tLtest.!(B)!Pictures!of!organoids!obtained!from!
	Control,! NleVilcKO,! ApcVilcKO! and! Apc;NleVilcKO! crypts.! The! top! lane! shows! a! global!
	view!of!a!well!for!each!genotype!at!day!4!pi.!The!middle!lane!(resp.!bottom!lane)!shows!
	the!morphology!of!organoids!of!the!different!genotypes!at!day!4!(resp.!6)!pi.!Scale!bars,!
	150!μm.!(C)!Detection!of!the!nonrecombined!(flox)!and!the!recombined!(del)!Nle!alleles!
	by! PCR! performed! on! DNA! extracts! from! Control! and! Apc;NleVilcKO! wells! at! different!
	time! points.! Control! DNAs! with! 20%,! 50%! and! 80%! flox! alleles! obtained! by! mixing!
	Nle flox/+ !and!Nle flox/del !DNAs!are!presented.!The!Nle + !and!Nle null #alleles!are!not!shown!on!
	the!gel.!!	
	,	,
	Figure,	

S2!Nle$loss0of0function, reduces, proliferative, compartment, expansion, rate, in, the, Apc0deficient, epithelium.! (

  

	A)! BrdU! immunostaining! (brown)! counterstained!
	with! hematoxylin! (blue)! on! intestinal! epithelium! sections! from! Control! (day! 2! pi),!
	ApcVilcKO! and! Apc;NleVilcKO! (days! 2,! 3! and! 4! pi)! intestines! harvested! 2! hours! after!
	BrdU!injection.!Scale!bars,!50!μm.!(BLC)!Graphs!showing!the!mean!total!cell!number!(B)!
	and! the! mean! number! of! BrdULpositiveLcells! (C)! in! a! transverse! section! of! the!
	proliferative! compartment! of! Control,! ApcVilcKO! and! Apc;NleVilcKO! intestines! at!
	several! timing! post! tamoxifen! injection.! TwentyLfive! transverse! crypt! sections! were!
	scored! per! mouse,! n! =! 4! for! each! genotype! and! each! time! point.! R 2 ,! correlation!
	coefficient!with!a!linear!model!(plain!regression!lines).!The!dotted!horizontal!line!shows!
	baseline! Control! levels! according! to! day! 2! pi! measurements.! Hypothesizing! linear!
	growth,! proliferative! compartment! expansion! begins! at! 0! day! pi! in! the! ApcVilcKO! as!
	previously!reported!(Andreu!et!al.!2005)!and!in!the!Apc;NleVilcKO.!

, Figure,S3,Cell,cycle,exit,is,delayed,in,the,double,mutant,compared,to,the,control.!

  

	(A)! BrdU! immunostaining! (brown)! counterstained! with! Hematoxylin! (blue)! on!
	intestinal! epithelium! sections! from! Control! and! Apc;NleVilcKO! intestines! at! day! 2! pi!
	harvested! 2! hours! or! 24! hours! after! BrdU! injection.! Plain! black! bars! indicate! the!
	proliferative! compartment.! Dotted! black! bars! indicate! the! range! of! proliferative! cell!
	migration! within! 24! hours.! Scale! bars,! 50! μm.! (B)! BrdU! immunostaining! (brown)!
	counterstained! with! Hematoxylin! (blue)! on! crypt! sections! from! Control! and!
	Apc;NleVilcKO!intestines!at!day!2!pi!harvested!2!hours!or!24!hours!after!BrdU!injection.!
	Plain! black! bars! indicate! the! proliferative! compartment.! The! dotted! horizontal! lines!
	indicate!the!limits!of!the!doubleLmutant!specific!compartment!(see!text).!Scale!bars,!25!
	μm.! (C)! Alcian! blue! coloration! counterstained! with! Nuclear! Fast! Red! on! intestinal!
	epithelium!sections!from!Control,!NleVilcKO,!ApcVilcKO!and!Apc;NleVilcKO!intestines!at!
	day!3!pi.!Scale!bars,!100!μm.!
	!
	Figure, S4

, loss0of0function, induces, persistent, p53, stabilization, in, the, Apc0 deficient, epithelium.,

  

	(A)! p53! immunostaining! (brown)! counterstained! with!
	Hematoxylin! (blue)! on! intestinal! epithelium! sections! from! Control! (day! 2! pi)! and!
	ApcVilcKO! (days! 2,! 3! and! 4! pi)! intestines.! Scale! bars,! 50! μm.! (B)! p53! immunostaining!
	(brown)!counterstained!with!Hematoxylin!(blue)!on!intestinal!epithelium!sections!from!
	Control!(day!2!pi)!and!Apc;NleVilcKO!(days!2,!3!and!4!pi)!intestines.!Scale!bars,!50!μm.!
	(C)! p53! immunostaining! (brown)! counterstained! with! Hematoxylin! (blue)! on! crypt!
	sections! from! Apc;NleVilcKO! intestines! at! days! 2,! 3! and! 4! pi.! Asterisks! indicate! p53L
	positive!CBCs.!Scale!bars,!25!μm.!
	!
	Figure, S5

, Most, gene, clusters, display, no, clear, functional, significance.! KLmeans

  

	II<1<b)&Acute&Nle#haploinsufficiency&is&not&involved&in&p53&stabilization&in&the&Apc< ! II<2)&Ribosome&biogenesis&in&Wnt<driven&tumor&progression& II<2<b)
	deficient&intestinal&epithelium& &				
	&	To! complete! the! study! of! the! impact! of! ribosome! biogenesis! alterations! on!
	Our! data! show! that! p53! is! sporadically! and! transiently! stabilized! in! the! Apc$ intestinal!tumorigenesis,!we!chose!Apc$haploinsufficient!(Apc ∆14/+ )!mice!as!a!model!for!
	deficient! epithelium! following! tamoxifen! injection,! consistent! with! previous! reports! tumor!progression.!These!mice!randomly!and!sporadically!develop!adenomas!along!the!
	(Reed!et!al.!2008).!However,!because!we!chose!to!use!Nle flox/+ #as!the!control!genotype!for! intestinal!epithelium!over!time!(Colnot!et!al.!2004).!As!Nle$deficient!intestinal!stem!cells!
	Nle#in!order!to!reduce!the!number!of!animals!that!are!generated!for!the!experiments!and! are!not!viable,!complete!Nle#loss$of$function!can!only!be!acutely!induced.#However,!the!
	to! distinguish! the! effects! of! Cre$mediated! recombination! from! that! of! conditional! appearance!and!growth!of!polyps!in!Apc ∆14/+ !mice!is!spread!over!a!few!months,!making!it!
	mutations,! the! simple! Apc# mutant! mice! are! in! fact! VillinCreERT2 Tg/0 ;Apc flox/flox ;Nle flox/+ ! difficult!to!choose!a!relevant!time!point!at!which!Nle#loss$of$function!should!be!induced.!
	mice.! There! is! therefore! a! possibility! that! acute! loss! of! one! functional! Nle# allele! We!therefore!asked!whether!tumor!progression!in!these!mice!was,!in!turn,!impacted!by!
	contributes! to! p53! stabilization! in! the! Apc$deficient! intestinal! epithelium.! To! test! this! Nle#haploinsufficiency.!
	hypothesis,! &	we!	set!	up!	additional!	crosses!	and!	compared!
	VillinCreERT2 Tg/0 ;Apc flox/flox ;Nle +/+ !mice!to!VillinCreERT2 Tg/0 ;Apc flox/flox ;Nle flox/+ !mice.! II<2<a)&Long<term&Nle#haploinsufficiency&may&impact&NLE&expression&but&does&not& We!observed!by!RT$qPCR!that!the!acute!loss!of!one!Nle#allele!in!the!Apc$deficient! impact&ribosome&activity&in&the&healthy&intestinal&epithelium& epithelium!resulted!in!a!transitory!decrease!in!Nle!mRNA!levels!and!its2!accumulation! !
	that! are! rapidly! compensated,! a! transitory! non$significant! decrease! in! mature! rRNA! To! assess! the! long$term! consequences! of! Nle# haploinsufficiency! on! ribosome!
	levels! that! is! also! rapidly! compensated,! but! no! difference! in! the! expression! of! the! p53! function,! we! injected! puromycin! to! 10! month$old! WT! and! Nle null/+ ! mice! 10! minutes!
	targets! Mdm2,! p21# and! Bax! (fig.! R8a).! Moreover,! histology! and! p53! stabilization! is! before! dissection! and! measured! NLE! expression! and! protein! synthesis! by!
	similar!in!both!genotypes!at!day!2!p.i.!(fig.!R8b),!indicating!that,!although!the!loss!of!one! immunoblotting! on! crypt! extracts! (fig.! R9a).! Although! NLE! expression! appears!
	Nle#allele!has!consequences!at!the!molecular!level,!the!effect!is!moderate!and!negligible! decreased,! albeit! non$significantly,! puromycin! levels! do! not! vary! according! to! the! compared! to! that! of! Nle# complete! loss$of$function.! Thus,! the! observed! transitory! p53! genotype,!indicating!that!Nle#haploinsufficiency!does!not!have!long$term!effects!on!the! stabilization! in! VillinCreERT2 Tg/0 ;Apc flox/flox ;Nle flox/+ ! mice! is! caused! by! Apc# loss$of$ intestinal!crypt's!translational!apparatus.! function!with!no!discernable!contribution!of!acute!Nle#haploinsufficiency.! ! While! long$term! Nle#haploinsufficiency! appears! to! be! mostly! inconsequential! in! ! the!healthy!intestinal!epithelium,!the!situation!could!be!different!in!progressing!tumors,!
	! where! higher! amounts! of! functional! ribosomes! may! be! required.! We! therefore! asked!
	clustering! on! the! genes! assigned! to! the! [A|L|L],! [L|N|L],! [L|L|D],! [A|L|D]! and! [L|N|D]! whether! Nle# haploinsufficiency! could! reduce! the! size! or! number! of! polyps! in! tumor$
	categories! at! day! 2! pi.! Gene! number! is! plotted! on! the! left! of! each! heatmap.! For! each! prone!mice.!
	cluster,! genes! relevant! to! the! analyzed! phenotypes! are! indicated,! as! well! as! the! most! ! !
	significantly! enriched! gene! (black)! and! phenotype! (blue)! ontology! terms! from!
	MouseMine.!						
	!							
	! !								53! 54! 55!

& Nle# haploinsufficiency& does& not& impact& Wnt<driven& tumor& progression& in& the&Apc2haploinsufficient&intestinal&epithelium& &

  

	Apc ∆14/+ !mice!randomly!and!sporadically!lose!their!only!functional!Apc!allele!over!
	the!course!of!their!life,!giving!rise!to!β$catenin$positive!dysplasic!lesions!that!grow!into!
	polyps!(Colnot!et!al.!2004).!Though!most!of!these!polyps!are!benign,!the!mice!typically!
	die! of! an! occlusion! caused! by! a! polyp! located! at! the! pylorus.! The! frequency! of! these!
	events! is! highly! dependent! on! the! genetic! background.! We! crossed! Apc Δ14/+! mice! in! a!
	C57BL/6N! background! with! Nle null/+ ! mice! in! a! 129/sv! background! to! generate!
	Apc ∆14/+ ;Nle +/+ ! and! Apc ∆14/+ ;Nle null/+ ! mice! in! a! (C57BL/6Nx129/sv)! F1! background! that!
	are!therefore!genetically!identical.!
	The!genotype!of!the!mice!at!the!Nle#locus!did!not!impact!their!survival!(fig.!R9b).!
	We! dissected! the! mice! at! 284! days! (9! months)! and! measured! the! number! and! size! of!
	their!polyps!(fig.!R9c).!We!also!generated!a!second!batch!of!mice!and!chose!182!days!(6!
	months)!-!which!corresponds!to!the!first!date!of!death!in!the!first!batch!of!mice!-!as!an!
	earlier!time!point!to!perform!similar!measurements!(fig.!R9d).!
	We!observed!no!genotype$related!difference!in!polyp!size!or!number!at!both!time!
	points!(fig.!R9c$d).!Microscopic!analysis!of!the!lesions!performed!in!collaboration!with!
	Grégory! Jouvion! from! the! Experimental! Neuropathology! Unit! of! the! Pasteur! Institute!
	revealed! that! no! microscopic! lesion! was! present! in! the! intestines! where! no! polyp! was!
	observed,!and!showed!no!difference!in!lesion!grade!according!to!the!genotype.!
	Taken!together,!these!data!indicate!that!Nle#haploinsufficiency!does!not!have!any!
	significant!impact!on!tumor!progression!in!this!genetic!model.!As!both!acute!and!chronic!
	Nle#haploinsufficiency! were! shown! to! have! a! negligible! impact! in! the! different! models!
	they

sgRNA/Cas9 variant HDR matrix (homol. arm) site of injection

  

				Cas9/sgRNA	HDR matrix	Nb	Nb embryos*/Nb	Nb	KI	Indels**	WT***	>2 alleles
				(ng/µl)	(ng/µl)	exp.	injected (%)	analyzed	(%)	(%)	(%)	(%)
					2	1	59/80 (74)	59	3 (5)	7 (12)	49 (83)	2 (3)
		ssODN	Pronucleus	5/2.5 100/50	20 40 20	2 1 2	81/142 (57) 45/65 (69) 57/114 (50)	81 37 50	12 (15) 1 (3) 17 a (34)	12 (15) 9 (24) 27 (54)	59 (73) 27 (73) 9 (18)	2 (2) 0 (0) 8 (16)
			Cytosol	5/2.5 100/50	20 20	2 2	74/115 (64) 58/106 (55)	74 53	10 (14) 21 b (40)	33 (45) 34 (64)	35 (47) 10 (19)	10 (14) 15 (28)
					4	2	51/97 (53)	42	0 (0)	32 (76)	10 (24)	2 (5)
	sgRNA1/wild-type	plasmid	Pronucleus	100/50	40	3	59/173 (34)	52	6 (12)	32 (62)	17 (33)	8 (15)
		(500 bp)			80	2	49/134 (29)	45	1 c (2)	28 (62)	16 (35)	2 (4)
			Cytosol	100/50	40	2	96/175 (55)	81	0 (0)	56 (69)	25 (31)	8 (10)
		plasmid (250 bp)	Pronucleus	100/50	46 † †	3	73/192 (38)	65	0 (0)	50 (77)	15 (23)	8 (12)
		plasmid (60 bp)	Pronucleus	100/50	43 † †	2	53/178 (30)	47	0 (0)	36 (77)	11 (23)	5 (11)
		none	Pronucleus	100/50	0	2	47/74 (64)	46	NA	40 (87)	6 (13)	8 (17)
	sgRNA2/wild-type	none	Pronucleus	100/50	0	1	35/60 (58)	32	NA	23 (72)	9 (28)	4 (13)
	sgRNA3/wild-type	none	Pronucleus	100/50	0	1	38/59 (64)	38	NA	16 (42)	22 (58)	0 (0)
		none	Pronucleus	100/50 †	0	2	58/103 (56)	56	NA	48 (86)	8 (14)	24 (43)
	sgRNA2 + sgRNA3/	ssODN	Pronucleus	100/50 †	20	2	69/109 (63)	63	9 a (14)	52 (82)	9 (14)	24 (38)
	nickase	plasmid (500 bp)	Pronucleus	100/50 †	40	4	101/275 (37)	87	2 (2)	51 (		

µl) ssODN (20 ng/µl) Nb exp. Nb embryos*/ Nb injected (%) Indels alleles at off-target loci identified by size polymorphism sequencing a

  

		Cas9/									
	Site of injection	sgRNA (ng/Nb analyzed	OT1 (%)	OT2 (%)	OT3 (%)	OT1 OT2	OT3
		5/2.5	Yes	1	40/95 (42)	39	0 (0)	0 (0)	1 b,c (3)	0/10 0/10	1/10 c
	Pronucleus	100/50	Yes	1	22/56 (39)	21	0 (0)	0 (0)	9 b,c (43)	0/10 0/10	2/12 c
		100/50	No	2	46/78 (59)	37	0 (0)	0 (0)	15 (41)	ND	
	Cytosol	5/2.5 100/50	No No	2 2	55/85 (65) 65/98 (66)	53 63	0 (0) 0 (0)	0 (0) 0 (0)	4 (8) 31 (48)	ND ND	

Table 2 . Summary of CRISPR/Cas9-mediated off-target mutations obtained after mouse zygotes microinjection.

 2 Cas9 mRNA and sgRNA1 were injected into the cytoplasm or the male pronucleus with or without ssODN repair matrix at 20 ng/µ l. Embryos surviving the injection were cultured and embryos that developed up to 8-cell stage and beyond were analysed by PCR and migration of the amplification products on agarose gels. *8-cell stage to early blastocyst. a Sequencing of normal size PCR fragments was performed for a subset of injected embryos. b OT3 indel alleles were confirmed by sequencing. c Embryos were further analysed for the presence of a Nle HA KI allele. ND: not done.

  The ampullary region of oviducts was placed at 37 °C in EmbryoMax M2 medium with Phenol Red (Millipore Bioscience) containing bovine hyaluronidase Type IV (Sigma) at 0.5 mg/ml and punctured with forceps to release the clutch of eggs. After 1 minute, the cumulus cells were dissociated and the eggs washed by transfer through successive passages (four to six) of fresh EmbryoMax M2 Medium with Phenol Red. Fertilized eggs displaying two pronuclei and polar bodies were cultured in a Nunclon surface 4 well plate (NUNC) in 400 µ l of EmbryoMax KSOM + AA with D-Glucose with Phenol Red (Millipore Bioscience) in 8% CO2 at 37 °C. For injection, zygotes were transferred to a depression slide in EmbryoMax M2 medium overlaid with embryo-tested mineral oil (Sigma) and microinjected using an Olympus IMT-2 inverted microscope equipped with a Leitz micromanipulator. RNAs and DNAs were mixed and diluted into Brinster's Buffer (10 mM Tris-HCl pH 7.5; 0.25 mM EDTA). Microinjection mixtures were dropped on the depression slide and aspirated with the injection pipette for pronuclear or cytosolic injection. Embryos

were then cultured in EmbryoMax KSOM + AA with D-Glucose with Phenol Red at 8% CO2 at 37 °C for 72 h. All injections were performed by a single person (S.V.-P.).

On-target PCR amplification. Embryos were transferred into 5 µ l embryo lysis buffer (10 mM TrisHCl pH 8; 50 mM KCl; 0.01% gelatin) supplemented with 300 µ g/mL proteinase K (Eurobio) and incubated at 56 °C for 60 min. Proteinase K was then inactivated at 95 °C for 15 min. For the Notchless locus, whole lysates were PCR-amplified using 3.125 units of Taq DNA polymerase (MP biomedicals) and 0.315 units of high fidelity LA Taq (TaKaR a) under the following conditions: 95 °C for 30 s, 40 cycles at 98 °C for 30 s, 68 °C for 30 s, 72 °C for 2 min 50 s, 72 °C for 10 min and using ExtF and ExtR primers (Supplementary Table

Table S3 : Oligonucleotides used in this study

 S3 

	Usage		Primer name		Primer sequence ACATGGATTTAACGCTCCGTCTTTCCGCCTCGGTTCTCCTCCACGTGGGGACGCAGGATG
	Nle-HA ssODN	ExtF			CACACGGGTCCCTCTGGCCTTCT GGGTACCCATATGATGTTCCAGATTATGCTGCGGCGGCGGTGGTGGTAGGTGTACGCGC
			ExtR			CCTGCCCGCCTAGTCTCTACCTCC ACGGGGCGGGGATGCCGGGTCTCCGCGTGGG
			NleF			GATTTAACGCTCCGTCTTTCC TACCAGAGCGGCCCGGTGCCCGGCACGGCCATTAACGGCACACTGCCCCTGTCGCACAT
	Sox2-HA ssODN	NleR			CCTCATCCTGGAACTGTACGA GTACCCATATGATGTTCCAGATTATGCTTGAGGGCTGGACTGCGAACTGGAGAAGGGGA
			HAF			TGAAAAGAAGGCGCGAAG GAGATTTTCAAAGAGATACAAGGGAATTG
	site of injection Pronucleus	Cas9/sgRNA (ng/µl) HAR GFPF 5/2.5 GFPR OT1ExtF ssODN matrix (ng/µl) 20	Nb exp. TAATCTGGAACATCATATGGGTACC Nb embryos*/Nb injected (%) Nb analyzed GACGAGCTGTACAAGGGAGT 2 93/124 (75) 92 AGTCGGCTCAATCCCAACT GAGTTAATACTCTGAAGGGT	KI (%) 31 a (34)	Indels** (%) 67 (73)	WT*** (%) 21 (23) 51 (56) >2 alleles (%)
	Pronucleus Cytosol Genotyping	100/50 5/2.5 OT1ExtR OT1intF	20 20		3 1 GGTAAGGAAAGCTGCCATAG 79/130 (61) 59/99 (60) GGTGATTCTAGTCTGGGTACTT	75 56	40 16 (29) b (53)	60 (80) 48 (82)	8 (11) 9 (16)	46 (61) 35 (63)
	Cytosol	100/50 OT1intR OT3ExtF	20		1 GGACTCTGTCCATTATTGGAG 31/120 (51) ATTTGAAACTTGGCGGCCC	59	25	c (42)	45 (76)	6 (10)	27 (46)
			OT3ExtR			GGCAAATTCCAAACTCTCCCA			
			OT3intF			TCTGAGAAGGAATCGGGTGC			
			OT3intR			CCTCCTCGATCCTCCCCT				
			Sox2ExtF			AGCTCGCAGACCTACATGAA			
			Sox2ExtR			CCCTCAGGTTTTCTCTGTACAA			
			Sox2F			GATCAGCATGTACCTCCCCG			
			Sox2R			CGTTTCGCTGCGGAGATTTT			
			WTF1			TACTGTGAAAAGAAGGCGCG			
			WTF2			AGAGGATCATGGAGTTCAAGG			
			HAF1			ggacgcaggatggGGTACCCA				
			HAR2			cgCAGCATAATCTGGAACATC			
			GFPF2			TCCGATATTCCCAGCATCCC			
			GFPR2			CTGTCCAGGGATGCCATCTC			
	Sequencing		seqHAF2			TCCGAGAGCGGCTTGACTCCT			
			seqGFPF3			ACGGCCACAAGTTCAGCGTGT			
			seqGFPF4			CCTGGTGAACCGCATCGAGCT			
			seqOT12			CTTAAGGAGAAAATAGACAGT			
			seqOT3			TTAGGAGCACGGGGTGACGAT			
	sgRNA/ Cas9 variant	HDR matrix (homol. arm) BSB1 BSB2	Cas9/sgRNA (ng/µl) AAGGCGATTAAGTTGGGT HDR matrix (ng/µl) GGCTCGTATGTTGTGTGG	No. KI analyzed	Precise (%)	Imprecise (%)	Both (%)
	sgRNA1/ Cas9 mRNA wild-type synthesis sgRNA2+sgRNA3	wtCas9F ssODN wtCas9R plasmid (500 bp) Cas9nF ssODN Cas9nR sgRNA1F		5/2.5 gtaatacgactcactatagggagaatgGACTATAAGGACCACGAC 20 10 6 (60) 4 (40) 100/50 20 10 8 (80) 1 (10) GCGAGCTCTAGGAATTCTTAC 100/50 40 6 5 (83) 1 (17) gtaatacgactcactatagggagaatgTACCCATACGATGTTCCAGATTACGC 0 (0) 1 (10) 0 (0) 100/50 GCGAGCTCTAGGAATTCTTAG † 20 9 5 (56) 2 (22) 2 (22) caccGTGGGGACGCAGGATGGCGG
	/nickase	plasmid (500 bp) sgRNA1R		100/50 aaacCCGCCATCCTGCGTCCCCAC † 40 2	1 (50)	1 (50)	0 (0)
			sgRNA2F			caccCCCCACGTGGAGGAGAACCG		
			sgRNA2R			aaacCGGTTCTCCTCCACGTGGGG		
			sgRNA3F			caccTGGTGGTAGGTGTACGCGCA		
			sgRNA3R			aaacTGCGCGTACACCTACCACCA		
	sgRNA synthesis	sgSox2F			caccGTGCCCCTGTCGCACATGTGA		
			sgSox2R			aaacTCACATGTGCGACAGGGGCAC		
	T7-sgRNA1 : 50 ng/µl of each sgRNA T7-sgRNA2			gtaatacgactcactatagggGTGGGGACGCAGGATGGCGG gtaatacgactcactatagggCCCCACGTGGAGGAGAACCG
			T7-sgRNA3			gtaatacgactcactatagggTGGTGGTAGGTGTACGCGCA
			T7-sgSox2			gtaatacgactcactatagggGTGCCCCTGTCGCACATGTGA
			allsgRNAR			AAAAGCACCGACTCGGTGCC			
			NleGFP250F			CTCCTGCCTCTGTGAGCTAGG			
	Reparation		NleGFP250R			GCGCGTTGCACACCAGCTGCA			
	matrix synthesis	NleGFP60F			TAACGCTCCGTCTTTCCGCCT			
			NleGFP60R			CCCCACGCGGAGACCCGGCAT			

† 

& & &

& & & INTRODUCTION& & &

& & & RESULTS& & &

Scientific RepoRts | 7:42661 | DOI: 10.1038/srep42661 www.nature.com/scientificreports

Scientific RepoRts | 7:42661 | DOI: 10.1038/srep42661

& & & & DISCUSSION& & &

& & &

C ell D e at h a n d Diff er e nti ati o n

0. G u o J, L o n g s h or e S, N air R, W ar n er B W. R eti n o bl a st o m a pr ot ei n ( p R b), b ut n ot p 1 0

or p 1 3 0, i s r e q uir e d f or m ai nt e n a n c e of e nt er o c yt e q ui e s c e n c e a n d diff er e nti ati o n i n s m all i nt e sti n e. J Bi ol C h e m 2 0 0 9; 2

4 : 1 3 4-1 4 0. 6 1. L é g uilli er T, Va n d or m a el-P o ur ni n S, Art u s J, H o ul ar d M, Pi c ar d C, B er n ex F et al. O m c g 1 i s criti c all y r e q uir e d f or mit o si s i n r a pi dl y di vi di n g m o u s e i nt e sti n al pr o g e nit or s a n d e m br y o ni c st e m c ell s. Bi ol O p e n 2 0 1 2; 1 : 6 4 8-6 5 7. 6 2. O' D o n o h u e M-F, C h o e s m el V, F a u bl a di er M, Fi c h a nt G, Gl ei z e s P-E. F u n cti o n al di c h ot o m y of ri b o s o m al pr ot ei n s d uri n g t h e s y nt h e si s of m a m m ali a n 4 0 S ri b o s o m al s u b u nit s. J C ell Bi ol 2 0 1 0; 1

0 : 8 5 3-8 6 6. 6 3. Fi c h el s o n P, M o c h C, I v a n o vit c h K, M arti n C, Si d or C M, L e p e s a nt J-A et al. Li v e-i m a gi n g of si n gl e st e m c ell s wit hi n t h eir ni c h e r ev e al s t h at a U 3 s n o R N P c o m p o n e nt s e gr e g at e s a s y m m etri c all y a n d i s r e q uir e d f or s elf-r e n e w al i n Dr o s o p hil a. N at C ell Bi ol 2 0 0 9; 1 1 : 6 8 5 -6 9 3. S u p pl e m e nt ar y I nf or m ati o n a c c o m p a ni e s t hi s p a p er o n C ell D e at h a n d Diff er e nti ati o n w e b sit e ( htt p:// w w w. n at ur e. c o m/ c d d)

& & & REFERENCES& & &

Acknowledgements

We are g ratef u l to M. R ichett i and B. Archang ioli for helpf u l dis c ussions, J.-J. Pant hier, X. Mont agutel li, J. C ohen-Tannoudji and J. Artus for critical reading of the manuscript and S. Coqueran, S. Nouaille and S. Chardenoux for their help in sequencing. This work was supported by the Institut Pasteur, the Centre National de la Recherche Scientifique and the Agence Nationale de la Recherche (ANR-10-LABX-73-01 REVIVE and ANR-14CE11-0017 PrEpiSpec). A.R. was supported by the Université Pierre et Marie Curie and received fellowship from the Ministère de l′ Education Nationale, de la Recherche et de la Technologie.

ACKNOWLEDGMENTS

Imaging and cell sorting analyses were performed at the Imagopole of Institut Pasteur. We are grateful to P.-H. Commere for his assistance with FACS analysis and sorting. We thank F. Morlé, L. Da Costa, and all members of the laboratory for technical advice and helpful discussions. This work was supported by the Institut Pasteur, the Centre National de la Recherche Scientifique, and the Agence Nationale de la Recherche (ANR-10-LABX-73-01 REVIVE). L.J. was supported by the DIM biotherapies Ile-de-France, the Société Française d'Hématologie, and the REVIVE Labex. M.L.B. was supported by the Ligue Nationale Contre le Cancer.

Author contributions: L.J., M.L.B.: conception and design, acquisition of data, analysis and interpretation of data, drafting or revising the article; A.R., S.V.-P., S.C.: acquisition of data; A.D.: conception and design, provision of reagents; A.C.: conception and design, analysis and interpretation of data; M.C.-T.: conception and design, analysis and interpretation of data, drafting or revising the article.

Received June 26, 2018; accepted September 14, 2018.

AKNOWLEDGMENTS

COMPETING INTERESTS

The authors declare no competing interest. 

AUTHORS CONTRIBUTIONS

Supplementary information

Compensation between Wnt-driven tumorigenesis and cellular responses to ribosome biogenesis inhibition in the murine intestinal epithelium

Author Contributions

Additional Information

Supplementary Information

Supplementary Figures S1 to S5 and Tables S1 to S3. Tail DNAs from one (C57BL/6xSJL/J) F1 female and six CD1-IGS males were amplified using primers WTF1 and GFPR (169bp 5' and 522bp 3' to the ATG respectively) and WTF2 and GFP250R (500bp 5' and 250bp 3' to the ATG respectively), and sequenced using GFP60F and GFP60R primers respectively (see Supplementary Table S1 for primer sequences). 9 SNPs compared to the C57BL6 reference genome (NCB1 m37) were identified and their positions respective to exon 1 and 2 and to the regions covered by the ssODN matrix (orange box) and the plasmid repair matrix (green box) are indicated on the scheme. The grey box located at the telomeric end of the green box represent a small GC and CA repeat region that could not be sequenced properly. 8 out of the 9 SNPs were already present in dbSNP Build 142. SNP n°1 has been identified in this study. (C57BL/6xSJL/J)F1 females and 4 out of the 6 CD1-IGS males are heterozygous at all SNP positions.

Optimization of the production of knock-in alleles by
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DISCUSSION

Here, we take advantage of the Flow-FISH method for measuring the levels of pre-rRNAs in hematopoietic cells in vivo. We show that Flow-FISH reports and quantifies ribosome biogenesis activity in hematopoietic cell populations, thereby providing original data on this fundamental process notably in rare populations such as HSCs. We unravel variations in pre-rRNA levels between different hematopoietic progenitor compartments and during erythroid differentiation. Thus, our study contributes to a better knowledge of the cellular physiology of the hematopoietic system in vivo in unperturbed situation.

An important parameter known to modulate ribosome biogenesis activity is the proliferation rate (Ruggero and Pandolfi 2003). Using Flow-FISH, we found that oligopotent myeloid progenitors, CMPs, MEPs, and GMPs, which are highly proliferative cells, had higher levels of pre-rRNAs compared to HSCs and MPPs, which are nonand slowly proliferative cell populations, respectively (Passegué et al. 2005; Busch et al. 2015). However, among oligopotent myeloid progenitors, pre-rRNA levels do not match with the proliferation index. Indeed, GMPs have the highest proliferation index but the lowest pre-rRNA levels, while MEPs have the lowest proliferation index but the highest pre-rRNA levels. On the same line, our data show that pre-rRNA levels are only slightly higher in MPPs compared to HSCs, although their proliferation status is completely different. Therefore, our data demonstrate that pre-rRNA levels are not simply a reflection of B AC FIGURE 3. Flow-FISH uncovers variations in pre-rRNA levels of immature hematopoietic populations. BM cells were stained using Flow-FISH with probes directed against its1 or its2 or a scramble control probe (scr). (A) FACS profile of FISH levels in the HSC population of samples stained with either no probe (gray) or the scr (blue) and its2 (red) probes. (B) Quantification of its1 and its2 levels in the indicated populations, relative to its1 and its2 levels in the BM population (HSC: Lin -Sca1 + cKit + CD34 -; MPP: Lin -Sca1 + cKit + CD34 + ; CMP: Lin -Sca1 + cKit + CD34 hi ; GMP: Lin -Sca1 + cKit + CD34 lo ; MEP: Lin -Sca1 + cKit + CD34 lo ). Statistical significance of the difference in pre-rRNA levels between HSCs and other populations of samples stained with the same probe was calculated using one-way ANOVA with Dunnett's correction for multiple comparisons: ( †) P < 0.05, ( † †) P < 0.01, and ( † † †) P < 0.001. n = 3 mice; representative results of four independent experiments. (C) Lin --depleted BM cells were stained using Flow-FISH with the its1 probe and sorted to obtain HSC, MPP, CMP, GMP, and MEP populations. Nuclei were then stained using Hoechst. 

Ribosome biogenesis in HSCs
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Proof Only incubated for 15 min or 1 h in the presence of 1 mM 5-ethynyluridine (EU, Molecular Probes E10345) or without EU, at 37°C and 5% CO 2 . Cells were then rinsed in cold PBS and stained with surface marker antibodies as described above, and fixed and permeabilized 15 min using the Foxp3 Staining Buffer set (eBioscience 00-5523-00). Detection of EU was then performed using the Click-iT Plus Alexa Fluor 488 picolyl azide toolkit (Molecular Probes C10641). Cells were then kept in PBS with BSA at 4°C until analysis. For quantification of EU levels, MFI was measured for each mouse in each cell population of samples incubated without EU or in the presence of EU for 15 min, and MFI of the cells incubated without EU was subtracted from the MFI of EU-incubated samples. The obtained "corrected" MFI (cMFI) of each cell population was then normalized to the average cMFI of the unsorted BM cells of samples incubated with EU for 15 min.

RNA Pol I inhibition

For treatments with RNA Pol I inhibitors, BM cells were collected from tibias and femurs in OptiMEM medium containing 10% FCS. They were then incubated for 3 h in the presence of either 10 µM CX-5461 (Axon 2173) or 2.5 µM BMH-21 (Sigma SML1183) at 37°C and 5% C0 2 . Cells were then rinsed in cold HBSS containing 2% FCS and analyzed by Flow-FISH as described above.

Cell culture

Wild-type CK35 ES cells (Kress et al. 1998) were cultured in DMEM medium complemented with 15% FCS, 100 µM !-mercaptoethanol and 10 3 units/mL leukemia inhibitory factor. Cells were seeded on Matrigel-coated coverslips, at density allowing near-confluence at the moment of analysis. Cells were then incubated 15 min in the presence of 1 mM EU, followed by up to 2 h incubation in the presence or absence of 10 µM CX-5461 for EU pulse-chase analysis. As controls of the efficiency of CX-5461 treatment, cells were incubated for 2 h in the presence or absence of 10 µM CX-5461, followed by 15 min with both 1 mM EU and 10 µM CX-5461. Cells were then fixed in 4% PFA in PBS for 15 min at RT and permeabilized 15 min in 0.5% Triton in PBS. EU detection was then performed using the Click-iT RNA Alexa Fluor 488 Imaging Kit (Molecular Probes C10329), and nuclei were stained with Hoechst.

Microscopy

All fluorescence microscopy analyses were performed using Apotome.2 (Zeiss) microscope and the Zen blue (Zeiss) software.

Statistical analysis

All bar graphs show mean ± SEM of normalized levels of the indicated variable; results presented are representative of at least two independent experiments. Statistical analyses were performed using Prism 6 (GraphPad). For comparisons between different populations within the same sample group, one-way ANOVA with Dunnett's correction for multiple comparisons was used, and significance was indicated as follows: ( †) P < 0.05, ( † †) P < 0.01, ( † † †) P < 0.001, and ( † † † †) P < 0.0001. For comparisons of the same population between different sample groups, unpaired two-tailed Student's t-tests were used, and significance was indicated as follows: ( ! ) P < 0.05, ( !! ) P < 0.01, ( !!! ) P < 0.001, and ( !!!! ) P < 0.0001.
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